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ABSTRACT

Nanofluids are liquid suspensions containing nanoparticles that are smaller
than 100 nm. Nanofluid is emerging coolant for heat exchange due to high thermal
conductivity and many benefits over other coolants. Nanofluids in pool boiling
conditions is being studied broadly but data for nanofluid flow boiling, which is
the situation of interest for the nuclear reactors and other engineering applications,
are very scarce. Understanding of flow boiling is still elusive due to complexity
and irreproducibility of process involved. This makes them very attractive as heat

transfer fluids in many applications.

Flow boiling is characterized by the presence of small bubbles, which grow
and collapse rapidly near the heated surface. Flow boiling is influenced by
operational parameters like system pressure, mass flux, heat flux and channel
geometry as well as microscopic parameters like void fractions and surface

conditions.

In this study, selected nanofluids like Al,Os-water nanofluid, TiO,-water
nanofluid, ZnO-water nanofluid and Multi Walled Carbon Nano-Tubes-water
nanofluid with concentration varying from 0.0001 to 0.1% are prepared using
ultrasonic vibration mixer. The thermal conductivity of the selected nanofluids has
been measured for different sonication time using thermal property analyzer (KD2-
Pro). The nanofluids having maximum thermal conductivity have been used further
for heat transfer study. The bubble parameters in an annular test section and heat
transfer coefficient for variable pressure from 1 to 2.5 bar and heat flux from 0 to
400 kW/m? at a sub cooling of 20°C and constant mass flux of 400 kg/m?s have

been investigated.

All the selected nanofluids are studied for samples of nanofluids having
maximum thermal conductivity. Bubble images were captured with high-speed
video camera using XCAP SV-642 software. High speed photography at the rate of
20,000 fps is used to capture bubble images. These images are processed by using
National Instrument’s Labview IMAQ Vision Builder 6.1 image processing

software. The bubble size, bubble density and void fraction with respect to



Vi

variation in pressure, concentration of nanoparticles and heat flux have been
evaluated for different selected nanoparticles by automated image processing and
analysis algorithms. The surface roughness of the heating rod also has been
measured before and after the experiments. The study shows that, the thermal
conductivity of selected nanofluids increases with increase in sonication time in the
beginning until it reaches a maximum value and then decreases. Heat transfer
coefficient of nanofluids increases with increases in pressure, concentration of
nanoparticles and heat flux. The empirical relations also have been developed for
heat transfer coefficient of the nanofluids. The empirical relations predict the
experimental results reasonably. Compared with water, significant increase in
pressure drop is found for all pressurized nanofluids. Pressure drop increases with
increase in Concentration of the nanoparticles and with increase in heat flux in

flow boiling.

The bubble diameter, bubble density and void fraction for distilled water
and for all nanofluids decreases and boiling is delayed with increase in external
pressure on bubbles. Results also show that bubble diameter, bubble density and
void fraction for distilled water and for all nanofluid increases with increase in heat
flux. The bubble diameter of Al,Os-water nanofluid and TiO,-water nanofluid is
larger than bubble diameter of water while the bubble diameter of ZnO-water
nanofluid and MWCNT-water nanofluid is smaller than bubble diameter of water.
The void fraction increases with increase in concentration of the nanofluids for
Al>,Oz-water nanofluid and TiO,-water nanofluid. While the initial void fraction for
ZnO-water nanofluid and MWCNT-water nanofluid observed less than water. The
surface roughness, Ra (um), of heater rod for selected nanofluids increases

gradually with increase in concentration of nanoparticles in the nanofluid.

Key words: Nanoparticle, Nanofluid, Flow boiling, Two-phase heat transfer, High

speed visualization, Bubble behavior, Void fraction.
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INTRODUCTION






Heat transfer plays an important role in all thermal applications such as
nuclear reactors, power generation, refrigeration and air-conditioning, cryogenics
and high power electronic components. In all such applications, heat transfer is
realized through heat exchangers i.e. intercooler, evaporators, condensers and heat
sinks. Conventional heat transfer technologies are becoming inadequate to transfer
heat from one medium to another or to diffuse the accumulated heat. The
researchers are looking for newer technologies to enhance heat transfer. Several
methods are used to improve the heat transfer efficiency such as utilization of
extended surfaces, imparting vibration to the heat transfer surfaces, use of micro-

channels and increasing the thermal conductivity of the working fluid.

1.1 Background and Motivation

Heat transfer occurs through three modes i.e. conduction, convection, and
radiation or through their combinations. Though each mode of heat transfer has
specific application, convection is gaining momentum in areas of high rate of heat
dissipation like space vehicles, turbine blades, electronic components, nuclear
reactors, etc. Hence a lot of research is being focused on this mode of heat

transfer.

Convective heat transfer may occur with or without phase change process.
Of these, phase change cooling is an extremely effective way to cool the
components. A typical example of phase change process is boiling of water.
Boiling occurs when surface temperature of the heater surface exceeds saturation
temperature of the fluid and it is always accompanied by phase change. The
nucleation, transition and film boiling are mechanisms of boiling heat transfer.
Boiling can be natural or forced. Natural boiling in stationary liquid is called pool
boiling whereas forced boiling in the presence of liquid motion is called flow
boiling. Examples of flow boiling are cooling of nuclear fuel core, cooling of
microprocessors, etc. Currently, established cooling medium for nuclear fuel rod
cooling is distilled water. However, world-over, efforts are being made to improve
the heat transfer rate further. Putra et al. (2003), Yang et al. (2005), Heris et al.

(2006) have opined that enhancement of convective flow boiling heat transfer is



vital and it is going to make inroads into all major and critical industrial

applications in future.

Boiling heat transfer has been found to be an effective method to dissipate
high heat loads. Extensive research has been done to further improve boiling heat
transfer. Efforts are mainly aimed at finding techniques to initiate earlier onset of
boiling, enhance nucleate boiling heat transfer rates and increase the critical heat
flux (CHF), etc. Several boiling enhancement methods including surface
roughening (Suriyawong and Wongwises (2009) and Shahmoradi (2013)) and use
of various combinations of fluids (Henderson et al. (2010) and Tang et al. (2014))
have shown good potential.

Convective heat transfer rate can also be increased by increase in thermal
conductivity of the working fluid. Commonly used heat transfer fluids such as
water, ethylene glycol and engine oil have relatively low thermal conductivities.
Solid materials such as oxides, metals and carbon nano-tubes (CNT) have 10 to
1000 times higher thermal conductivity than the liquids. High thermal
conductivity of solids can be used to increase thermal conductivity of a fluid by
adding small particles of the solid to the fluid. In the last century, solid particles
with sizes of the order of millimeter to micrometers were mixed with liquid to

increase their thermal conductivity.

Feasibility of the usage of these particles was investigated by several
researchers and significant drawbacks were observed. These drawbacks are
sedimentation, clogging of channels, increased pressure drop and erosion of
channel walls. These drawbacks dissuaded from the use of suspensions of
nanoparticles in base fluids as advanced working fluids in heat transfer
applications (Bang and Chang (2005) and Qu et al. (2003)). Fresh efforts were
made to use particles of smaller sizes. The sizes of particles were reduced from
micrometer (10-6 m) to nanometer (10° m) and researchers shifted their focus to

nanoparticles.

A Nanofluid is a fluid containing particles having their size in 1-100 nm
range. The term Nanofluid was coined by Choi in 1995. The first nanofluid was
produced by Choi (1995) at Argonne National Laboratory, USA.



Limited research work on pool boiling heat transfer characteristics of
nanofluids is available in published literature. Heat transfer characteristics such as
thermal conductivity, viscosity, critical heat flux, surface roughness, wettability,
pressure drop in micro channels, stability of fluids, etc. has been discussed by Qu
et al. (2003), Lee and Mudawar (2007), Liu et al. (2007), Park et al. (2007), Park
and Jung (2007), Peng et al. (2009), Ahn et al. (2010). One area of importance
which still remains unexplored is flow boiling, where its ability to enhance heat
transfer would improve the overall efficiency of the system and reduce operational
cost. The reported work on the heat transfer characteristics of nanofluids is
conflicting and the effect of nanofluids on convective and flow boiling heat
transfer is currently difficult to predict. Further investigation is required in this
field.

There are many factors like thermal conductivity, viscosity, stability,
wettability, size of particles, type of nanoparticles, base fluids, etc. that influence
convective and flow boiling heat transfer. Parameters like sonication time,
pressure, heat flux and type of nanoparticles also appear to be of paramount

importance.

Sonication is one of the preparation methods of nanofluids using ultrasonic
vibrations. Sonication time plays a significant role in preparation of nanofluids.
Very few papers are available in the literature on the effect of sonication time on
thermal conductivity of the nanofluids. Literature on sonication time reveals large
discrepancy and disagreement in results as reported by Murshed et al. (2005) and
Ismaya et al. (2013). Therefore the effect of sonication time on thermal

conductivity of the selected nanofluids has been studied in this work.

Pressure plays a significant role in heat transfer. Little work is found in
literature on the effects of pressure on boiling heat transfer for water. However,
the effect of pressure on flow boiling heat transfer with nanofluids has not been
studied so far. Therefore, the effect of pressure on convective and flow boiling

heat transfer coefficient has been studied in this work.

Types of nanoparticles play a significant role on heat transfer.

Considerable work on oxidized (Al,Os3, TiO,, ZnO, SiO,, etc.) micro-particle is



available in the literature. Literature on nanoparticles is relatively less and at times
self-contradictory as reported by Putra et al. (2003) and Mostafizur (2014).
Therefore convective and flow boiling heat transfer performance of a few

nanoparticles has been studied in this work.

Concentration of nanoparticles plays a significant role on heat transfer.
Several researchers worked on the heat transfer characteristics of nanofluids in
pool boiling heat transfer. The results of pool boiling heat transfer with nanofluids
are contradictory. Witharana (2003) reported increased heat transfer whereas Das
et al. (2003) reported decreased heat transfer. Relatively little work has been done
so far on convective heat transfer characteristics of nanofluids. Similar to pool
boiling heat transfer, contradictory results of convective heat transfer are reported.
Kim et al. (2010) reported unchanged heat transfer at low heat fluxes and very less
increase in heat transfer at high heat fluxes, whereas Bang et al. (2011) reported
increased heat transfer at low and high heat fluxes. Therefore, effect of
concentration of nanoparticles on convective and flow boiling heat transfer

performance has been studied in this work.

Surface roughness is an important factor in increasing the heat transfer.
Concentration of nanoparticles plays a significant role on the surface roughness.
Contradictory results have been reported on effect of concentration on surface
roughness by different researchers. Shahmoradi (2013) reported that surface
roughness increases with increase in concentration of nanoparticles while White
(2010) reported the opposite. Considerable work is available in literature on pool
boiling for effects of concentration of nanoparticles on the surface roughness but
very less work is available on the effects of concentration of nanoparticles on the
surface roughness for convective heat transfer. Therefore, the effect of
concentration of nanofluids on surface roughness has also been studied in this

work.

In fluid medium, heat transfer coefficient depends on heat flux. This area
has witnessed considerable publications. A few findings were also reported on
nanofluids. Some researchers like Liu et al. (2007) and Kim et al. (2010) observed
that for nanofluids, heat transfer coefficient increases with increase in heat flux.

There is a recent interest in enhancing heat transfer by employing nanofluids. In



this work, effect of heat flux on the heat transfer coefficient for nanofluids has
been studied.

High speed visualization technique is used to study bubble behavior as
they are non-intrusive and suitable for study of flow boiling. The study of bubble
behavior for water and refrigerants is available for pool and flow boiling but very
little work on bubble behavior is available for pool boiling in nanofluids. The
bubble behavior in flow boiling in nanofluids has not been studied so far.
Therefore bubble behavior in flow boiling of nanofluids has been studied in this

work.

In this study, selected nanofluids like Al,Os-water nanofluid, TiO,-water
nanofluid, ZnO-water nanofluid and Multi Walled Carbon Nano-Tubes—water
nanofluid with concentration varying from 0.0001 to 0.1% are prepared using
ultrasonic vibration mixer. The thermal conductivity of the selected nanofluids has
been measured for different sonication time using thermal property analyzer
(KD2-Pro). The nanofluids having maximum thermal conductivity have been used
further for heat transfer study. The bubble parameters in an annular test section
and heat transfer coefficient for variable pressure from 1 to 2.5 bar and heat flux
from 0 to 400 kW/m? at a sub cooling of 20°C and constant mass flux of 400

kg/m?s have been investigated.

Bubble images are also captured with high-speed video camera using
XCAP SV -642 software. High speed photography at the rate of 20,000 fps is used
to capture bubble images. Bubble images are processed by using National
Instrument’s Labview IMAQ Vision Builder 6.1 Image Processing software. The
bubble size, bubble density and void fraction with respect to variation in pressure,
concentration of nanoparticles and heat flux have been evaluated by automated

image processing and analysis algorithms.

1.2 Research Objectives

The present study enables effect of operational parameters such as

concentration of nanoparticles, pressure in the test section and heat flux on heat



transfer coefficient of nanofluids, pressure drop and bubble parameters. The

research objectives of this work can be summed up as following:

1. To study the effect of concentration, pressure and heat flux on:-
e Heat transfer coefficient,
e Pressure drop in the test section, and
e Bubble parameters such as bubble diameter, bubble density and void
fraction in flow boiling in few selected nanofluids.

Heat transfer coefficient depends on thermal conductivity of the fluid
and roughness of heat transfer surface. Therefore, along with the above,
following effects were also investigated.

2. Effect of sonication time on thermal conductivity and

3. Effect of nanofluids on surface roughness of the heating rod.

Therefore in the present work the effect of Pressure, Concentration and

Heat-Flux on Heat Transfer characteristics of Nanofluids has been investigated.

1.3 Organization of Thesis

There are seven chapters in thesis. A brief description of each chapter is

given below.

Chapter-1. Introduction

Chapter-1 gives brief background of the problem to increase the heat
transfer by using different nanofluids. The objectives of the research are

enumerated and a brief description of the organization of the thesis is given.

Chapter-2. Literature Review

Chapter-2 gives a summary of the research work done hitherto in the
related areas. The literature review has been divided into three broad topics -
a) Thermal Conductivity of Nanofluids, b) Heat Transfer in Nanofluids c)
Visualization of bubble parameters. Review of the salient papers reveals the gaps
observed in the reported work. The chapter concludes with identification of

specific objectives and scope of the present work.



Chapter-3. Experimentation

Chapter-3 describes experimental setup, details of the instruments used and
the experimental procedure adopted. Fabrication and commissioning of the test
section and commissioning of various instruments used in setup are discussed in
this chapter. Specifications of the various instruments and equipment are also
presented in this chapter. Detailed methodology of various measurements is also

presented in this chapter.

Chapter- 4. Bubble Visualization

Chapter- 4 describes visual study of flow boiling process using ‘National

Instrument’s Labview IMAQ vision builder’ software.

Chapter- 5. Results and Discussion

This chapter gives results and their analysis. Parametric study based on

available literature is also included in this chapter.

Chapter- 6. Empirical Relations for Heat Transfer Coefficient

In this chapter Response Surface Regression Analysis method has been
used to develop empirical relations for heat transfer coefficient (HTC) of the

nanofluids.

Chapter- 7. Conclusions

Chapter - 7 summarizes the conclusions drawn from the present
investigation. Suggestion for the future work has also been included in this

chapter.

Appendices contain information that has not been included under main

chapters, which nevertheless is important and forms the integral part of the study.
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Nanofluids have higher thermal conductivity than base fluids, and hence
may improve the efficiency of heat transfer, which is a main requirement of the
industries. Therefore, efforts have been going on from last two decades to improve
the heat transfer efficiency of fluids using nanofluids. The heat transfer system
depends not only on pressure, temperature and surface morphology but also on

properties of the nanofluids.

The thermo-physical properties of nanofluids vary with size of
nanoparticle, concentration of nanoparticles, sonication time, sonication power,
temperature and pressure of the fluid, pH level of the base fluid and presence of

surfactants.

Researchers over the last two decades have been exploring high thermal
conductive fluids to improve the efficiency of heat transfer fluid systems. The
bubbles play a crucial role in heat transfer and bubble phenomenon has been
extensively documented for water. Review of work done on bubble visualization
has also been included in this chapter. An extensive study on the effect of
concentration on heat transfer, pressure drop and surface roughness has also been

included.
Literature review has been broadly divided into three sections:

1. Thermal conductivity of nanofluids.
2. Heat transfer in nanofluids. This has further been divided into three
sections, i.e. -
e Convective heat transfer
e Pool boiling heat transfer
e Flow boiling heat transfer

3. Visualization of bubble parameters

2.1 Thermal Conductivity of nanofluids

In this section, available literature on the effect of sonication time, type of
nanoparticles and concentration of nanoparticles on thermal conductivity have

been reviewed.
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Eastman et al. (1997) studied thermal conductivity of nanofluids
containing Al,O3, CuO, or Cu nanoparticles with two different base fluids i.e.
water and HE-200 oil. They found that thermal conductivity increases with
addition of nanoparticles. Maximum 60% increase in thermal conductivity was
achieved compared to the corresponding base fluids for 5% (v/v) of Cu

nanoparticles.

Lee et al. (1999) measured thermal conductivity for CuO and
Al,O3 nanoparticles suspended in two different base fluids i.e. water and ethylene
glycol (EG). They observed that nanofluids have substantially higher thermal
conductivities than the base liquids. The increment for CuO/EG nanofluids
thermal conductivity was more than 20% at 4% (v/v) concentration of
nanoparticles. They also observed that, in the low volume fraction range
(<0.05%), the thermal conductivity ratio increases almost linearly with

concentration of nanoparticles.

Wang et al. (1999) measured thermal conductivity of nanofluids by steady-
state parallel-plate technique. They used Al,O3; and CuO nanoparticles which had
average diameters of 28 nm and 23 nm respectively, suspended in different base
fluids i.e. water, ethylene glycol (EG), vacuum pump oil and engine oil. They
concluded that thermal conductivities of all nanofluids were higher than the
respective base fluids. They observed that CuO nanoparticles performed better, as
observed by Lee et al. (1999).

Xuan and Li (2000) measured thermal conductivity for Cu and CuO
nanoparticles of 100 nm and 36 nm respectively, in water. They observed that
increase in thermal conductivity for Cu nanoparticles of larger size was higher
than CuO nanoparticles of the smaller size. They also worked for an appropriate
selection of dispersants to improve the stability of the suspension. They used oleic
acid for transformer oil-Cu suspension and laurate salt for water-Cu suspension in
their study. They found that Cu nanoparticles in transformer oil had superior

characteristics as compared to the suspension of Cu particles in water.

Similarly, Eastman et al. (2001) used pure Cu nanoparticles of less than 10

nm size and achieved 40% increase in thermal conductivity for 0.3% (v/v) fraction



of Cu nanoparticles dispersed in ethylene glycol. They indicated that the increased
surface to volume ratio with decrease in size is an important factor for increase in
thermal conductivity. They also observed that the additive acid may stabilize the

suspension and thus increase the effective thermal conductivity.

The largest increase in thermal conductivity has been observed with
suspensions of carbon nanotubes, which have a very high aspect ratio and very
high thermal conductivity. The first report on the synthesis of nanotubes was
conducted by lijima (1991). Later, nanotubes (multi-walled carbon nanotubes or
MWCNTSs)-oil (a-olefin) mixtures were investigated by Choi et al. (2001). They
concluded that the measured thermal conductivity was anomalously greater than
the theoretical predictions and was nonlinear with nanotubes concentration. As
compared to other nanostructured materials discussed previously, carbon-
nanotubes achieved the highest conductivity increment and offered opportunities

for effective management of heat transfer.

Xie et al. (2002a) prepared nanofluid with 26 nm and 0.6 pm SiC
suspensions in de-ionized water and EG respectively and measured the thermal
conductivity using a transient hot-wire method. They found that the nanofluids
with the same solid particles in different base fluids had similar improvement in
their respective thermal conductivity. Later, Xie et al. (2002b) extended their
research to study the effect of pH value of the suspension, specific surface area
(SSA) of the dispersed Al,O3; nanoparticles and the crystalline phase of the solid
particle on thermal conductivity of the nanofluid. They found that increase in the
difference between the pH value and iso-electric point (the pH at which a
molecule carry no net electrical charge) of Al,Os resulted in enhancement of the
effective thermal conductivity. They also observed that the thermal conductivity
enhancements were highly dependent on the specific surface area (SSA) of the
nanoparticles however the crystalline phase of the nanoparticles does not affect

the thermal conductivity of the suspensions.

Biercuk et al. (2002) measured the thermal conductivity of suspensions of
single wall carbon nanotubes (SWCNTSs) and vapor grown carbon fibers (VGCF)
in epoxy using a comparative method developed by Llaguno et al. (2001). Their

experiments showed 125% and 45% improvements in thermal conductivity for
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SWCNTSs and VGCEF respectively, at 1% w/w suspensions compared to effective
thermal conductivity of water. Similarly, Choi et al. (2003) found that thermal
properties of SWCNTs-epoxy composites give similar improvement in thermal

conductivity.

Assael et al. (2003) experimentally studied the enhancement of thermal
conductivity of carbon-multiwall nanotubes (C-MWNTSs)-water suspensions with
0.1% w/w of sodium dodecyl sulfate (SDS) as dispersant. They found that the
maximum thermal conductivity enhancement was 38% for a 0.6% (v/v)
suspension. Results also showed that the SDS interacts with C-MWNT and the

surface roughness of the container was increased when SDS is added

Das et al. (2003) examined the effect of temperature on thermal
conductivity enhancement for nanofluids containing Al,O3 (38.4 nm) and CuO
(28.6 nm) through an experimental investigation using the temperature oscillation
method. They observed that a 2 to 4-fold increase in thermal conductivity can take
place over the temperature range of 21°C to 52°C. They suggested application of
nanofluids as cooling fluids for devices with high energy density, where cooling
fluid is likely to work at a temperature higher than the room temperature. They
also mentioned that the inherent stochastic motion of nanoparticles could be a
plausible explanation for the thermal conductivity enhancement as smaller

particles show greater enhancement of thermal conductivity with temperature.

Patel et al. (2003) used gold and silver nanoparticles for the first time to
prepare nanofluids. They used a transient hot wire method for measuring thermal
conductivity. The most important observation in their study was a perceptible
enhancement in thermal conductivity for vanishingly small concentrations. It was
reported that at room temperature, the conductivity of toluene-gold nanofluid was
enhanced by 3-7% for a 0.005-0.011% (v/v) nanofluid, whereas the enhancement
for water—gold nanofluid was 3.2-5% for a vanishingly small concentration of
0.0013-0.0026% (v/v). The main reason for such an enhancement was the small
size (~10-20 nm) of the particles. The enhancement was greater with water-based
nanofluids because bare particles were used, and was lower for toluene-based
nanofluids where the nanoparticles were protected by a layer of thiolate coating,

which was used to prevent agglomeration. Also, the increments in thermal



conductivity of the nanofluids were found to be nonlinear with temperature and

almost linear with particle volume fraction.

Xie et al. (2003) also proposed a method to produce stable and
homogeneous suspensions of multi-walled carbon nanotubes (MWCNTS) in de-
ionized water (DW), ethylene glycol (EG), and decene (DE). They introduced
oxygen-containing functional groups on MWCNT surfaces to form more
hydrophilic surfaces. They observed that the thermal conductivity increases with

increase in concentration of nanotubes in the base fluid.

Wen and Ding (2004) studied thermal conductivity of carbon nanotubes in
water. They found that the thermal conductivity increases with addition of CNT
nanotubes. Later, Wen and Ding (2004a) examined the effect of temperature on
the thermal conductivity of MWCNT (20-60 nm in diameter and a few tens of
micrometers in length)/water nanofluids. They found that increase in thermal
conductivity with temperatures for temperatures lower than 30°C was
approximately linear. However, the dependence on temperature decreased at
temperatures higher than 30°C and thermal conductivity became more or less
constant. Later, Assael et al. (2005) repeated similar measurements using
multiwall carbon nanotubes (MW CNTSs) and double-walled carbon nanotubes
(DW CNTs). Thermal conductivity of the MWCNT-water nanofluid for
MWCNTSs of 130 nm average diameter and 40 um average length was found to
increase by 34% for the concentration of 0.6% v/v in water, whereas that of
double walled CNTs of approximately same size was found to increase by 8% for

the concentration 1% v/v in water.

Ding et al. (2005) measured thermal conductivity with addition of carbon
nanotubes (CNT) at different temperatures. They found that the effective thermal
conductivity increases with addition of CNT and increase in the fluid temperature.
They found that the improvement of the thermal conductivity is slightly higher
than that reported by Assael et al. (2003), Xie et al. (2003), and Wen and Ding
(2004a), but much lower than that found by Choi et al. (2001). They attributed
discrepancy to difference in properties in CNT used, the aspect ratio, the inclusion

of dispersants and experimental errors.
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Hwang et al. (2005) compared the thermal conductivity of four kinds of
nanofluids, i.e. MWCNTSs in water, CuO in water, SiO, in water and CuO in
ethylene glycol. They concluded that thermal conductivity increases with addition
of nanoparticles in the respective base fluids. They found that the thermal
conductivity of MWCNT-water nanofluid increases by up to 11.3% at 1% (v/v)

suspension, which was higher than the other nanofluids.

Murshed et al. (2005) used ultrasonication method to prepare TiO,
nanofluids in two hours. They observed that thermal conductivity increases with
increase in sonication time. They also observed that for the same concentration of
nanoparticles thermal conductivity increases nearly by 33% and 30% for TiO,-
water nanofluids over the base fluid for particle size of 10 nm and 15 nm,

respectively.

Hong and Yang (2005) prepared Fe-nanofluid and Cu-nanofluids using
ethylene glycol as base fluid. The average size of nanoparticles was 10 nm. They
found that Fe nanofluids exhibited higher enhancement of thermal conductivity
than Cu-nanofluids. They also observed that the material with high thermal
conductivity is not always the best option for the suspension to improve the
thermal characteristics of the base fluids. They also concluded that the thermal
conductivity of nanofluids increased non-linearly with increasing concentration of

nanoparticles in the base fluids.

Hong et al. (2006) investigated the effect of clustering of Fe nanoparticles
on the thermal conductivity of the nanofluids. They found that the thermal
conductivity of nanofluids was directly related to the agglomeration of Fe
nanoparticles which resulted in the nonlinear relation between the Fe volume

fraction and thermal conductivity of nanofluids.

Hays et al. (2006) used ultrasonication method to prepare Al,O;
nanofluids. They dispersed nanoparticles of 47 nm average size in de-ionized
water and found that nanofluids can be prepared in 3-4 hours by using the UVM at
a fixed energy level of 4W. They found that thermal conductivity of nanofluids
increases with increase in sonication time and concentration of nanoparticles.
They also studied the effect of addition of HCI to the base fluid. They found that



addition of HCI prior to the addition of nanoparticles helps in reducing the no. of
larger colloids as compared to the case in which HCI is added after the addition of

nanoparticles to the base fluid.

Li and Peterson (2006) conducted an experiment to examine the effects of
variations in temperature and the volume fraction on the thermal conductivity of
CuO (29 nm) and Al,O3 (36 nm) water suspensions. Results demonstrated that
nanoparticle material, volume fraction and bulk temperature have significant
effect on the thermal conductivity of the nanofluids. They found that thermal
conductivity increases with increase in temperature and volume fraction. They
reported that Al,Os/water suspensions have higher thermal conductivity than
CuOl/water suspensions and increase in the mean temperature from 27°C to 34.7°C

results in the enhancement of thermal conductivity by three times.

Putnam et al. (2006) did not observe significant increase in the thermal
conductivity of nanofluids by addition of small volume fractions of nanoparticles
such as Cgo—C70 and Au (with aspect ratio, p<<1). The largest increase in thermal
conductivity for 4 nm Au particles was observed as 1.3%0.8%, which conflicted
with the results of Patel et al. (2003).

Zhang et al. (2007) measured the thermal conductivity and diffusivity of
Au/toluene, Al,Os/water, TiO/water, CuO/water nanofluids using the transient
short-hot-wire (SHW) technique, which was developed from the conventional
transient hot wire technique and is based on the numerical solution of two-
dimensional transient heat conduction for a short wire with the same length-to-
diameter ratio and boundary conditions as those used in the actual measurements.
The diameters of Au, Al,O3, TiO2 and CuO spherical particles were 1.65, 20, 40
and 33 nm respectively. They did not find increase in thermal conductivity of the
nanofluids and the same was predicted accurately by the equations of the
Hamilton and Crosser model. Later, Zhang et al. (2007a) investigated the thermal
conductivity and thermal diffusivity of CNT/water nanofluids using the transient
SHW technique. The average length and diameter of CNTs were 10 um and 150
nm respectively. However, the measured results demonstrated that there was no
increase in thermal conductivity of the nanofluids as predicted by the unit-cell

model equation of Yamada and Ota (1980) for carbon nano-fibers.
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Xuan and Li (2008) measured the thermal conductivity of Cu nanoparticle
suspensions in water. They found that the thermal conductivity of nanofluids
increases remarkably with increase in the volume fraction of nanoparticles. They
also suggested that experimental research is urgently required to investigate the

heat transfer process of nanofluids.

Yurong et al. (2008) measured the thermal conductivity of TiO, nanofluid
prepared in distilled water with particle size of 95 nm and compared it with the
Hamilton-Crosser model. They found that thermal conductivity of nanofluid
increased non-linearly with increase in particle concentration while the Hamilton-
Crosser model predicted lower values of thermal conductivity, increasing linear
with concentration. The exact reason for this disparity was not clear but they
suggested that size of nanoparticle and concentration of nanoparticles used in the

model might be responsible for this behavior.

Murshed et al. (2009) developed a model by taking both static and
dynamic mechanisms on which thermal conductivity of nanofluid depends. The
model formulation was done by considering factors such as Brownian motion of
nanoparticles, particle size, fluid temperature and interfacial nano-layer. They
measured the thermal conductivity of TiO,, Al,O; and Fe3O4 nanoparticles in
distilled water by hot wire transient method. They found that thermal conductivity
increases with increase in Brownian motion, temperature and interfacial nano-
layers, while it decreases with increase in particle size. The results of experiment
and that of model developed were also compared with Maxwell and Parasher
model. They found a good agreement between the experimental values and the
values calculated by the suggested model. However, Maxwell and Parasher
models under-predicted the experimental values since these models did not
include the effect of particle movement, surface chemistry and interfacial layer, all

of which have a significant role in the thermal conductivity of nanofluids.

Murshed et al. (2010) measured thermal conductivity for Al,Os-water
nanofluids and CuO-water nanofluids. The size of nanoparticles was also
considered. They reported that nanofluids containing different nanoparticles have
different thermal conductivities. The result indicated that the Al,O3 (33 nm)/water

nanofluid has an enhancement of 29% for 5% volume fraction while for Al,O3 (20



nm)/water nanofluid has an enhancement of 16% for 1% volume fraction.
Similarly CuO nanoparticles of 36 nm and 50 nm diameter mixed with water have
an enhancement of 60% and 17% in thermal conductivity of nanofluids for 5%

(v/v) and 0.4% (v/v) fraction respectively.

Gowda et al. (2010) studied the effect of surface charge, base fluid and
dispersion methods on thermal conductivity of alumina and copper oxide
nanofluids. The surface charge was varied by changing the pH value of the fluids.
They observed that higher surface charge (low pH value) of nanofluids improves
dispersion of nanoparticles in base fluids. They suggested that the viscosity of
base fluid reduces the Brownian motion of nanoparticles and thus the
agglomeration of particles reduces in nanofluids. They also observed that high
power sonication significantly improved the thermal conductivity and the stability
of the nanofluids. They concluded that, the thermal conductivity of nanofluids
could be effectively improved by changing the pH of the fluids, using more

viscous fluids and high power sonication.

Das et al. (2012) compared the enhancement of thermal conductivity for
various nanofluids having nanoparticles such as metallic, oxides, graphene and
carbon nanotubes at different concentrations maintaining the same temperature.
They found that the increase in thermal conductivity for graphene nanofluid and
CNT nanofluid was more as compared to the increase in thermal conductivity for
metallic nanofluid and oxides nanofluid having same concentration and
temperature. It was assumed that the long chains of inter-connected networks
between the particles acted as conducting paths, which enhanced thermal
conductivity of CNT-nanofluids and grapheme-nanofluids. However, increment in

thermal conductivity in case of CNT was 2.5 times more than graphene.

Murugesan et al. (2012) gave the upper and lower limit for thermal
conductivity of nanofluids. The upper limit was based on heat transport
mechanisms considering nano-layer thickness in the interface of particle and fluid,
Brownian motion and particle shape. They considered maximum heat transfer for
setting up the upper limit. It was found that at 5% volume concentration, a
minimum of 30% and a maximum of 50% enhancement was observed when the

nanofluid was prepared in distilled water. Thus, they identified that the increase in
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thermal conductivity of the nanofluids having concentration of nanoparticles up to
5% varies between 50% and 30%.

Ismay et al. (2013) studied thermal conductivity of water-based TiO,
(rutile) nanofluid over a range of volume fraction, temperature, pH, particle size
and sonication time. The rutile is a mineral composed primarily of titanium
dioxide and it is the most common natural form of it. The thermal conductivity
was measured using a KD2-Pro apparatus. They found that thermal conductivity
increases with increase in volume fraction, sonication time, nanoparticle size
reduction and temperature. It was found that thermal conductivity improved by
2% due to change in pH, with large spikes in enhancement as fluid pH approached
isoelectric point of TiO,. Furthermore, the results of the experiments indicated that
the placement of the KD2-Pro sensor needle was critical in the study of nanofluids
having aggregated nanoparticles. They further reported that the sonication time
required to completely break up the aggregated particles was considerably greater
than those reported in the literature.

Xia et al. (2014) measured thermal conductivity for Al,Os/de-ionized
water nanofluids of different volume fractions with different mass fractions of
sodium dodecyl sulphate (SDS) and polyvinylpyrrolidone (PVP) surfactants. The
thermal conductivity ratio of surfactant solutions mainly depends on the length of
alkyl chain; they also studied the effect of alkyl chain length for the same kind of
surfactant. The nanofluids were prepared by a two-step method. They found that
surfactant had negative effect on the thermal conductivity of base fluid. They
observed lower thermal conductivity for longer alkyl chain length using
surfactants. However, the addition of surfactants significantly improves the

stability of Al,Oz/de-ionized water nanofluids.

They found that the highest thermal conductivity occurs at an optimal
concentration of surfactant and particles. The optimal concentration of SDS-
surfactant and particle were approximately 2/1, 1/1, 1/2, 3/5 when the particle
concentrations were 0.1%, 0.5%, 1.0%, 2.5% (v/v) in water. The ratio
corresponding to the highest thermal conductivity of Al,Os/de-ionized water
nanofluids and de-ionized water decreases with the increase in particle

concentration. Furthermore, they suggested that nanofluids with larger particle



size need higher concentrations of surfactant to get increased thermal

conductivity.

Mostafizur (2014) measured thermal conductivity for three types of
nanoparticles, namely Al,Os, SiO; and TiO, suspended in methanol solution at
five different volume fractions (0.005%, 0.01%, 0.05%, 0.1% and 0.15%) and at
five different temperatures (1, 5, 10, 15 and 20°C) using a KD2 pro thermal
conductivity meter. They found that the thermal conductivity of methanol-based
nanofluids increased with the increase of nanoparticle volume fraction and
temperature. The maximum increase in thermal conductivity was about 29.41%,
23.03% and 24.51% for Al,Os/methanol nanofluids, SiO,/methanol nanofluids
and TiOy/methanol nanofluids respectively, at 0.15% (v/v) and temperature of
20°C. They also found that the values of thermal conductivity enhancement of
Al,Oz/methanol were approximately 6% and 5% higher compared to
SiOz/methanol and TiOz/methanol nanofluids for the same volume concentration

and operating temperature.

2.2 Convective heat transfer for nanofluids

Research on convective heat transfer in nanofluids has become more
popular in the last ten years, perhaps because of the demand for high rate of
cooling of microelectronics components and other critical and compact cooling
processes. On the one hand, very few investigations have been carried out in this

field while on the other, the conclusions drawn, seem to be controversial.

Lee and Choi (1996) studied the heat transfer behavior in parallel channels
using nanofluids and observed increase in thermal conductivity by a factor of 2.
Later, Xuan and Li (2003) experimentally investigated convective heat transfer
characteristics for Cu-water based nanofluids through a straight tube with constant
heat flux at the wall of the tube. They concluded that nanofluids substantially
increase the heat transfer rate as compared to that of the pure water. For a constant
Reynolds number, the heat transfer coefficient of nanofluids containing 2%
volume of Cu nanoparticles was approximately 60% higher than that of the pure

water due to the increase in thermal conductivity. They also reported that the
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friction factor of the nanofluids did not require extra pumping power at low

concentrations of nanofluids.

Chien et al. (2003) investigated thermal conductivity of gold/water
nanofluids. They used gold nanoparticles of an average size of 17 nm. The
nanofluid was passed through a disk-shaped miniature heat pipe with diameter of
9 mm and height of 2 mm. They found that thermal resistance of the heat pipe fell
appreciably with increase in concentration of nanoparticle. Tsai et al. (2004) also
used aqueous solutions of various-sized (2-35 nm and 15-75 nm) gold
nanoparticles, which were prepared by the reduction of HAuCl, with tri-sodium
citrate and tannic acid. They found large decrease in thermal resistance
(0.27°C/W) of the heat pipe with nanofluids as compared with de-ionized water.
The thermal resistance of the circular heat pipe ranged from 0.17 to 0.215 °C/W
with different nanoparticle solutions. For decreased thermal resistance, they
reasoned that a major thermal resistance of heat pipe is caused by the formation of
vapor bubble at the liquid-solid interface. A larger bubble nucleation size creates a
higher thermal resistance that prevents the transfer of heat from the solid surface
to the liquid (Thome et al. (1996)). The suspended nanoparticles tend to bombard
the vapor bubble during the bubble formation. It was also expected that the
nucleation size of vapor bubble was much smaller for fluid with suspended

nanoparticles than that without them.

Khanafer et al. (2003) numerically investigated the heat transfer behavior
of nanofluids in a two-dimensional horizontal enclosure. The nanofluid was
assumed to be in single phase and in thermal equilibrium with was no velocity slip
between the base fluid and the nanoparticles. It was found that the heat transfer

rate increased with the particle concentration at any given Grashof number.

Putra et al. (2003) presented their experimental observations on natural
convection of Al,O3 and CuO-water nanofluids inside a horizontal cylinder heated
from one end and cooled from the other. Unlike for the forced convection, they
found linear deterioration in natural convective heat transfer with concentration of
nanoparticles. They also observed that the natural convective heat transfer was
dependent on the particle density, concentration and the aspect ratio of the

cylinder. The deterioration increased with particle concentration and was more



significant for CuO nanofluids. At a Rayleigh number of 535; 300% and 150%
decrease in the Nusselt number was found for 4% (w/w) of CuO-water and Al,O3-
water nanofluids respectively. Their results were different from the numerical
results of Khanafer et al. (2003) and the experimental data of Putra et al. (2003).
They found that some important factors were not included in the numerical study
presented by Khanafer et al. (2003). These factors are particle size, particle shape
and particle distribution, which could significantly influence the flow and heat

transfer characteristics of nanofluids.

Wen and Ding (2004b) reported experimental results for the convective
heat transfer of y - Al,O3 (27-56 nm)/water based nanofluids flowing through a
copper tube (D = 4.5 mm, L =970 mm) in the laminar regime. They found that the
inclusion of Al,O3 particles can significantly enhance the convective heat transfer
coefficient with increase in Reynolds number and particle concentrations.
Furthermore, the improvement of the heat transfer coefficient was particularly

large at the entrance region and it decreased with the axial distance.

Wen and Ding (2005) also studied the problem of natural convective heat
transfer of TiO; (30-40 nm)/water nanofluids in a vessel which was composed of
two horizontal aluminum discs of diameter 240 mm and thickness 10 mm
separated by a gap of 10 mm. They investigated both the transient and steady-state
heat transfer coefficients for various concentrations of nanofluids. Similar to Putra
et al. (2003), they found that the natural convective heat transfer coefficient
decreased as compared to that of pure water. Further, such deterioration increased
with concentration of nanoparticles. They proposed several possible mechanisms
for their observations such as the convection caused by concentration difference,
particle-fluid and particle-particle interactions and modifications of the dispersion

properties.

Ding et al. (2005) investigated the heat transfer performance of CNT
(aspect ratio, a>> 1) nanofluids in a tube with 4.5 mm inner diameter. They found
that increase in heat transfer coefficient was much higher than the increase in the
thermal conductivity of the base fluid. They reported that convective heat transfer
coefficient increased by over 350% at Re = 800 for 0.5% (w/w) of CNT-water

nanofluid. They suggested that the possible reasons for the improved thermal
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conductivity are shear-induced enhancement in flow, particle re-arrangement and
high aspect ratio of CNTs. The studies with nearly spherical nanoparticles (aspect
ratio, o. = 1) by Pak and Cho (1998), Xuan and Li (2003), Wen and Ding, (2004b)
showed enhancement of the convective heat transfer of up to 60%. However,
Yang et al. (2005) used the disc-shape graphite nanoparticle (with aspect ratio I/d
= 0.02) to investigate the convective heat transfer coefficient of the graphite
nanofluids in laminar flow through a circular tube with diameter of 4.57 mm and
length of 457 mm. They found that the increase in heat transfer coefficient was
much lower than the increase in the thermal conductivity. It means that apart from
the thermal conductivity, aspect ratio of the nanoparticle should be an important
factor in determining the thermal performance of nanofluids. Similar results were
also seen in the CNT-based suspensions with very high aspect ratios (Ding et al.

2005) (a.>> 1). They suggested further investigation to clarify this problem.

Heris et al. (2006) investigated laminar flow of CuO/water and
Al>Os/water nanofluids between a 1 m long annular tube with inner tube made up
of copper, having inner diameter of 6 mm and thickness of 0.5 mm, and an outer
tube of stainless steel having inner diameter of 32 mm. The saturated steam was
circulated to obtain constant wall temperature. They found that the heat transfer
coefficient increases with increase in the volume fraction of nanoparticles as well
as with Peclet number. The Al,Oj/water nanofluids showed more increment in

heat transfer coefficient than CuO/water nanofluids.

Ma et al. (2006) combined diamond nanofluids with an oscillating heat
pipe (OHP) to develop an ultra-high-performance cooling device. Experiments
showed that diamond-water nanofluids could reduce the temperature difference
between the evaporator and the condenser. They found that maximum reduction in
temperature was from 40.9 to 24.3°C for a power input of 80 W for 0.01% (v/v)

diamond-water nanofluids. Their findings were similar to Yang et al. (2005).

Later, Heris et al. (2007) presented experimental investigations on forced
convective heat transfer of Al,Oz/water nanofluid in laminar flow through a
circular tube with constant wall temperature boundary condition. They reported
that heat transfer coefficient of nanofluids increased with increase in the Peclet

number as well as with the nanoparticle’s concentration. The increase in heat



transfer coefficient due to presence of nanoparticles was much higher than the one
which was predicted by single phase heat transfer correlation. It was concluded
that thermal conductivity increase was not the sole reason for increase in heat
transfer coefficient of nanofluids. They assumed that factors such as dispersion
and chaotic movement of nanoparticles, Brownian motion and particle migration

may play role in increase in heat transfer coefficient due to nanoparticles.

Tiwari and Das (2007) studied about mixed convection in a two sided, lid-
driven, differentially heated, square cavity filled with a Cu/water nanofluid. They
found that the convective heat transfer performance is better in case of nanofluids.

Their results agreed well with previously published work for single phase flow.

He et al. (2007) reported an experimental study on the convective heat
transfer behavior of aqueous TiO, nanofluids flowing through a straight vertical
pipe under laminar as well as turbulent flow conditions. The effect of
nanoparticles concentrations, particle size and the Reynolds number were
investigated. They reported that the addition of nanoparticles into the base liquid
enhances the thermal conduction and that the enhancement increases with increase
in particle concentration and decrease in particle size in both, laminar as well as

turbulent flow regimes.

The effect of particle concentration was also found to be more in the
turbulent flow regime. They also reported that pressure drop for nanofluids were

very close to pressure drop for the base liquid at constant Reynolds number.

Duangthongsuk and Wongwises (2009) presented experimental
investigations on convective heat transfer performance and flow characteristic of a
TiO,~water nanofluid flowing in a horizontal double tube counter flow heat
exchanger. The effect of nanofluids concentration, Reynolds number and
temperature of nanofluid was investigated under turbulent flow conditions. They
used TiO,-water nanofluids, which have a significantly higher heat transfer

coefficient than that of pure base fluid.

They reported that 0.2% (v/v) of TiO,-water nanofluid had approximately
6-11% higher heat transfer coefficient as compared to that of water. The heat

transfer coefficient increased with increase in Reynolds number and decrease in
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temperature of nanofluid due to increase in the heat transfer. A small pressure
drop in the nanofluid was also reported and it was approximately same as that for

the water under same conditions.

2.3 Boiling heat transfer for nanofluids

Boiling is a mode of heat transfer which occurs when the surface
temperature of heater exceeds saturation temperature of fluid. It is accompanied
by phase change due to which heat transfer coefficients in boiling are much larger

than other modes of heat transfer as shown in the table 2.1 (Incropera 2009).

Table 2.1: Typical heat transfer coefficients.

Process Heat Transfer
Coefficient, h (W/m°K)
Free Convection 5-25
Forced Convection 25-20,000
Convection with phase change (Boiling) 500-100,000

Boiling heat transfer is classified into Pool boiling and Flow boiling. Its
literature is presented here in two sections of pool boiling and flow boiling. Pool
boiling with nanofluids is presented first to understand the basic development in
boiling. Conflicting results have been reported even for pool boiling. The
inconsistencies indicate that our understanding of the thermal behavior for

nanofluids related to boiling heat transfer is still poor.

Further detailed and valuable investigations are necessary to understand
the phenomenon of boiling of nanofluids. As we know, boiling is affected by
surface properties such as surface roughness, surface wettability and surface

contamination.

In the reviewed studies, however, usually only the surface roughness was
considered. Hence, systematic studies should be carried out to include the

relationship between surface properties and nanofluids.



2.3.1 Pool boiling heat transfer

Enhancements of thermal conductivity of nanofluids make them attractive
for cooling applications. When using nanofluids for cooling at high heat flux
applications, the single phase heat transfer process follows the boiling regime.
Many researchers expect that nanofluids would have a reasonable potential to
enhance the boiling heat transfer. A systematic review of their work on pool

boiling is presented here.

Das et al. (2003) were first to study the pool boiling characteristics of
water-based nanofluids containing 1, 2 and 4% (v/v) of Al,O3z nanoparticles. They
found deterioration in the boiling performance with increase in particle
concentration. Later, Das et al. (2003a) carried out an experimental study on pool
boiling characteristics of Al,O3 nanofluids under atmospheric conditions in a tube
having a diameter of 20 mm. They found that the addition of nanoparticles
degraded the boiling performance. The deterioration in boiling performance
increased with increase in particle concentration. They attributed it to the change
in surface roughness during pool boiling of nanofluids. For higher particle
concentration and higher surface roughness, the uneven surface can trap the
particles more easily and make the surface smoother, which can degrade the
performance. Das et al. (2003b) also studied pool boiling in tubes with small
diameters (4 and 6.5 mm). They observed that the deterioration in boiling
performance in the smaller tubes was lower than the bigger tubes. They concluded
that, apart from the increase in thermal conductivity, there should be some other

factors that affect the heat transfer coefficient of the nanofluids in boiling.

Witharana (2003) investigated the pool boiling heat transfer coefficients
(HTC) of Au/water, SiOy/water and SiOj/ethylene glycol nanofluids in a
cylindrical vessel with 10 cm diameter and 10 cm height. The average size of the
nanoparticles was 30 nm. The vessel was supplied a fixed heat flux at the bottom
and the top was kept open to the atmosphere. Results of Au/water nanofluids {@ =
0.0002-0.001% (w/w)} showed that the HTC of nanofluids was higher than that of
the pure water, and it escalated with increase in concentration of gold particles.

They observed that the increase in HTC was above 11% at intermediate heat flux
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of 3 W/cm? and as high as 21% at the maximum heat flux of 4 W/cm?. However,
the SiO,/water and SiO,/ethylene glycol nanofluids recorded decrease in HTC as
compared to the base fluids, which was contrary to the expectations. The author
did not explain the strange phenomenon and instead suggested repetition of the

experiments.

You et al. (2003) were the first to investigate the Critical heat flux (CHF)
of Al,Os/water nanofluids in pool boiling. Their boiling apparatus was provided
with usual horizontal heater. They found that CHF of Al,Os/water nanofluids
increased by 50 to 200% compared to that for pool boiling of pure water. They
used concentrations up to 0.05 g/l i.e. up to 0.5% (w/w). The CHF increased
sharply with concentration, while beyond 0.2 % (w/w) it remained constant at
300% of that for pure water. They also found that the size of the bubbles increased
and frequency of bubble departure decreased with the addition of nanoparticles in
the water. They opined that there were some unknown key factors responsible for

increase in CHF of the nanofluids, which need further investigation.

P. Vassallo et al. (2004) studied the pool boiling characteristics for both
SiO,/water nano-solutions and micro-solutions with horizontal NiCr wire of 0.4
mm diameter instead of a heating surface. The wire was long (~75 mm) and the
temperature of the wire was evaluated from the resistance of the wire. They
reported that nanoparticles of SiO, could not precisely account for the heat
transfer enhancement in the nucleate boiling regime, but the CHF increased
significantly for both nano and micro-particles. They conjectured that the increase
in CHF was due to the surface coating of the silica affecting the density of

nucleation sites.

Zhou (2004) investigated the pool boiling heat transfer characteristics of
copper/acetone based nanofluids with and without acoustic cavitations. They
reported that the copper nanoparticles and acoustic cavitations had significant
influence on the heat transfer in the fluid. However, the addition of nanoparticles
did not affect the dependence of heat transfer on acoustic cavitation and fluid
subcooling. As compared to the experimental results of Das et al. (2003a; 2003b),

the pool boiling heat transfer did not decrease with increase in particle volume



fractions in the absence of the acoustic field. While in an acoustic field, the boiling

heat transfer of nanofluids increased and the boiling hysteresis disappeared.

Bang and Chang (2005) investigated the effect of Al,O3 nanoparticles on
heat transfer and bubble formation in a quiescent pool of nanofluids under
adiabatic conditions. They used a 100 mm square surface in horizontal and
vertical conditions. They observed that after boiling, the surface roughness
increased with nanoparticle concentration. However, the critical heat flux (CHF)
increased by ~32% and ~13% for both a horizontal flat surface and a vertical flat
surface in the pool, respectively. They cautioned that increased roughness caused
by the deposition of nanoparticles will cause fouling and lead to deterioration of
the boiling heat transfer performance. They also reported that the nanoparticles
suspended in the liquid alone could affect bubble formation significantly by

modifying bubble dynamics such as bubble departure diameter and frequency.

Later, Bang and Chang (2005a) investigated the effect of Al,Os-water
nanofluids in pool boiling using an elaborate apparatus with visualization
windows. They also carried out visualization study for water and a dilute {0.5%
(v/v)} Al,Os/water nanofluid, but it could not any insight. They used a much
smoother heater, having a surface roughness of approx 37 nm than that was used
by Das et al. (2003a). Similar to Das et al. (2003a), they observed that heat
transfer coefficient decrease with concentration of Al,Osz-water nanofluid. They
also reported that the rate of change in heat transfer coefficient also decreases with

concentration.

Wen and Ding (2005a) conducted experiments on pool boiling heat
transfer using y- Al,Oz/water nanofluids. y-Al,O3 particles were produced through
an electrostatic stabilization method with the aid of a high shear homogenizer.
They found that the presence of alumina in the nanofluid can enhance the boiling
heat transfer significantly. They found ~40% enhancement in the boiling heat
transfer for 1.25% (w/w) concentration of nanoparticles. They suggested extra
thermal resistance to the boiling surface caused by the sedimentation of
nanoparticles, the effect of surfactant, and the interaction between the boiling
surface and the nanofluids as the possible reasons for the controversies that had

arisen from the previous studies. They suggested further research on nanofluids to
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investigate the important factors affecting the boiling performance. In contrast to
the report of Das et al. (2003, 2003a) and Bang and Chang (2005, 2005a), Wen
and Ding (2005a) reported increase in pool boiling heat transfer with nanoparticle
concentration and heat flux in nanofluids. They found an increment as high as
40% in heat transfer coefficient at the concentration of about 0.3% (v/v). They
observed that increase in heat transfer cannot be explained by increase in
conductivity alone. They proposed that the concentration of nanoparticles which
were used in the said study was lesser than that of nanofluids which were used in

previous studies, as a possible reason.

Kim et al. (2006) experimentally investigated CHF in pool boiling on a
stainless steel plate for Al,O3, ZrO, and SiO; nanoparticles in water. They found
that CHF increases with addition of nanoparticles and opined that the possible
reason for the same is that nanoparticles deposited on the heater surface form an

irregular porous structure that increases the wettability of the surface.

Later, Kim et al. (2006a) experimentally investigated CHF in pool boiling
of TiO, nanoparticles in water on Ni-Cr wire. They found that CHF increases up
to 200% with the addition of nanoparticles. Further, Kim et al. (2006b)
investigated CHF in pool boiling on a Ni-Cr and Ti wires for Al,0; and TiO,
nanoparticles in water. They found that CHF increases with increase in
concentration of nanoparticles. They also reported that the nanoparticles get
deposited on the surface of heater. They also measured CHF for pure water for

nanoparticle deposited heated wire and found increase in CHF.

Chopkar et al. (2007) performed pool boiling heat transfer on Cu surface
for ZrO, nanoparticles in water. They found that boiling heat transfer remains
unchanged. They also added surfactants to nanofluid as a stabilizer and found that
boiling renders heater surface smoother. Further, Ding et al. (2007) studied the
pool boiling heat transfer characteristics of Al,O3 and TiO, nanoparticles in water
on stainless steel plate. They found that boiling heat transfer performance
increases for both TiO, and Al,O3 nanoparticle suspensions. The pool boiling heat
transfer increased with increase in nanoparticle concentration. The enhancement is

more sensitive to TiO, than Al,Os.



Park and Jung (2007) investigated pool boiling heat transfer performance
on a stainless steel tube for carbon nanotubes (CNT) in water and R-22. They
found that CNTs improved boiling heat transfer performance by up to 29% for

both base fluids. They also observed that there was no surface fouling with CNTSs.

Kim et al. (2007) measured CHF for pure de-ionized water as well as for
the different nanofluids on a stainless steel thin wire in the pool boiling. The wire
had a diameter of 0.381 mm and a length of 120 mm, and was fitted in horizontal
condition. They used alumina (Al;Os3), zirconia (ZrO,;) and silica (SiO,)
nanoparticles in water. They worked on less concentrated nanofluids with volume
concentrations of 0.001%, 0.01% and 0.1% for each type of nanoparticle. They
observed glowing of the wire and the sudden change in the electrical resistance,
defined as CHF. Compared to water, CHF increased for all concentrations and all
types of nanofluids. The increase in CHF was between 11.5% and 52% for
0.001% (Vv/v), between 15% and 75% for 0.01% (v/v), and between 20% and 80%

for 0.1% (v/v) concentration of nanoparticles.

Liu et al. (2007) presented experimental study on pool boiling heat transfer
characteristics for Al,Oz/water nanofluids wusing four different volume
concentrations. The pool boiling heat transfer coefficients of nanofluids was
measured on a flat surface. These were compared with the heat transfer coefficient
of pure water. They found that the addition of alumina nanoparticles caused a
decrease in the nucleate pool boiling heat transfer coefficient. A flow pattern
characterized by a vapor mushroom in high heat flux boiling phenomena was
observed in both pure water and nanofluids. They concluded that the number of
active nucleation sites reduced with concentration of nanoparticles. They found
that the pool boiling heat transfer is also affected by change in surface roughness.
It was found that the change in roughness caused a kind of fouling effect with

poor thermal conduction in single phase heat transfer.

Milanova and Kumar (2008) investigated the pool boiling for SiO,-water
nanofluids and salty water. It was found that Critical Heat Flux (CHF) was
increased by 50% with no nanoparticle deposition on the wire. The CHF was

enhanced by three times when salty water was used.

33



34

Trisaksri and Wongwises (2009) studied the pool boiling behaviour for Cu
nanoparticles and TiO, nanoparticles in refrigerant R-141b on a cylindrical tube.
They found that the boiling heat transfer performance deteriorated with an
increase in nanoparticle’s concentration in both the fluids. But there was no effect
on heat transfer coefficient at concentrations lower than 0.01% (v/v) for both

nanofluids.

Suriyawong and Wongwises (2010) investigated the heat transfer
characteristics for nucleate pool boiling of TiO,-water nanofluids on Cu and Al
plates for two surface roughnesses (0.2 and 4 pm). Concentration of nanoparticles
in water was very low, i.e. 0.00005%, 0.0001%, 0.0005%, 0.005%, and 0.01%
(v/v). They found that for copper plate with nanofluid's concentrations more than
0.0001%, the heat transfer coefficient was less than that for the base fluid for both
surface roughnesses. They reported that for copper at low nanoparticle
concentrations boiling heat transfer coefficient increased by 15% for 0.2 um and
by 4% for 4 um roughness. However, for aluminium surfaces the heat transfer
coefficient was found less than that for the base fluid for all the concentrations of

nanofluids and surface roughness.

Ahn et al. (2010) performed pool boiling experiments with water at
saturated conditions using the zircaloy plates with different topography and
wettability. In their study, the boiling heat transfer curves for all the samples were
almost identical. However, CHF was higher for the treated samples in comparison
to that for the original samples. With decreasing contact angle CHF increased and

reached significantly higher values for contact angles below 10°.

Kwark et al. (2010) investigated CHF and pool boiling heat transfer
performance on Cu plate for Al,O3, CuO and diamond nanoparticles suspended in
water. They found that HTC increases with increase in nanoparticle concentration,
until CHF is obtained. They also reported that BHT coefficient and CHF remains
unchanged after repeated testing.

Heris (2011) investigated pool boiling heat transfer characteristics of
CuOlethylene glycol-water (60/40) nanofluids because he considered that the

mixtures of ethylene glycol and water are the most common water-based



antifreeze solutions used in automotive cooling systems. He found considerable
increase in heat transfer coefficient with the addition of nanoparticles and

increases by up to 55% for 0.5% (v/v) mixture of ethylene glycol and water.

Bolukbasi and Ciloglu (2011) studied pool boiling heat transfer
characteristics of vertical cylinder rod quenched by SiO,-water nanofluids at
saturated temperature and atmospheric pressure. Pure water and SiO,-water
nanofluids suspensions at four different concentrations (0.001, 0.01, 0.05 and
0.1% v/v) were selected as the coolants. The test specimen heated at high
temperatures was plunged in the cooling fluids at saturated conditions. They found
that the pool film boiling heat transfer in nanofluids was identical to that for pure
water. Though, by repeating the tests with nanofluids of higher concentrations, the
film boiling region disappears and the critical heat flux increases. They also found
that the nucleate pool boiling heat transfer coefficient decreased compared to that
for the pure water, but a considerable decrease in nucleate pool boiling heat
transfer was not observed with re-tests. They also found change in surface
characteristics due to the deposition of nanoparticles on the surface, which was

considered to be an effect of the quenching process.

Kole and Dey (2012) investigated pool boiling heat transfer and critical
heat flux for ZnO-ethylene glycol nanofluids at atmospheric pressure on
cylindrical polished copper heater surface. Surfactant free and fairly stable ZnO-
ethylene glycol (EG) nanofluids were prepared using prolonged sonication (>60
h). They found that the thermal conductivity of the nanofluid increases up to a
maximum of 40% for 3.75% volume fractions of ZnO loading in EG at 30°C.
They also found that the boiling heat transfer coefficient increases with increase in
ZnO concentration, maximum by 22% as compared to that for the base fluid at
1.6% volume fraction of ZnO. However, further mixing of ZnO nanoparticles in
EG decreased the heat transfer coefficient. They also measured CHF on a thin
Constantan wire and found that the CHF value increased appreciably with increase
in ZnO concentration and displayed a maximum increase of about 117% for the

nanofluid containing 2.6% (v/v) of ZnO.

Raveshi et al. (2013) investigated nucleate boiling heat transfer of

alumina-water-ethylene glycol (AWEG) nanofluids (up to 1% v/v concentration of
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alumina) in water and ethylene glycol in same quantity (WEG50) under
atmospheric pressure. They found that the effect of concentration of nanoparticles
on heat transfer coefficient was high and the maximum increase in boiling heat
transfer coefficient was 64% at 0.75% (v/v) AWEG nanofluid. They considered
that in low concentration, the deposited layer was very thin, which modifies the
heat transfer surface by multiplying the nucleate site creating cavities that are
active, and finally leading to increase in boiling heat transfer. They also reported
thicker deposited layer at the end of testing because of the higher concentration of
the nanoparticles. Therefore, the nucleation cavities are blocked and an optimum
volume concentration for the boiling HTC was observed. The results show the
high effectiveness of the nanoparticles on heat transfer coefficient. In addition, the
experimental results indicate that there is an optimum volume concentration of
nanoparticles, in which the heat transfer coefficient has its maximum value.
Furthermore, the optimum observed volume concentration of nanoparticle and the
maximum increment of boiling heat transfer coefficient in the study were 0.75%

and 64% respectively.

Jung et al. (2013) studied the critical heat flux and pool boiling heat
transfer coefficient of binary nanofluids (Al,Os-H,O/LiBr-based binary) on a
copper plate heater (10 x 10 mm? using the polyvinyl alcohol (PVA) as a
stabilizer. Concentration of nanoparticle varied up to 0.1% (v/v) in HyO/LiBr
solutions having 3, 7 and 10% (w/w) of LiBr. They found that the Al,O3
nanoparticles could be stably dispersed in H,O/LiBr. They also found that boiling
heat transfer coefficient of the binary nanofluids was lower than that of the base
fluid. They reported that the CHF increased with increase in concentration of
nanoparticles. They obtained about 48.5% increase in CHF as compared to the
base fluid with 0.1% (v/v) of Al,O3 in 10% (w/w) of LiBr aqueous solution.

Shahmoradi et al. (2013) investigated pool boiling characteristics of Al,O3
based nanofluid {< 0.1% (v/v)} on a flat plate heater surface. They found that the
heat transfer coefficient of the nanofluid reduces while critical heat flux (CHF)
increases and the rate of increase in CHF increased with increase in volume
fraction of nanoparticles. They observed that after the boiling, the surface

roughness increases or decreases depending on the initial condition of the heater



surface. They also found that surface topology changes from natural convection
boiling to nucleate boiling regime and near CHF. They observed that a porous
layer of nanoparticles is formed on boiling surface via boiling of nanofluids,

which increases the surface wettability and CHF.

Tang et al. (2014) investigated the pool boiling heat transfer characteristics
of y-Al,03-R141b nanofluids on a horizontal flat square copper surface at 10-200
kW/m? heat flux under atmospheric pressure. Before boiling, they maintained
surface roughness by using a sandpaper of grade P2000. They prepared nanofluids
by suspending y-Al,O3 nanoparticles in refrigerant (R141b) for 0.001%, 0.01%
and 0.1% (v/v) concentrations, with and without surfactant sodium dodecyl

benzene sulphonate (SDBS).

They observed that the suspended y-Al,O5; nanoparticles enhance the pool
boiling heat transfer characteristics for R141b at concentrations of 0.001% and
0.01% (v/v) with and without the surfactant SDBS.

However, the y-Al,O; nanoparticles deteriorate the pool boiling heat
transfer characteristics at 0.1% (v/v) concentration without the surfactant SDBS
due to deposition of large number of nanoparticles. When the particle
concentration is 0.001% (v/v), increase in boiling heat transfer coefficient
decreased with the addition of SDBS and when the particle concentrations are
0.01% and 0.1% (Vv/v), the increase in boiling heat transfer coefficient increased
with the addition of SDBS.

2.3.2 Flow boiling heat transfer

Research in flow boiling heat transfer for nanofluids has become more
popular in the past five years because of the recent interest in cooling of nuclear

reactors, microelectronics, space components and other compact cooling process.

Mudawar and Anderson (1990) worked on effect of pressure on heat
transfer coefficient of water during flow boiling. They reported that nucleate
boiling heat transfer increases with increase in pressure and thus critical heat flux

also increases.
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Chun et al. (2001) performed CHF experiments in an annular test section
for a wide range of pressure from 570 to 15010 kPa (5.7-150.1 bar). The mass flux
was varied from 200 to 650 kg/m?s and the inlet sub cooling from 85 to 413 kJ/kg.
CHF occurrence was detected by continuous temperature increase at one of the
embedded thermocouples on the outer surface of the heated tube. CHF always
occurred at the top end of the heated section. The authors reported that the CHF
increased with pressure, reached a maximum in pressure range of 2000-3000 kPa
(20-30 bar), and then decreased with further increase in pressure. However, this
effect was particularly observed for CHF at higher mass fluxes (500-650 kg/m?s)
and high sub cooling. For the lower mass fluxes 200-500 kg/m?s, increase in the
low pressure region was not observed. It was also observed that the vapor mass
quality at the CHF depends on pressure. For a low mass flux of 200 kg/m?s the
vapor mass quality increased continuously from about 0.2 at 570 kPa to 0.4 at
15010 kPa whereas the vapor mass quality for the high mass flux of 650 kg/m?s
remained almost constant between 0.1 and 0.2 over the complete range of

pressure.

Qu et al. (2003) reported an experimental study on convective boiling heat
transfer of copper/water nanofluids and de-ionized water flowing in vertical
micro-channels. They investigated the local heat transfer coefficients and surface
temperature for very small nanoparticles concentration. For Cu/water nanofluid,
they reported higher local heat transfer coefficient, higher local heat flux, higher
pressure drop and lower surface temperature than its base fluid at the same mass
flux. The results were somewhat contrary to some previous results obtained on
pool boiling heat transfer where the addition of the nanoparticles into the base
fluids did not enhance the heat transfer and caused no significant improvement in

pressure drop.

Lee and Mudawar (2007) studied the behaviour of alumina (Al,Os3)
nanoparticles in water for micro-channel cooling applications. They found that
there was increase in heat transfer coefficient for single phase laminar flow. In the
two-phase regime, the nanofluids caused surface deposition in the micro-channels
and large clusters of nanoparticles were formed. There was no increase in heat

transfer coefficient of the base fluid in two-phase flow at low volume



concentrations of nanoparticles (less than 2%). They assumed that comparatively
higher than 2% volume concentrations of nanoparticles were required to alter the

heat transfer coefficient of the base fluid.

Liu et al. (2007) investigated the effect of pressure and heat flux on flow
boiling of refrigerant R-134a in a narrow vertical duct. They also studied the
bubble characteristics of the refrigerant. Refrigerant R-134a was used as the test
fluid at different pressures (ranging from 690 to 827 kPa) and different heat fluxes
to quantify their influence in bubble characteristics such as bubble nucleation,
growth, departure and coalescence. They used two synchronized high resolution
and high-speed cameras which capture thermo-chromic liquid crystal (TLC)
images and bubbling activities at high frame rates. By altering flow rate and
system pressure, the TLC images and bubble images were captured and analyzed.
The results showed that the bubble generation frequency and size increased with
heat flux. An increase in pressure from 690 to 827 kPa increased the bubble

frequency and size to about 32 Hz and 20 mm respectively.

Park et al. (2007) measured the heat transfer coefficient for flow boiling of
R22 and water, with and without 1.0% (v/v) of carbon nanotubes. They reported
that heat transfer coefficient increases with addition of CNTs. A large increase up
to 28.7% was observed when heat fluxes were lower than 30 kW/m? However,
when the heat flux was increased, the increase in heat transfer was suppressed due

to vigorous bubble generation.

Park and Jung (2007) experimentally investigated the flow characteristics
of the aqueous suspensions of carbon nanotubes (CNT’s). For the pressure drop
measurements, stable nanotubes suspensions were made by two different methods.
The first method was dispersing nanotubes using a surfactant and the second
method was by introducing oxygen-containing functional groups on the CNT
surfaces by acid treatment. Pressure drop in the horizontal tube and the viscosity
of the nanofluids were measured and the effects of CNT loading and different
preparation methods were investigated. Viscosity measurements show that the
nanofluids prepared by the acid treatment had much lesser viscosity than the other
one (the one made using a surfactant). The nanofluids prepared by the acid

treatment have much lesser viscosity than the ones made using surfactant. Under
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laminar flow conditions, the friction factor of CNT nanofluids stabilized by adding
surfactant is much higher than that for the one made using surfactant, and both
nanofluids show higher friction factors than that for distilled water. In contrast to
this, under turbulent flow conditions, the friction factor for both the nanofluids

was similar to that of the base fluids.

Peng et al. (2007) investigated the influence of nanoparticles on the heat
transfer characteristics of a refrigerant-based nanofluid for flow boiling inside a
horizontal smooth tube. R113 refrigerant and CuO nanoparticles were used for
preparing the refrigerant-based nanofluid. The experimental results show that the
heat transfer coefficient of refrigerant-based nanofluid was higher than that for the

pure refrigerant and the maximum increase in heat transfer coefficient was 29.7%.

Later, Peng et al. (2009) investigated the effect of increase in concentration
of nanoparticles on the frictional pressure drop of refrigerant-based nanofluid and
studied it for flow boiling inside a horizontal smooth tube. They presented a
correlation for predicting the frictional pressure drop of refrigerant-based
nanofluid. They used R113 refrigerant and CuO nanoparticle for preparing
refrigerant based nanofluids. They measured the frictional pressure drop for
variable mass fluxes from 100 to 200 kg/mzs, heat fluxes from 3.08 to 6.16
kW/m?, inlet vapor qualities from 0.2 to 0.7 and mass fractions of nanoparticles
from 0 to 0.5% (w/w) in R113. They concluded that the frictional pressure drop of
refrigerant-based nanofluid increases with the increase of the mass fraction of
nanoparticles, and under variable parameters, the maximum increase in frictional
pressure drop was 20.8%. A frictional pressure drop correlation for refrigerant
based nanofluid was also proposed, which predicted 92% of the experimental data

within the deviation of +15%.

Kuo et al. (2009) studied the effect of pressure on flow boiling instabilities
in micro-channels using water in 223 pm hydraulic diameter micro-channels with
pressures ranging from 50 to 205 kPa and mass fluxes ranging from 86 to 520
kg/m?s. The onset of flow oscillation, critical heat flux (CHF) conditions, local
transient temperature measurements and flow boiling visualization were studied. It
was observed that system pressure significantly affects flow instabilities and that

for high pressures, boiling instabilities were significantly delayed. It was also



observed that the CHF increased with increase in mass flux. Local temperature
measurements also revealed lower magnitudes and higher frequencies of

oscillations at high system pressure.

Ahn et al. (2010) investigated aqueous nanofluids with a 0.01%
concentration of alumina nanoparticles. They found distinct increase in CHF due
to forced convective flow conditions compared to that for the pure water. They
conducted experiments with varying flow velocities, starting from 0 m/s (pool
boiling) to 4 m/s. A 50% increase in CHF was found at 0 m/s, which was
consistent with the result, obtained by previous researchers Bang and Chang
(2005). They used a scanning electron microscope (SEM) to examine the heater
surfaces after the boiling. The contact angle was also measured. They found that
the increase in CHF was mainly due to nanoparticle deposition on the heater
surface during vigorous boiling. The contact angle decreased with deposition of
nanoparticles. They compared the contact angles for a water droplet on the bare
surface, water-boiled surface at 3 m/s and Al,Os-water nanofluid boiled surfaces
with no flow condition. The measured contact angles were 75°, 65° and 12° on the
bare surface, water-boiled and Al,Os-water nanofluid boiled surfaces respectively.
They concluded that the nanoparticle deposited surface have less contact angle

which led to significant increase in the wettability of the heater surface.

Henderson et al. (2010) investigated flow boiling heat transfer
characteristics of R-134a/POE/CuO nanofluids in a horizontal tube. Test results, at
one particle volume fraction of 0.02% showed little effect on the heat transfer
coefficient when compared to R-134a/POE mixture. For a 0.04% CuO volume
fraction the average heat transfer increased by 52% and with a 0.08% nanoparticle

volume fraction, average heat transfer increased by 76%.

Another investigation by Kim et al. (2010a) resulted in a similar deposition
on the heater surface after the boiling. They examined subcooled flow boiling
using dilute alumina, zinc oxide and diamond water-based nanofluids. They
measured both, CHF and heat transfer coefficient during the flow boiling. They
found that CHF increased with both mass flux and nanoparticle concentration for
all the nanoparticle materials. An increase of up to 53% was observed for CHF.

They reported that heat transfer coefficient did not increase for the nanofluids at
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low heat fluxes, but a slight increase was seen at higher heat fluxes. As Ahn et al.
(2010), they also observed that the nanoparticle deposition on the heater is one of
the main contributors for increase in CHF. As to how this nanoparticle deposition
can affect heat transfer coefficient, they said: firstly, the deposition of
nanoparticles changes the number of micro-cavities on the surface, and secondly

the surface wettability is also changed.

They measured the number of micro-cavities on the surface and the contact
angle of the fluid on the surface, and hence obtained an estimation of the
nucleation site density at the heater surface. However, irrespective of increase or
decrease in nucleation site density, heat transfer coefficient remained largely
unchanged. They suggested that there must be other mechanisms offsetting the
increase in nucleation site density, possibly changes in the bubble departure

diameter and/or bubble departure frequency.

K.H. Bang et al. (2011) investigated the effect of pressure on flow boiling
heat transfer coefficient for water in mini-channels made up of 1.73 mm inner
diameter round tubes. Experimental data for two specific values, 2 bar and 16 bar,
were compared. They reported that flow boiling heat transfer coefficient increased
with increase in vapor quality, and was in the range of 10,000-35,000 W/m?K. It
was also reported that pressure does not alter heat transfer coefficient
significantly. They also stated that the slug flow pattern seemed to be dominant at
low vapor quality and heat transfer coefficient was slightly higher at the higher
pressures. However, their results have large discrepancies when compared with
the existing correlations, implying that these correlations did not correctly account

for the variations in pressure.

Lee et al. (2014) investigated the effects of two-phase flow conditions on
flow boiling CHF for magnetite-water nanofluids for a wide range of vapour
quality at the exit, especially for intermediate and high vapour quality at the exit.
They observed that the CHF increased with increase in vapour quality at the exit.
They also observed departure from Nucleate Boiling (DNB) like thermal crisis
with increase in vapour quality at exit. Their results were consistent with the
previous studies reporting delay in DNB when using nanofluids at low vapour

quality at exit. Meanwhile, increase in the CHF was not reported for high vapour



quality at the exit. They found that a liquid film dry-out (LFD) type thermal crisis
occurred in annular flow using high vapour quality at the exit. This CHF
increment was not expected when using a nanofluid under the LFD condition
because LFD phenomena is almost unaffected by the surface conditions. As the
vapour quality at the exit increased from 0.07 to 0.74, the amount of increase in

CHF gradually decreased to zero.

2.4 Visualization of Boiling

The visualization studies are important for nanofluids because it can help
to understand the boiling phenomena. It can be used to understand the
phenomenon of bubble generation, bubble grow, bubble departure and bubble

flow.

Flow visualization studies on nanofluids couldn’t be found in the literature.
However, studies on bubble parameters and bubble behavior for conventional

fluids have been reviewed in the following section.

Gunther et al. (1951) was the first person who studied bubble behavior
during flow boiling using high speed visualization techniques. He determined
bubble size, bubble lifetime, bubble growth rate and other parameters as functions
of system parameters like pressure, amount of sub cooling and bubble velocity.
They reported that bubbles were small hemispheres which grow and collapse
while sliding along the wall. In their study, bubble size and bubble life time
decreased with increase in bubble velocity, sub cooling and heat flux. They also
reported that bubble population increased rapidly with increase in heat flux as

burnout approached.

Abdelmessiah et al. (1972) used high speed visualization techniques to
observe the effect of velocity of the fluid on bubble growth and collapse from an
artificial nucleation site and found that an increase in velocity of the fluid resulted
in decrease in bubble size and bubble life time. They also reported that the bubble
size increased with the increase in heat flux, which was contradictory to Gunther’s

results.
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Akiyama and Tachibana (1974) investigated the bubble growth and
collapse mechanism, for water flowing upward through a vertical annulus with
inner heating at atmospheric pressure. They found that heat transfer coefficient for
the sliding bubbles could be modeled as a rough surface heat transfer problem,
where diameter of bubbles is treated as the characteristic length. The heat transfer
mechanism in fully developed nucleate boiling was assumed to be dominated by

the ejection of bubbles agitating the subcooled liquid and the thermal layer.

Valle and Kenning (1985) investigated the effect of heat flux on bubble
size, life span and bubble frequency on the nucleation sites of a stainless steel
plate. Contrary to the Gunther’s observations, they found that bubbles collapsed
on their nucleation sites without sliding along the wall. They also observed that
bubble size, life span and bubbles frequency increased with increase in heat flux at
the nucleation sites. However the life span increased at low heat fluxes, got
saturated and decreased further with increase in high heat fluxes. They also
reported that heat transfer occurs primarily by bubble induced quenching of the
wall by cold liquid.

Bibeau and Salcudean (1991) investigated the effect of upward and
downward flow in a vertical rectangular narrow channel on subcooled void
fraction. They used water as the working fluid. They varied the system pressure
from 0.1 to 1.0 MPa, sub cooling from 20 to 36 K and heat flux from 50 to 348
kW/m?. Bubble behavior under different working conditions were recorded by a
high speed camera at a speed of 10,000 fps (frame per second). They found that
the system pressure has a significant effect on the bubble growth and the bubble
detachment. At lower pressure, bubbles grow up at nucleate sites and then collapse
without sliding. However, at higher pressure, bubbles keep growing without
collapsing as they slide along the heating wall. They assumed that the growth rate
of sliding bubble affects the sliding velocity of bubble and distance between
corresponding bubbles ahead. They observed that at the beginning of bubbles,
bubble sliding velocity was lower than the bulk fluid velocity.

Zeitoun and Shoukri (1996) studied the effect of departure of bubbles on
the phenomenon of net vapour generation (NVG). They observed that there was

no effect of departure of bubbles on the phenomenon of net vapour generation



(NVG). They reported that increase in bubble size is due to decrease in
condensation and that bubble coalescence was the main reason for significant
increase in void fraction along the length of the channel. They found that bubble
growth-collapse cycle was similar for the parallel and the normal flow after the
detachment of bubbles in subcooled flow boiling regions. The bubble size and

bubble life increased as sub cooling decreased.

Kandlikar and Spiesman (1997) performed visualization studies using a
hydrophilic heated surface. Filtered and de-ionized water was used as the working
fluid and the flow direction was vertically upward. Observation of the bubble
behavior at the onset of nucleate boiling (ONB) revealed that at elevated
pressures, bubbles slide along the heated surface after they leave the nucleation
site under the influence of the shear-induced lift forces. At low pressures (close to
the atmospheric pressure) they were lifted off the vertical heated surface
immediately after nucleation and collapsed in the subcooled liquid due to
condensation. Consequently, bubble life-time at ONB was remarkably shorter in
the low pressure experiments. It was discussed that the lift-off limit can be
expressed in terms of the Jakob number since the distinct difference in the bubble

behavior is mainly caused by the bubble growth rate after the nucleation.

Similarly, Thome et al. (1998) conducted experiments to explore the
important mechanisms causing net vapour generation (NVG) in subcooled flow
boiling under elevated pressure conditions. It was found that at low pressures, all
the bubbles collapsed in the subcooled bulk at onset of nucleate boiling (ONB) but
some bubbles reattached to the heated surface when sub cooling was low enough.
Since the bubbles slide along the heated surface for a long distance after
reattachment, the bubble life-time was significantly higher and consequently, the

vaporization rate was noticeably greater than the condensation rate.

It was concluded that the bubble reattachment to the heated surface is a
key phenomenon that causes NVG at low pressures. Under the moderate pressure
conditions, however, it was believed that different mechanisms are responsible for
the onset of NVG since the bubbles are not lifted off the surface even at ONB. The

mechanisms of NVG at elevated pressures are obviously of great importance from
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the engineering standpoint since most power plants are operated in high pressure

conditions.

Thorncroft et al. (1998) investigated bubble growth and bubble departure
in vertical up-flow and down-flow conditions in a 12.7 mm square duct, which
was 30 cm long and had a ni-chrome heater strip attached to one side of the test
section. They used FC-87, a perfluorocarbon fluid at velocities ranging from 0.11
to 0.38 m/s, liquid sub cooling ranging from 1°C to 5°C and wall superheat
ranging up to 7°C. In up-flow bubbles remained attached to heating surface
assuming a cap like shape. Nucleation site density increased with heat flux.
However, in down-flow they observed three regimes of bubble detachment. At
velocities around 0.11 m/s, the bubbles departed in upward direction against the
bulk fluid velocity. At slightly higher velocities around 0.18 m/s, bubbles lifted off
directly above the nucleation sites without sliding. At still higher velocities,
around 0.38 m/s, the bubbles slid downwards but the sliding distance was not as
long as that in the up-flow. Lift off was very regular and heat transfer coefficient
was calculated to be lower than that in the up-flow. They attributed higher heat

transfer in up-flow conditions to vapor bubble sliding.

Klausner (2000) studied the vapour bubble departure in a 25 x 25 mm?
horizontal test section which had a ni-chrome heater surface that was 457 mm
long. They conducted experiments with R-113, with flow velocities up to 1 m/s
and wall superheat ranging from 10°C to 21°C. They found upstream and
downstream contact angles to be around 45° and 36° respectively for a typical
bubble. They concluded that surface tension alone is not able to stop vapor bubble
departure. They reported that the liquid drag acts opposite to the direction of the
liquid flow and plays an important role in holding the bubble to its nucleation site
prior to its departure.

Prodanovic et al. (2002) conducted experiments on flow boiling in a
vertical tube which was heated on the inside. Through photographic studies they
identified three separate regions between ONB (Onset of Nucleate Boiling) and
OSV (Onset of Significant Void) with respect to heat flux. The regions were low
heat flux region, isolated bubble region and region of significant coalescence.

Bubble behavior varies from one region to another. They also varied pressure



from 1 to 3 bar and found that pressure affects bubble behavior significantly. They

reported that bubble diameter decreases with the increase in pressure.

Chang et al. (2002) performed visualization studies at atmospheric
pressure in a vertical rectangular channel and observed that the number of near-
wall bubbles increased with the increase in heat flux. At sufficiently high heat
fluxes, they observed three characteristic layers in the heated channel. The three
layers were: (a) a superheated liquid layer with small bubbles attached on the
heated wall, (b) a flowing bubble layer consisting of large coalesced bubbles over
the superheated liquid layer, and (c) the liquid core over the flowing bubble layer.
In addition, the existence of a liquid sub-layer under coalesced bubbles was
identified photographically. They used high speed video cameras as well as digital
cameras for recording the near wall bubble phenomenon. They opined that
formation of large vapour clots resulting from coalescence of bubbles and
evaporation of superheated liquid layer beneath the vapour clots might be the
reason for CHF, because cooling is not possible beneath the vapour clots at high

heat fluxes.

Shedd and Rodriguez (2004) used backlight imaging technique to obtain
images of bubbles within the liquid film of adiabatic air-water horizontal annular
flow. The bubble statistics concluded that the bubble size distribution within the
liquid film increased exponentially. The parameters of the distribution were
observed to be dependent on the air flow rate and essentially independent of the
liquid flow rate. The bubble data, together with fluorescent imaging of waves on
the liquid film, indicated that gas entrainment in the film was primarily controlled
by air flow rate and wave behaviour. This was confirmed by the existence of a
consistent Weber number based on the maximum observed bubble diameter and

disturbance wave velocity.

Situ et al. (2004) conducted subcooled flow boiling experiments in a
vertical annulus and studied the phenomenon with high speed videography. A
high-speed digital video camera (5000 fps) was used to record the dynamics of the
subcooled ebullition process. The video images were compared which defines that
the bubble waiting period depends on nucleus cavities and different experimental

conditions, while the bubble growth period is relatively stable and short, i.e., less
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than 3 ms. They reported that the bubble departure frequency increases as heat
flux increases. Bubble coalescence occurred at the nucleation site when the bubble
frequency was higher than 500 bubbles/s. They also found that, for some cases,

the departure frequency reaches asymptotically up to 1000 bubbles/s.

By using three different methods, Soria et al. (2005) measured the volume
and the equivalent radius of air bubbles at detachment from the tip of different
capillary tubes in quiescent water. The intention was to provide an accurate cross-
calibration of two of the methods against a standard laboratory method. The
inverted funnel method is a laboratory standard and was performed within a 0.5%
repeatability error for 50 bubble sets. The passive acoustic method was performed
with an accuracy of 97% to 99% with respect to the inverted funnel method. The
photographic method gave accuracy of 88% to 96%. After improvement of the
photographic method by an empirical cutting edge criterion, its accuracy was
raised from 95% to 99%.

Maurus and Sattelmayer (2006) conducted experiments in subcooled flow
boiling of water circulating in a closed loop at atmospheric pressure. The
horizontally oriented test-section consisted of a rectangular channel with a copper
strip heated on one side and good optical access. Various optical observation
techniques were used to study the bubble behavior and the characteristics of the
fluid phase. The bubble behavior was recorded by high-speed cinematography and
by a digital high resolution camera. Automated image processing and analysis
algorithms developed by the authors were applied for a wide range of mass flow
rates and heat fluxes in order to extract characteristic length and time scales of the
bubbly layer during the boiling process. Using this methodology, the bubble size,
the bubble lifetime, the time of generation of new bubble at the same nucleation
site were studied. They reported that the void fraction increases with increase in
heat flux and decreases with the mass flux. They also reported that bubble spacing

increases with increase in mass flux and decrease in heat flux.

Celata et al. (2007) conducted visualization experiments in a vertically
oriented square duct and observed the heater burnout. Distilled water was used as
the working fluid with velocity varying from 3 to 10 m/s, pressure varying from 5

to 30 bar and with sub cooling of 10 to 30° C. High speed videos of the flow



pattern in the subcooled flow boiling of water from the onset of nucleate boiling
up to physical burnout of the heater were recorded. They analyzed the video and
discerned that, when the rate of bubble generation is increasing with bubbles
growing in the superheated layer close to the heating wall, their coalescence
produces a type of elongated bubble called vapour blanket. Various bubble
parameters were measured by using image processing. It was found that bubble
size was a function of pressure and velocity of the fluid. Bubble size increases
with increase in heat flux and decreases with the increase in the degree of sub
cooling, pressure and velocity. It was also observed that surface finish of heater
was one of the important parameters which affect CHF. The bubbles were larger
for a surface with greater number of cavities. Smoother wire exhibited premature
burnout with respect to the normal wire due to drastic reduction of bubbles
generation at the wall. A threaded wire shows premature burnout with respect to

the normal wire.

Mudawar et al. (2007) conducted flow boiling experiments in a channel
with FC-72 as the working fluid. Fluid velocity varied from 0.5 to 1.2 m/s at 20°C
to 40°C sub cooling. They found that CHF increases monotonically with increase
in velocity and sub cooling. High speed video imaging revealed the sequence of
events leading to CHF. The study of these events was helpful in explaining the
CHF. While some bubbles detached from the wall and entrained in the bulk liquid
flow, the most of the vapours remains in close proximity to the wall, especially at
high flow velocities. Bubbles first slide along the heated wall and then coalesce
with other bubbles to form elongated vapour bubbles (vapour patches). These
elongated vapour bubbles (vapour patches) propagate along the heated wall and

grow in size.

As a result cooling of heating surface is retarded leading to CHF. Just
before CHF, the series of vapour patches form a fairly continuous vapour layer
that permits liquid contact with the heated wall only in the wave troughs and
wetting fronts between the vapour patches. At CHF, these wetting fronts vanish
from the heating surface. These findings prove that the CHF mechanism for
subcooled flow boiling is identical to the interfacial lift-off mechanism proposed

previously for saturated flow boiling.

49



50

Vasiliev et al. (2009) reported experimental investigations of a transparent
flat mini evaporator heated by a laser beam. The influence of non-absorbing and
absorbing nanoparticles immersed in pure water and heat absorbing fluid on heat
transfer intensification were studied. They found that nanoparticles may initiate
vaporization and boiling of fluid at low heat input. For specific tasks and
conditions, the nanoparticles may work in passive or active modes. They assumed
that in passive mode, nanoparticles do not generate thermal energy and improve
bubble nucleation conditions due to additional nucleation of the fluid, thus
decreasing boiling/vaporization temperature thresholds. In active mode,
nanoparticles convert optical energy into thermal energy and decrease boiling
energy threshold by 10-100 times relative to that of the pure fluid. In both the
modes actual thresholds depend upon the size and concentration of the

nanoparticles.

2.5 Summary of literature review and scope for present work

The thermal conductivity of many base fluids were reviewed and studied
broadly and it was found to be increase with the addition of nanoparticles in the
base fluids. Substantial work has been carried out on different methods of
preparation of nanofluids but limited data is available on sonication method and
the effect of sonication time on thermal conductivity. There were discrepancies in
the findings of some of the researchers. For example, one researcher claims that
50 minutes sonication is adequate while others report that 3 to 6 hours are required

for the same. This means that a more focused research on sonication is needed.

Several researchers have carried out extensive work on convective heat
transfer for nanofluids in last ten years. They established that principle factors
influencing the heat transfer characteristics of the nanofluids in the convective
flow are:

1. The type of nanoparticles,

2. The concentration of nanoparticles in the nanofluid,

3. The heat flux and

4. The topology of the heating surface.



It is reported that the convective boiling heat transfer has immense
potential in enhancing the critical heat flux (CHF). However, reported data on heat
transfer coefficients are contradictory. Thus, more experiments are required to
establish the most effective convective heat transfer coefficient value for the

selected nanofluids.

Relatively less work has been done on flow boiling heat transfer
characteristics of the nanofluids. But considering the desperate demand by today’s
thermal process industries to reduce operational cost and provide better system
component protection, more meaningful research is called for. This demands
research on the influence of pressure, types of nanoparticles, concentration of

nanoparticles and heat flux on flow boiling heat transfer coefficient.

Currently, there is no universal mechanism which explains the
hydrodynamic behaviour of the bubbles in flow boiling heat transfer process. This
research gap essentially calls for modern flow pattern analysis techniques such as
finite element fluid dynamic analysis, visualization techniques, etc. The
mechanism of flow boiling heat transfer in practice may be better explained on
basis of the hydrodynamic behaviour of the bubbles. In the present work, the
bubbles behaviour has been investigated by using high speed visualization

techniques.

Themes discussed in this chapter highlight the interesting and often,
contradictory nature of the effects of the flow parameters on boiling heat transfer
in nanofluids. The work on flow boiling heat transfer of nanofluids is scarce and
literature on visualization study of bubble behavior for nanofluids is not available.
Hence, the present work attempts to fill the study heat transfer in nanofluids by
studying the effect of principle parameters like pressure, concentration and heat

flux.
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This Chapter describes the experimental setup, gives details of the
instruments used and the experimental procedure. The fabrication and
commissioning of the test section and various devices used in setup have also been

discussed.

The existing test facility at Malaviya National Institute of Technology
(MNIT), Jaipur, India which was designed and fabricated under the sponsorship of
Indian Space Research Organization (ISRO), India, has been redesigned for the
present research work. The main modifications made in the existing experimental

setup are:

e The filter which was earlier placed between the pump and the flow meter has
been removed to avoid loss of nanoparticles.

e The old rusted piping has been replaced with smooth stainless steel (SS) pipes
in the primary loop that would have caused scaling and rust problem.

e The extra length of the connecting copper rod of the test section has been
reduced to minimize the heat loss.

e Anultrasonic vibration machine (UVM) has been added to prepare nanofluids.

The schematic diagram of the experimental setup is shown in Fig. 3.1. The
closed loop test facility consists of a 10 liter storage reservoir, a circulating pump,
a flow meter, an electrically heated horizontal annular test section, a condenser
and a heat exchanger. The working fluid was prepared in the UVM and stored in
the reservoir from where it was pumped to the test section through a flow meter.
The fluid was boiled in the test section by an electrical heater made up of SS rod.
The mixture of the steam and the fluid were passed through a condenser and a heat

exchanger before returning it to the storage reservoir.

3.1 Development of the Test Section

Most of the boiling applications in the industries make use of stainless
steels. Therefore, the heating element in the test section was made of stainless
steel. The test section was covered with a borosilicate glass tube to facilitate flow

visualization.
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Figure 3.1. Schematic of Experimental Setup.

3.1.1 Test Section Design

The test section consists of a horizontal heat aaxgér mounted on a
concrete platform. The test section is 780 mm ldfge annulus through which
fluid flows, consists of an electrically heated $¥e mounted inside the
borosilicate glass tube. DC current was suppliedugh copper leads to heat the
SS rod. The heated length of 500 mm is locatedeasdpsign consideration of
Thome et al. (2004), which is located at 230 mm mkiveam of the inlet plenum,
thus allowing the flow to develop fully. The tesgicton is shown in Fig. 3.2. The
photograph of test section is shown in Fig. 3.3.
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Figure 3.2. Test Section.

The specifications of the test section are giveAppendix A.

Figure 3.3. Photograph of the test section.

A heat exchanger is provided between the condeasdr SS storage
reservoir in order to bring down the temperaturéhefworking fluid. The mixture
of the working fluid and the steam from the exit tbé test section enter the
horizontal condenser where steam is condensed. ddmlenser and heat

exchanger are made of SS tubes.
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3.1.2 Fabrication of Test Section

The test section was fabricated by assembling &, golid copper rod,

the borosilicate glass tube and the Teflon corkllowing steps were performed

in sequence to assemble the test section.

1.

The required length of SS pipe (SS310) (500 mmtleng2.7 mm outer
diameter and 1 mm thickness) was cut off.

. Two copper pieces of diameter (12.7 mm) were cudasired lengths of 355

mm and 175 mm for inlet and outlet connectionseaesypely.

25 mm of the longer copper bar having a length5& 8im was inserted into
the SS pipe at the inlet side after reducing gsraiter to 11.7 mm.

Again 25 mm of the longer copper bar having a lergtl75 mm was inserted
into the SS pipe at the exit side after reduciagliameter to 11.7 mm.

The copper bar also provided support to the holkswod at the entry and the
exit. 100 mm length was left on both the coppesliar electrical connection.
Five indentations were made to locate the positiafs the J-type
thermocouples on the SS hollow heater rod.

Five J-type thermocouples were inserted in the $ilicate glass tube through
designed passes for thermocouples and solderedheatcorresponding
indentations on the SS heater rod.

Finally the borosilicate glass tube and the sotgpper rods were connected
using Teflon tape and Teflon cork. Adhesive was algplied at both the ends

to prevent any leakage from the test section.

3.2 Fluid Flow System

The experimental setup consisted of three seplraps. The primary loop

was a closed loop and contained nanofluid. Therskny and the tertiary loops

were open loops and contained normal water. Th&ingifluid flowed through

the primary loop, cooling water for condenser aadttexchanger flowed through

the secondary loop and the cooling water for thesformer flowed through the

tertiary loop.



3.3 Ultrasonic Vibration M achine

An Ultrasonic Vibration Machine (UVM) was used taepare the
nanofluid. UVM helps to disperse the nanoparticiedase fluids. The time for
mixing the nanoparticles in the base fluid variesoading to type of nanoparticle
and required concentration.The ultrasonic energyprisduced by converting
electrical energy into mechanical vibrations byngsia generator and piezo-
electric transducers. Whenever this ultrasonic atibn is transferred to the
nanofluid, rapid formation and collapse of milliomg microscopic bubbles
produce intense scrubbing effect. This phenomersrcalled cavitation. It
separates all the nanoparticles and dispersesithéra base fluid, in a very short
time. Figure 3.4 shows the UVM manufactured by Tosh having a capacity of
24 liters, which was used for making nanofluids.e T$pecifications of UVM
“Deep Drawn Tanks model SW 24" are given in App&risli

Figure 3.4. Photograph of Ultrasonic Vibration Mixer Machine Outer shell
and prepared Al,Os-water nanofluidsin UVM.

The nanoparticles were mixed in distilled watengsuVM. The quantity

of nanoparticles was calculated as per the coretemtr required. TiQ ZnO,
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Al,O3 and MWCNT nanoparticles were used for preparing nhnofluids. This
mixture was vibrated for achieving maximum therrmoahductivity of nanofluid
for 1 to 3 hours, 5 to 6 hours, 8 to 10 hours a@dadl12 hours for Ti@ ZnO,

Al,O3 and MWCNT nanoparticles respectively. Each of phepared nanofluid
was collected in the reservoir and circulated enghimary closed loop.

3.4 Imaging Facility

An XCAP SV-642 camera (EPIX) and XCAP — Std. sofvaontaining
driver of SV642C was used for bubble visualizatibhe high speed camera was
connected to a PIXCI imaging board installed on ¢benputer. It can capture
images at the rate of 19,600 fps at reduced resotiand it has a shutter speed of
20 microseconds. This resolution is good enoughh®iproposed work.

The camera was placed 400 mm away from the tesibset capture
length of about 35 mm along the heater surfacandles film could capture about
4.7 ms of boiling process. A CFL lamp with high duency ballast, which

provides flicker free and uniform illumination, wased as the lighting source.

The captured images were analyzed using Natiorsaiument’s Labview
IMAQ vision builder image processing software. T8whematic layout for high
speed photography is shown in Fig. 3.5.

Light
Source

[

Test Section
(Glass Tube)

Figure 3.5. Schematic of high speed photography setup.



3.5 Power Supply

The transformer can provide wide range of heat fluxhe heating rod.
The 415 V three phase power was supplied to thesfoamer. It was stepped
down to O to 32 volts using 64 kVA DC regulated powupply. The converted
DC was supplied to the SS heater rod through bus, sdunt and copper rod.
Figure 3.6 shows the transformer and bus bars.ré&tt&ier used in transformer
for the power supply was cooled by normal watee Bas bars were used in place
of normal wire to transmit power to the test seactmafely i.e. without any risk of

melting.

Figure 3.6. Photograph of 64 kVA Transformer.

3.6 Degassing Valve

Degassing of the working fluid is necessary befbeestart of experiment
to avoid any gas entrapment. Hence two gas reledges were put in the primary
loop at high points. The test rig was run with wogkfluids at high pressure for 3-
4 hours and gases were expelled through theseetgse valves. The location of

gas release valves is at highest point of primaop las seen in the photograph of
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the test section (Fig. 3.3). The degassing pros@ssrepeated two to three times
before each experiment to ensure that all the @ gas is removed.

3.7 Inaulation

To minimize the heat loss from the working fluidttee surrounding, the
piping section in the primary closed loop was thafyninsulated with cotton wool
and rubber (SUPERLON rubberJhe sizes of two rubber insulations were 1/2"
ID, 3/8" TK and 7/8" ID, 3/8" TK for different piehaving OD of 1/2" and 1"
respectively.

Since the SS heater rod was completely surroungelebworking fluid in
the test section, therefore heat loss from theeheat to outside environment was
not possible, refer Fig. 3.7. However the maximusmathloss from the working
fluid to the surrounding through the glass tube s

A

Heat from glass tube to atmosphere

A
Heat from SS rod to nanofluid

Stainless Steel Heating Rod

Figure 3.7. Representing heat loss from the test section.

3.8 Instrumentation

The loop allows for varying power input, pressurdet temperature and
flow rate. All the instruments were calibrated ardor analysis was carried out
for each instrument. The error analyses of therunstnts are given in
Appendix C.



3.8.1 Thermal Property Analyzer

It is a device which measures the thermal propedidluids and solids. It
can measure thermal properties of nanofluids andiraety of other materials
including granules, rocks, etc. It uses 3 differdn@rmal sensors i.e. KS-1, TR-1
and SH-1 to measure thermal diffusivity, specifeat) thermal conductivity and
thermal resistivity of fluids and many other satiterials.

The KD2 Pro sensor uses transient hot wire teckenimgu measure the
thermal conductivity of fluids. It consists of arydong and thin continuous heat
generating source which dissipates heat into tke medium. When electrical
energy is supplied to the source, its temperataages which results into change
of the resistance of Wheatstone bridge circuit.sTisi measured using a data
acquisition system. The thermal conductivity of senple is determined from the
heating power and the slope of temperature chantpgarithmic time.

The thermal property analyzer measures thermal wivity in a time
span of 90 sec. A measurement cycle consists 6f 8 of heating period, a 30
sec of equilibrium period and a 30 sec of coolingrigd. Temperature
measurements are made at 1 sec intervals duringingpeand cooling.
Measurements are then fit into exponential integuattions using a nonlinear
least squares procedure. A linear drift term cdsréar the temperature changes of
the sample during the measurement to optimize toeiracy of the readings.
Figure 3.8 shows the Thermal Property Analyzer (K8). The specifications of
the KD2 Pro are given in Appendix D.

Sensors of KD2 Pro

The thermal property analyzer uses three sensoichwheasure thermal
properties, but they differ with each other in usbese sensors are KS-1, KS-2
and KS-3. The KS-1 sensor can be used to measerthénmal conductivity of
fluids.

The KS-1 sensor has a single needle element (60longy 1.3 mm
diameter) which measures thermal conductivity ahdrmal resistivity. It is

designed primarily for liquid samples and insulgtimaterials having thermal
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conductivity < 0.1 W/mK. This sensor supplies ayvemall amount of heat to the
needle. The negligible heat helps to prevent foew/ection in liquid samples.

In this study KS-1 was used for measuring thermahdactivity of
nanofluids. Appendix E gives the parameters of K@dbe which was used to
measure thermal conductivity of the nanofluids.

Figure 3.8. Thermal Property Analyzer (KD2 Pro).

3.8.2 Flow Meter

FL-204, 4-wire turbine type flow meter manufacturbg Electronet,
having a range of 0.02 to 0.3 liters per second uszsl for measuring the flow
rate in the closed loop, refer Fig. 3.9. It has ld®mn 100 ms response time with
repeatability of + 1% and accuracy of + 1%. It ba4 digit, 0.3” LED display for
instantaneous flow rate and 8 digit, 0.3” LED daspfor total flow.

Figure 3.9. Photograph of turbine type flow meter.



3.8.3 Temperature Sensors and Data Acquisition System

Thermocouples were used for measuring inlet antktotemperatures of
the working fluid in the test section. Five therraaples were soldered on SS rod
at equidistant locations to measure local surfacgeratures. The thermocouples
were located at five different locations on thefate of the test section at an
interval of 100 mm for analyzing and verifying thisualization results with high
speed photography. Apart from these five thermolssip two more
thermocouples were used for measuring the inldebbulk temperature of the
working fluid. All these thermocouples (JMQSS-IM@5300) are of 1 mm wire
diameter, J-type, ungrounded and manufactured bgdamrhe location of all the
thermocouples is shown in Fig. 3.3. A Data AcqigsitSystem, OMB-DAQ-55,
manufactured by Omega, was used for recordingetmpératures in the computer
during the experiment.

3.8.4 Pressure Sensors

Figure 3.10 shows pressure indicator with presstransducer,
manufactured by Keller. Two pressure sensors wesed 0 measure static
pressure at the inlet and outlet of the test sectoth pressure sensors have a
range of 1 to 10 bar with an accuracy of +0.1%esBure drop was measured with
two pressure indicators at inlet and outlet ofglass tube.

Figure 3.10. Photograph of pressure sensor and digital pressureindicator.
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3.8.5 Surface Roughness Tester

Surtronic 25 surface roughness tester, manufacthyedaylor Hobson,
having +2% accuracy, was used to measure the surtagyhness of the heater
surface before and after the boiling. The Surtr@icsurface roughness tester

works on inductance principle.

3.8.6 Voltmeter and Ammeter

The voltage across SS heater rod was obtainedviojtraeter (VM1606).

It is manufactured by Meco and has an accuracydf%.

The current through the SS heater rod was meadoyedn ammeter
(AM1004). It is also manufactured by Meco and hasecuracy of £0.1%. It has
an induction coil which generates an A.C. signalo(05 mV) proportional to the
current. Figure 3.11 shows the ammeter and thenebdir.

VOLT- METER
& AMMETER

Figure 3.11. Photograph of Ammeter and Voltmeter.

3.8.7 Other Accessories

A desktop computer (Lenovo) having Intel Dual-Core processor, 160 GB
HDD, 2 GB RAM was used to store the data. The irmagfeflow process were
visualized at the desktop screen with high speedeca and XCAP standard
software. The DAQ system was also connected tocthaputer by using the
“Personal DAQ View Plus” software.



An electrical heater was provided in the storage reservoir to regulage t
temperature of the base fluid. It was controlledaltgmperature control device. It
was also provided with a temperature indicator igpldy the temperature of the
nanofluids in the reservoir. The reservoir was matlSS sheets. Figure 3.12

shows the reservoir containing nanofluid aftergkperimentation.

A centrifugal pump made of SS was used for circulating the working
fluid in the apparatus. It can develop 4 bar pressu a flow rate of 20 liters per
minute. Figure 3.13 shows the centrifugal pump thead used for the experiment.

Figure 3.13. Centrifugal pump.
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3.9 Preparation of Nanofluids

Preparation of nanofluids is an important step in carrying out the
experimental study of the nanofluids. Nanofluids cannot be just made by simple
mixing. Following conditions must be satisfied before a nanofluid can be used for

the experimentation.

e The nanofluid must be stable.

e There should be no agglomeration of the nanoparticles.

Al,O3, TiO, and ZnO nanoparticles are selected as they have good thermal
conductivity, are easily available and a number of studies done on them are
available in the literature. Additionally MWCNT has been included because of its
high thermal conductivity.

For the preparation of the nanofluids, mass of the nanoparticles was
calculated depending upon concentration of nanoparticles selected. The required
mass of the nanoparticles was then dispersed in 10 liter of distilled water in a
UVM tub. The UVM was used to mix the nanoparticles in distilled water. Thermal

conductivity of the nanofluid was measured at 30 minutes interval as follows.

e A 25 ml Sample of nanofluids was taken in a narrow necked small bottle.

e KS-1 sensor of the KD2-Pro was inserted in the bottle.

e The sensor was positioned vertically in the center of the bottle before
recording the reading.

The sonication time at which nanofluid was found to have the maximum
thermal conductivity was noted. Now a fresh sample of nanofluid was prepared by
running the UVM for the time at which maximum thermal conductivity was
observed. Table 3.1 gives the sonication times at which thermal conductivity of

different nanofluids were maximum.

As per the specifications of thermal property analyzer KD2-Pro, accuracy
of measurement of thermal conductivity was 5% and its repeatability was within
2%. The graphs between thermal conductivity ‘k’ and sonication time are

presented in chapter 5.



Table 3.1: Sonication time of UVM to
achieve maximum thermal conductivity.

Nanoparticles Concentration (%) Sonication Time (in hour)
0.0001 5.0
0.0010 6.0
Al 0.0100 6.0
0.1000 6.0
0.0001 2.5
. 0.0010 2.5
o, 0.0100 25
0.1000 3.0
0.0001 4.0
0.0010 4.0
Zno 0.0100 40
0.1000 4.0
0.0001 35
0.0010 4.5
MWENT 0.0100 55
0.1000 6.0

3.10 Experimental Procedure

After the setup of the experimental facility was completed, following steps

were followed to obtain the readings:

Vi.

The required concentration of nanoparticles was prepared by mixing of
calculated mass of nanoparticles in the base fluid, i.e. distilled water in the
UVM and stored in the reservoir.

The test section and heater surface were cleaned with 13.88 normal H,SO4
in distilled water before final cleaning by distilled water at 90°C and
atmospheric pressure to remove oxides and other residues.

The reservoir and the loop were filled with the working fluid, i.e. distilled
water or nanofluids.

The working fluid pumped to the test section through a flow meter.

The working fluid was circulated in the primary closed loop and
parameters like pressure, flow rate and temperatures were set.

The required current was supplied in steps of approx 40 A to the heater

rod. The fluid was boiled in the test section by an electrical heater made up

69



70

Vii.

viii.

Xi.

Xii.

of SS rod. The mixture of the steam and the fluid were passed through a
condenser and a heat exchanger before returning it to the storage reservoir.
The readings were taken after the steady state was achieved.
The parameters during the boiling process were recorded by the data
acquisition system (DAQ) and simultaneously the image of the boiling
process was captured by a high speed video camera.
Each experiment was repeated three times to verify repeatability of the
experiment.
The step iv to viii of experimentation was repeated for each increment of
0.5 bar pressure.
The surface roughness of the heating rod was measured with Surtronic 25
surface roughness tester. The measurement procedure for surface
roughness is as following:
a. The test section rod was removed after the experiment and SS rod
was separated from it.
b. A sample piece was cut from the SS rod.
c. This was fitted on the bench of Surtronic 25 surface roughness
tester.
d. The sensor of the roughness tester was moved to & fro, on the
sample and the relevant reading was noted.
Again, a new test section was assembled and fitted in the primary loop.
The reservoir was filled again with the working fluid of increased
concentration and the experimental steps i to xiii were repeated for

increased pressure and heat flux of the nanofluid using new heater rod.

During the experiment, the boundary conditions were maintained by using

controlling devices, such as, temperature controller, power controller, control

valves to control the sub-cooling, power input, pressure and mass flux.

3.11 Estimation of Parameters

Pressure and flow rate were measured by pressure sensor and flow meter

respectively. Temperatures of the fluid at inlet and outlet of the test section were



measured by thermocouples. Temperatures along the heater rod were recorded by
a data acquisition system. Parameters and constants used for following
calculations are shown in Appendix-F (Properties of Nanoparticles), Appendix-G
(Thermal Properties of Water) and Appendix-H (Thermal Conductivity of

Nanoparticles).

Mass of nanoparticles

Mass of nanoparticles mixed in the base fluid is calculated, based on

physical principle of the mixture as described by Heris et al. (2007)
(0.1% AI,03, for 10 liter fluid),

Mpy =1+ 1073 v % p,) (3.1)
=10*10° (m®) x 0.001 x 3700 (kg/m®)
= 0.037 (kg)
=37(9)
here
My is mass of nanoparticles in kg,
I is volume in liter
v is nanoparticle volume fraction and

pnp is density of nanoparticles in kg/m®

Heat flux

The heat flux was measured as follows:

q== (3.2)

here

q = heat flux (W/m?)

V = voltage across the heater rod (V)

I = current flowing through the heater rod (A)

A = area of cross-section of the heater rod (m?).

Figure 3.14 shows the trend of heat flux with current.
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Heat transfer coefficient (h)

Heat transfer coefficient used in calculating heat transfer between a fluid

and a solid, for convection or phase change is:

AT (3.3)
here
q = heat flux (W/m?)
h = heat transfer coefficient (W/m?K)

AT = difference in temperature between the solid surface and surrounding fluid

(K)
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Figure 3.14. Trend of heat flux with current.

3.12 Range of the Parameters

Concentrations of the nanoparticles Al,O3;, TiO,, ZnO and MWCNT
chosen for the experiment were 0001%, 0.001%, 0.01% and 0.1%. Pressure was

varied from 1 to 2.5 bar. The experiments could not be conducted at pressure



above 2.5 bar as that was beyond the permissible limit for bonding of the glass
tube with thermocouples and with the heater rod at high heat flux.

Heat flux was varied from 0 to 400 kW/m? while the mass flux was kept
constant at 400 kg/m?s. The inlet temperature was set at 80°C and mass flux fixed
at 400 kg/m?s. The range of parameters adopted during the experiments is shown
in table 3.2.

Boundary conditions for variable parameters are maintained through
controlling instruments. Inlet temperature was controlled with temperature
controller in reservoir and cooling in condenser and heat exchanger. Pressure was
controlled with controlling valves in pipe flow. Mass flux was controlled with
controlling valves in pipe flow and constant flow of pump. The results are limited

to possible maximum heat flux to avoid leakage of nanofluid and any accident.

Table 3.2: Range of variable parameters.

S. No. PARAMETER RANGE
1 Concentration, (%) 0.0001, 0.001, 0.01 and 0.1
2 Pressure, (bar) 1t025
3 Heat flux, (kW/m?) 0 to 400
4 Average nanoparticle size, (hm) 40 for oxides, 20 for MWCNT
5 Nanoparticles Al,O3, TiO,, ZnO, MWCNT
6 Mass flux, (kg/m?s) 400
{Reynolds no.} {10000}
7 Inlet Temperature, (°C) 80

3.13 Validation for Heat Transfer Coefficient

Six hour sonicated Al,Os-water nanofluid with concentration of 0.0001%
was used for validation. The convective and flow boiling procedure was repeated
four times as per section 3.10. The readings were taken to determine the optimum
heat transfer coefficient at a pressure of 1.0 bar. The readings were interpreted for

a decision. Similar trend was observed for all the cases. The results of present
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experiment have been plotted in Fig. 3.15. The findings of heat transfer coefficient
were compared with data reported by Jabardo et al. (2004) for refrigerant (R11). It
is clear from the figure that, the present work compare well with 90% precision.
The difference may be due to different environment of present work and the work
done by Jabardoet. al (2004) for R11.

N N
oOnN

ol
o

B R11 {Jabardo
, ]/ et al. (2004)}

=
N b

[EEN
o

Al203

Heat transfer coefficient (kW/m?K)

O N B OO ©

0 50 100 150
Heat Flux (kW/m?)

Figure 3.15. Comparison of results of heat
transfer coefficient with Jabardo et. al (2004).
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The bubbles were analyzed using Image Acquisition (IMAQ) vision
builder software. It converts the bubble parameters in pixel form which are
subsequently converted to get real dimensions of the bubbles. The main steps

involved in getting the results in pixel form are:

Loading of image

Image conversion

Image contrast enhancement
Image filtering

Convolution — highlight details
Edge detection

Cropping of region of interest

Image “Thresholding”

© ©° N o o~ w D PRE

Basic morphological operations
10. Advanced morphological operations
11. Particle filtration

12. Particle analysis

4.1 Image Processing for Bubble Parameters

The image processing is very useful due to its non-intrusiveness and its
ability to study very short duration phenomenon such as bubble formation, growth
and condensation. The analysis of flow boiling can be carried out using this

technique.

National Instruments IMAQ Vision Builder 6.1 image processing software
was used for the image analysis. The complete procedure consists of 12 steps

followed by visual inspection to compare the results with initial image.

Sample outcome for every step of script is shown in the figures from 4.1 to
4.12. Details on standard image processing operations can be found in Gonzalez
and Woods (1993).

77



78

A set of 100 images was batch processed using National Instruments
IMAQ Vision Builder 6.1 image processing software. The main steps involved in

image processing are as followings -

Loading of Images

Each frame of the photograph obtained for processing was loaded as 8 bits
RGB (Red, Green and Blue) color format. A sample of the photograph after
loading is shown in figure 4.1. The size of the raw image processed was 1024 x
768.

Conversion of RGB Image to Gray Scale Image

The loaded image is a colored image. The color images are formed in RGB
color space using red, green, and blue component. The loaded RGB image was
converted from RGB to gray-scale image by extracting one of the three color
planes. The extracted image is a gray-scale image. A sample of the same is shown
in figure 4.2. The gray-scale image obtained has 256 gray levels, ranging from 0
(black) to 255 (white).

Enhancing the Contrast of the Image

Due to higher shutter speed and lack of sufficient light, at times an object
(a bubble) in the image becomes dull. By increasing the contrast, the bubbles can
be made visible. So for better visibility, contrast of the gray-scale image was

enhanced. A sample image with enhanced contrast is shown in figure 4.3.

Image Filtration

Filters can smoothen, sharpen, transform and remove noise from an image
so that the required information can be extracted. A median filter was applied to
the image to remove or attenuate the noise present in the image. Median filter is
also useful in preserving edges in an image while reducing random noise. The
noise in form of impulsive or salt and pepper can occur due to a random bit error
in a communication channel. In a median filter, a window slides along the image,
and the median intensity value of the pixels within the window becomes the

output intensity of the pixel being processed.



The bubble images in the pixel form, separated idersbly from the
surrounding ones, are discarded by substitutingribeian of its neighbor pixel in
this operation. The bubble images are discardedinamize the errors. However
as a result of image filtration, sharpness of timage deteriorates slightly. A
sample of the filtered image is shown in figure. 4.4
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Figure 4.2. Conversion of raw image into gray scalenage.
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Figure 4.4. Filtered Image.

Convolution — Highlighting Details

A kernel represents a pixel and its relationshi;égghboring pixels. In
image processing, a kernel or mask is a small maiseful for blurring,

sharpening, embossing, edge-detection etc. Thaci®mplished by means of



convolution between the image and its kernel. Ia tiperation, intended objects
(bubbles) were highlighted from the backgroundapplying 7 x 7 kernel across
the image. This is better than 5 x 5 kernel and 3 kernel options. Only these
three options were available in Image AcquisitioMAQ) vision builder
software. The processed image is shown in figuse 4.

Edge Detection

This operation was employed to locate the inteiseqtoints between a
set of search lines within an image area. Circetige of bubble can be identified
by Roberts’s edge detection algorithm, availabléhi software. Roberts’s edge
detection operation was performed to select theegdg bubbles in the image
area. The edges were identified clearly in an amatea and were highlighted in
the image area. The edge detected image is shofigure 4.6.

Cropping of Image

Region of interest (Heater rod portion) was segardtom the image by
cropping out the glass tube portion from the imageshown in figure 4.7.

Image ‘Thresholding’

‘Thresholding’ consists of dividing an image intwat regions: a patrticle
region and a background region. This process whyksetting to 1 all the pixels
that belong to a gray-level interval, called theeiihold interval and setting all
other pixels in the image to 0.

The ‘thresholding’ was used to isolate the objedtmterest in an image.
‘thresholding’ converts the image from a grayscalege, with pixel values
ranging from 0O to 255, to a binary image, with pixalues of O or 1. The range of
pixel values in gray-scale image and color images1 de selected by
‘thresholding’ that separate the objects with cdesation of the background.

The conversion of a gray image to binary image isbref reduction of
grey levels of the original image to one correspogdo black (0) and another
corresponding to red (1). This is accomplished leans of a threshold value, i.e.,
a pixel value defining the transition between blaokd red colors. Once the
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threshold value is defined, image simplificatiorkes place - all pixels with
luminosity values lower than the threshold value eonsidered black, while the
remaining pixels are considered red. This operati@ates images like the one
depicted in figure 4.8.
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Figure 4.8. Image after ‘thresholding’.

Basic Morphological Operations

Morphological functions affect the shape of paetclon an individual

basis. Morphological operations find shapes inithe&ge for quantitative analysis
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such as finding the area, perimeter, or orientatibaffects the shape of particles
in binary images. Each patrticle or region can Wectdd separately in this step.
The functions in this step can be used for task® 18 expanding or reducing
objects, filling holes, closing particles, smoothinoundaries to describe objects,
prepare images for quantitative analysis, etc. @ase the structure of the
bubbles, proper closeness of bubbles fills tinyjeh@nd smoothes inner contours
of objects. Proper closeness of bubbles providisita and dual combination of
closings and openings of selected region of bubblése image. Erosion, dilation
and proper closing operations were performed harthe selected binary image.
These operations creates image like the one dépictigure 4.9.

Advanced Morphological Operations

This step can be used for removal of small padifdlem an image, filling
of gaps between two particles or bubbles, separabib objects neighboring
bordering, labeling particles in an image, etc. Dbeder objects can be removed
to eliminate particles that touch the borders ofmaage. Operations like filling of
gaps, removal of small objects and separation afdrambjects were performed on
binary images. This operation creates images likeohe depicted in figure 4.10.
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Figure 4.9. Image after basic morphological operatins.
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Figure 4.10. Image after advanced morphological opations.

Particle Filtration

Circular or nearly circular objects can be ideatlfiin this operation by
using Heywood circularity factor. This factor ithatio of object perimeter to the
perimeter of a circle within the same area. Corgomith a Heywood circularity
factor ranging from 1 to 1.06 were accepted as lesbhnd other non-circular
objects were filtered and removed as shown in &gufl.

Particle Analysis.

Particle analysis comprises of a series of prongssperations
using suitable functions that gives information atbthe particle’s shape in an
image. Particle analysis was performed to detechected regions of bubbles or
groupings of pixels in an image and then to takecsed measurements of those
regions of bubbles. Using particle analysis, one @etect and analyze any two-
dimensional shape in an image. This operation $® ailsed to find statistical
information about the particles (bubble), such lasrtsize, number and relative
ratios of located areas. By using this operatiaphie size and image area were
obtained in terms of pixels. All bubbles were numsideand measurement of
bubbles were stored in an excel data sheet. Theldulameter, bubble density

and void fraction were measured in the image. Thecgssed image and
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corresponding data are shown in figure 4.12. Tiseltg pixels, area (unit) and
image are (unit) in figure represents the no. ofinted bubbles, pixels of
respective bubbles, area of respective bubblegiirls) and image area (in
pixels) respectively.
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4.2 Visual Inspection and Validation

Despite these entire image processing operations, there is still a chance of
bubble coalescence. Even though, there are various operations like pattern
recognition and geometric matching by which bubbles coalescence can be
identified, it is not possible to get 100% satisfactory results. As a result, a decision
was taken to compare the original image with the processed image to identify
bubble coalescence and separate the connected bubbles manually. Though this
method is not widely used, still it was used to reduce the error. There is 5% error

in measurement of bubble parameters.

4.3 Calculations for Bubble Diameter and Bubble Density

The result obtained after image processing operations is in terms of pixels.
These pixel values are converted into geometrical dimensions using the following

formulae:

Area of bubble, Ab (mm?) =

_ Ap XA

A
b Al

(4.1)

where
Ap = Area of bubbles, (pixels)
Af = Focused area of image, (mm2)

Al = Image Area, (pixels)

Diameter of bubble, D (mm) =

D=V (4.2)

Number of bubbles can be obtained at the end of image processing
operation, using IMAQ vision builder software. Bubble density can be calculated

as
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Bubble density (1/m?) =

pP=— (4.3)

where,
N = number of bubbles
Af = Focused Area (m2)

4.4 Calculation for Void Fraction

Void Fraction is an important parameter in multiphase flows, and in
particular in two-phase gas-liquid flows. Void fraction is the ratio of bubbles area

in the unit image area of the heater surface. VVoid fraction is calculated as:

Void fraction, g4 =

g, = v (4.9)

where,
Npv = No. of pixels occupied by vapour

Tow = Total No. of Pixels occupied by vapour and liquid



RESULTS AND
DISCUSSION



90



In this chapter, the findings are discussed which obtained from
experimental observations. The heat flux, pressure, different nanoparticles like:
Al,O3, TiO,, ZnO and MWCNT, concentration of different nanoparticles in the
base fluid (water) are considered as variable parameter whereas thermal
conductivity, heat transfer coefficient, pressure drop in test section and bubble
parameters like: bubble diameter, bubble density and void fraction are considered
as results obtained from experiments. The surface roughness of heater rod is also
measured for different concentrations of nanofluids, before and after each set of
experiments for increased concentration of nanoparticles in water. The range of

variable parameters is shown in table 3.2.

5.1 Thermal Conductivity

Results of thermal conductivity with sonication time are presented here for
different nanoparticles like: Al,O3, TiO2, ZnO and MWCNT in water.

5.1.1 Thermal Conductivity of Al,Os-Water Nanofluids

Thermal conductivity changes with sonication time because of greater
mixing of nanoparticles. Similar observations were found by Murshed et al.
(2005) & Hays et al. (2006). After reaching a saturation limit, it decreases because

of coagulation. Pal et al. (2015) has also reported similar observations.

Its accuracy is 5% and repeatability is 2%. To assess the repeatability of
the tests, the experimental thermal conductivity tested four times. Figure 5.1
shows the repeatability plots for thermal conductivity of 0.0001% Al,Os-water
nanofluids. Thermal conductivity is plotted on the y-axis whereas sonication time
is plotted on the x-axis. The four plots presented herein show that the thermal

conductivity values show good repeatability in the experiments conducted.

Figure 5.2 shows the variation of thermal conductivity of Al,Oz-water
nanofluids with sonication time for different concentrations of nanoparticles in

water. Initially the thermal conductivity of nanofluid increases with increase in
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sonication time, reaches a maximum value and then decreases. From the graph it
is observed that thermal conductivity is maximum for sonication time of about 6
hrs for all concentrations of Al,Os-water nanofluid. Heat transfer coefficient was
measured for the nanofluids having maximum thermal conductivity. Hence
subsequently heat transfer coefficient is measured for sonication time of 6 hrs for
Al,Oz-water nanofluid. With extensive sonication (after 6 hrs), thermal
conductivity is decreased up to minimum level of thermal conductivity of base
fluid (water), as shown by 0.0001% Al,Os-water nanofluid in Fig. 5.2. So the
sonication time of maximum thermal conductivity of Al,Os-water nanofluid,
considered as sonication time for Al,Os-water nanofluid. The Al,Os-water
nanofluid of maximum thermal conductivity is selected to investigate heat transfer

coefficient of Al,O3z-water nanofluid.
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Figure 5.1. Repeatability test for thermal
conductivity of 0.0001% Al,Os-water nanofluid.

Initially at 1 hrs, thermal conductivity of 0.1% Al,Oz-water nanofluid is
observed to be less than thermal conductivity of 0.01% Al,Oz-water nanofluid.
This is probably because 0.1% Al,Os-water nanofluid was not fully prepared

initially due to high concentration of nanoparticles.



Fresh Al,Os-water nanofluid of each concentration prepared again to
obtain maximum thermal conductivity and to investigate heat transfer coefficient.
The thermal conductivity of prepared (containing maximum thermal conductivity)
Al,Oz-water nanofluid remains constant for about 16-18 hours after sonication.
Hence, heat transfer coefficient of Al,Os-water nanofluid is measured within this

window of 16 hrs.
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Figure 5.2. Thermal conductivity of Al,Os-water
nanofluids with sonication time.

5.1.2 Thermal Conductivity of TiO,-Water Nanofluids

Figure 5.3 shows variation of thermal conductivity of TiO.-water
nanofluid with sonication time. Thermal conductivity of TiO.-water nanofluid
increases with increase in sonication time in the beginning until it reaches a

maximum value and then decreases.

Based on concentration of nanoparticles, the sonication time from 2.5 hrs
to 3 hrs is considered to prepare the TiO,-water nanofluid. The thermal

conductivity of TiO,-water nanofluid is almost constant for 24 hours and then
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reduces due to variation in surrounding temperature and sedimentation of nano-

particles.

Similar to Al,Os-water nanofluid, initially the thermal conductivity of
0.1% TiO,-water nanofluid is observed less than the thermal conductivity of
0.01% TiO,-water nanofluid possibly due to non-homogenous mixture or not fully
prepared nanofluid. For step increased concentration from 0.001% to
concentration 0.01%, an increment in thermal conductivity of the TiO,-water
nanofluid is relatively higher, possible reasons need to investigate more. Similar to
Al,Os-water nanofluid, it is observed that thermal conductivity increases with

increase in concentration of nanoparticles.

Fresh TiO,-water nanofluid of each concentration prepared again to obtain
maximum thermal conductivity and to investigate heat transfer coefficient. The
thermal conductivity of prepared (containing maximum thermal conductivity)
TiO-water nanofluid remains constant for about 24 hours after sonication. Hence,
heat transfer coefficient of TiO,-water nanofluid is measured within this window
of 24 hrs.
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Figure 5.3. Thermal conductivity of TiO,-water
nanofluids with Sonication Time.



5.1.3 Thermal Conductivity of ZnO-Water Nanofluids

Figure 5.4 shows the variation of thermal conductivity of ZnO-water
nanofluid with sonication time. Thermal conductivity of ZnO-water nanofluid
increases with increase in sonication time in the beginning until it reaches a
maximum value and then decreases. Similar to above-selected nanofluids, the
sonication time at which the thermal conductivity is maximum, is considered as

the optimum sonication time to prepare the ZnO-water nanofluid.

From the graph, it is observed that thermal conductivity is maximum for
sonication time of 4 hrs for all the concentrations of ZnO-water nanofluid. The
thermal conductivity of ZnO-water nanofluid remains almost constant for 16-20
hours and then reduces due to variation in surrounding temperature and
sedimentation of particles. Similar to Al,Os-water nanofluids and TiO,-water
nanofluid, it is observed that thermal conductivity increases with increase in

concentration of nanoparticles in water.

Fresh ZnO-water nanofluid of each concentration prepared again to obtain
maximum thermal conductivity of the ZnO-water nanofluid and to investigate heat
transfer coefficient of ZnO-water nanofluid. The thermal conductivity of prepared
(containing maximum thermal conductivity) ZnO-water nanofluid remains
constant for about 16-20 hours after sonication. Hence, heat transfer coefficient of

ZnO-water nanofluid is measured within this window of 16 hrs.

5.1.4 Thermal Conductivity of MWCNT-Water Nanofluids

Figure 5.5 shows variation of thermal conductivity of MWCNT-water
nanofluid with sonication time. Thermal conductivity of MWOCNT-water
nanofluid increases with increase in sonication time in the beginning until it
reaches a maximum value and then decreases. Similar to Al,Os-water nanofluid,
TiO,-water nanofluid and Zno-water nanofluid, the sonication time at which the
thermal conductivity is maximum, is considered as the optimum sonication time to

prepare the MWCNT -water nanofluid.
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Figure 5.4. Thermal conductivity of ZnO-water
nanofluids with sonication time.
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Figure 5.5. Thermal conductivity of MWCNT-water
nanofluids with sonication time.




Based on concentration of nanoparticle, the sonication time from 3.5 hrs to
6 hrs is considered to prepare the MWCNT-water nanofluid. The thermal
conductivity of MWCNT-water nanofluid remains almost constant for 12-16
hours and then reduces due to variation in surrounding temperature and
sedimentation of particles. The initial thermal conductivity of 0.01% MWCNT-
water nanofluid and 0.1% MWCNT-water nanofluid is less than 0.001%
MWCNT-water nanofluid and 0.0001% MWCNT-water nanofluid possibly due to
non-homogenous mixture or not fully prepared nanofluid. However maximum
thermal conductivity is higher for higher concentrated nanofluid. Similar to other
nanofluids, it is also observed that thermal conductivity increases with increase in

concentration of nanoparticles in water.

Fresh MWCNT-water nanofluid of each concentration prepared again to
obtain maximum thermal conductivity and to investigate heat transfer coefficient.
Thermal conductivity of prepared (containing maximum thermal conductivity)
MWCNT-water nanofluid remains constant for about 12-16 hours after sonication.
Hence, heat transfer coefficient of MWCNT-water nanofluid is measured within

this window of 12 hrs.

5.2 Heat Transfer Coefficient

Convective (single phase) and flow boiling (two phase) study was
conducted for measurement of Heat Transfer Coefficient (HTC). The experiment
was stopped at starting of film boiling to avoid leakage of nanofluid and
accidental by breaking of the glass tube. Experimental data for convective and

boiling HTC is represented in this section.

5.2.1 Heat Transfer Coefficient of Water

To assess the repeatability of the tests, the experimental heat transfer
coefficient of distilled water tested four times. Figure 5.6 shows the repeatability
plots for heat transfer coefficient of distilled water. Heat transfer coefficient of
distilled water is plotted on the y-axis whereas heat flux is plotted on the x-axis.
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The four plots presented herein show that the values of heat transfer coefficient

show good repeatability in the experiments conducted.

20

18
16 A

./l’ o Test1
12

ATest?2
10

WmTest 3

‘./ ®Test4

Heat Transfer Coefficient, h (kW/m?K)

o N B~ OO 0

0 50 100 150 200
Heat Flux (kW/m?)

Figure 5.6. Results of repeatability test for water at a pressure
of 1 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.

— 60

X

§ 50

<

f_ 40 ©1.0 bar
S

o m 1.5 bar
= 30

3

O A 2.0 bar
S

@

@ ¢ 2.5bar
©

=

©

(5]

I

0 50 100 150 200 250 300 350 400
Heat Flux (kW/m?)

Figure 5.7. Variation of HTC of water with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m?s.



Experimental data in Fig. 5.7 shows variation of heat transfer coefficient
(HTC) of distilled water with heat fluxes in single phase followed by boiling. It
was nucleate boiling followed by film boiling; the experiment was stopped at
starting of film boiling to avoid leakage of nanofluid and any accident by the back
pressure (shock) of the steam at high heat flux. The experimental results show that
heat transfer coefficient increases with increase in heat flux. It is also shown in
same figure that heat transfer coefficient increases with increase in pressure in
designed test section at all heat fluxes. The increase in heat transfer coefficient is
23.81% at 2.5 bar over 1.0 bar at 165 kW/m? heat flux, 20°C inlet sub cooling of
distilled water and mass flux of 400 kg/mzs (Re=10000).

5.2.2 Heat Transfer Coefficient of Al,Os;-Water Nanofluid

To assess the repeatability of the tests, the experimental heat transfer
coefficient of 0.0001% Al,O3z-water nanofluids tested four times. Figure 5.8 shows
the repeatability plots for heat transfer coefficient of 0.0001% Al,Osz-water
nanofluids. Heat transfer coefficient of 0.0001% Al,Os-water nanofluids is plotted
on the y-axis whereas heat flux is plotted on the x-axis. The four plots presented
herein show that the values of heat transfer coefficient of 0.0001% Al,O3-water

nanofluids show good repeatability in the experiments conducted.

Experimental data in Fig. 5.9, Fig. 5.10, Fig. 5.11 and Fig. 5.12 show
variation of heat transfer coefficient of Al,Os-water nanofluid with heat flux and
pressure for different concentrations of nanofluid at a mass flux of 400 kg/m?s.
The experimental results show that HTC increases with increase in heat flux for

all concentrations of nanofluid.

Experimental data also shows that HTC increases with increase in pressure
at a mass flux of 400 kg/m%s and at all heat fluxes. The appeared values of heat
transfer coefficient are at low concentrations. Low concentration for the
nanofluids is used to facilitate the visualization studies and the appeared bubbles
during boiling may affect the value of HTC. The values of HTC are similar to
Manca et al. (2011) for Al,Os-water nanofluid.
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Figure 5.8. Results of repeatability test for 0.0001% Al,Oz-water nanofluid at
a pressure of 1 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.

The maximum increase in HTC due to increase in pressure for 0.0001%
Al,Os-water nanofluid at 2.5 bar and heat flux of about 230 kW/m? and mass flux
of 400 kg/m?s with respect to that at 1.0 bar is about 30% (refer Fig. 5.9).

The maximum increase in HTC due to increase in pressure for 0.001%
Al,O;-water nanofluid at 2.5 bar and heat flux of about 180 kW/m? and mass flux
of 400 kg/m?s with respect to that at 1.0 bar is about 34% (refer Fig. 5.10).

The maximum increase in HTC due to increase in pressure for 0.01%
Al,O;-water nanofluid at 2.5 bar and heat flux of about 185 kW/m? and mass flux
of 400 kg/m?s with respect to that at 1.0 bar is about 32% (refer Fig. 5.11).

The maximum increase in HTC due to increase in pressure for 0.1%
Al,Oz-water nanofluid at 2.5 bar and heat flux of about 180 kW/m? and mass flux
of 400 kg/m?s with respect to that at 1.0 bar is about 68% (refer Fig. 5.12). It is
found that maximum increase in HTC is with added 0.1% Al,O3 (maximum

concentration) compared to water.
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Figure 5.9. Variation of HTC of 0.0001% Al,Oz-water nanofluid with heat
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Figure 5.10. Variation of HTC of 0.001% Al,Os-water nanofluid with heat

flux at a sub cooling of 20°C and mass flux of 400 kg/m?®s.
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Figure 5.11. Variation of HTC of 0.01%Al,03-water nanofluid with heat flux
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Figure 5.12. Variation of HTC of 0.1% Al,Os-water nanofluid
with heat flux and pressure at 0.1% Al,O3; nanoparticle volume
fraction, sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.13 shows variation of heat transfer coefficient (HTC) of Al,Os-
water nanofluid with heat flux for different concentrations of nanoparticles at a
pressure of 1.0 bar and mass flux of 400 kg/m?.The experimental results show
that in the convective region, i.e. at low heat flux, HTC of the nanofluid tested
increases rapidly with increase in heat flux for all the concentrations of the

nanofluid.

However this rate of increase in HTC does not continue in the boiling
region i.e. at higher heat flux (i.e. heat flux > 120 kW/m?, HTC increases
marginally with increase in heat flux for all the concentrations of the nanofluid. It
is also observed that HTC increases with increase in concentration of

nanoparticles at all the heat fluxes.

Figure 5.14, Fig. 5.15 and Fig. 5.16 show similar behaviors for HTC at

different pressures, i.e. 1.5, 2.0 and 2.5 bar respectively and a mass flux of 400

kg/m?s.
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Figure 5.13. Variation of HTC of Al,O3-water nanofluids with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.14. Variation of HTC of Al,O3z-water nanofluids with heat flux at a
pressure of 1.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.15. Variation of HTC of Al,Os-water nanofluids with heat flux at a
pressure of 2.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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The maximum increase in HTC with respect to water at 1.0 bar and mass
flux of 400 kg/m?s at heat flux of about 160 kW/m? is 23% for 0.0001% Al,Os-
water nanofluid, 34% for 0.001% Al,Os-water nanofluid, 63% for 0.01% Al,O5-
water nanofluid and 84% for 0.1% Al,O3-water nanofluid (refer Fig. 5.13).

The maximum increase in HTC with respect to water at 1.5 bar and mass
flux of 400 kg/m?s at heat flux of about 160 kW/m? is 14% for 0.0001% Al,Os-
water nanofluid, 32% for 0.001% Al,Os-water nanofluid, 58% for 0.01% Al,O5-
water nanofluid and 89% for 0.1% Al,O3z-water nanofluid (refer Fig. 5.14).

The maximum increase in HTC with respect to water at 2.0 bar and mass
flux of 400 kg/m?s at heat flux of about 160 kW/m? is 19% for 0.0001% Al,Os-
water nanofluid, 38% for 0.001% Al,Os-water nanofluid, 56% for 0.01% Al,O5-
water nanofluid and 99% for 0.1% Al,O3z-water nanofluid (refer Fig. 5.15).

The maximum increase in HTC with respect to water at 2.5 bar and mass
flux of 400 kg/m?s at heat flux of about 210 kW/m? is 30% for 0.0001% Al,Os-
water nanofluid, 42% for 0.001% Al,Os-water nanofluid, 65% for 0.01% Al,O5-
water nanofluid and 104% for 0.1% Al,Os-water nanofluid (refer Fig. 5.16).
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Figure 5.16. Variation of HTC of Al,Os-water nanofluids with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?®s.
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5.2.3 Heat Transfer Coefficient of TiO,-Water Nanofluid

Experimental data in Fig. 5.17, Fig. 5.18, Fig. 5.19 and Fig. 5.20 show heat
transfer coefficient (HTC) of TiO,-water nanofluid for concentrations of 0.0001%,
0.001%, 0.01% and 0.1% respectively.

The experimental results show that similar to Al,Os-water nanofluid heat
transfer increases with increase in heat flux. It is also shown in same figure that

heat transfer coefficient increases with increase in pressure at all heat fluxes.

It is also observed that increase in heat transfer coefficient is significant in
flow boiling (i.e. heat flux > 150 kW/m?) compared to convective boiling. Heat
flux for the test section increases with increase in pressure as well as with the

increase in concentration of the nanofluid.
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Figure 5.17. Variation of HTC of 0.0001%TiO,-water nanofluid with heat
flux at a sub cooling of 20°C and mass flux of 400 kg/m?®s.

The maximum increase in HTC due to increase in pressure for 0.0001%

TiO,-water nanofluid at 2.5 bar and heat flux of about 220 kW/m? and mass flux
of 400 kg/m?s with respect to that at 1.0 bar is about 54% (refer Fig. 5.17).
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Figure 5.18. Variation of HTC of 0.001% TiO-water nanofluid with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.19. Variation of HTC of 0.01% TiO,-water nanofluid with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.20. Variation of HTC of 0.1% TiO,-water nanofluid with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m?s.

The maximum increase in HTC due to increase in pressure for 0.001%
TiO,-water nanofluid at 2.5 bar and heat flux of about 220 kW/m? and mass flux
of 400 kg/m?s with respect to that at 1.0 bar is about 67% (refer Fig. 5.18). The
maximum increase in HTC due to increase in pressure for 0.01% TiO,-water
nanofluid at 2.5 bar and heat flux of about 220 kW/m? and mass flux of 400
kg/m?s with respect to that at 1.0 bar is about 49% (refer Fig. 5.19). The maximum
increase in HTC due to increase in pressure for 0.1% TiO,-water nanofluid at 2.5
bar and heat flux of about 220 kW/m? and mass flux of 400 kg/m?s with respect to
that at 1.0 bar is about 30% (refer Fig. 5.20).

Fig. 5.21 shows variation of heat transfer coefficient (HTC) of TiO,-water
nanofluid with heat flux for different concentrations of TiO,-water nanofluid at a
pressure of 1.0 bar and mass flux of 400 kg/m?s. The experimental results show
that in the convective region, i.e. at low heat flux HTC of the TiO,-water
nanofluid tested increases rapidly with increase in heat flux for all the
concentrations of the TiO,-water nanofluid. However this rate of increase in HTC

does not continue in the boiling region i.e. at higher heat flux HTC increases



marginally with increase in heat flux for all the concentrations of the TiO,-water
nanofluid. It is also observed that HTC increases with increase in concentration of

TiO,-water nanofluid at all the heat fluxes.

Figure 5.22, Fig. 5.23 and Fig. 5.24 show similar behavior for HTC at
different pressures, i.e. 1.5, 2.0 and 2.5 bar respectively and a mass flux of 400
kg/m?s. The maximum increase in HTC of TiO,-water nanofluid with respect to
water at 1.0 bar and mass flux of 400 kg/m?s at heat flux of about 160 kW/m? is
18% for 0.0001% TiO,-water nanofluid, 27% for 0.0001% TiO,-water nanofluid,
62% for 0.0001% TiO,-water nanofluid and 84% for 0.0001% TiO,-water
nanofluid for 0.0001%, 0.001%, 0.01% and 0.1% concentrations of the nanofluid
respectively (refer Fig. 5.21).

The maximum increase in HTC of TiO,-water nanofluid with respect to
water at 1.5 bar and mass flux of 400 kg/m?s at heat flux of about 160 kW/m? is
40% for 0.0001% TiO,-water nanofluid, 41% for 0.001% TiO,-water nanofluid,
59% for 0.01% TiO,-water nanofluid and 80% for 0.1% TiO,-water nanofluid
(refer Fig. 5.22).
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Figure 5.21. Variation of HTC of TiO,-water nanofluids with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.22. Variation of HTC of TiO,-water nanofluids with heat flux at a
pressure of 1.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.

The maximum increase in HTC of TiO,-water nanofluid with respect to
water at 2.0 bar and mass flux of 400 kg/m?s at heat flux of about 160 kW/m? is
49% for 0.0001% TiO,-water nanofluid, 59% for 0.001% TiO,-water nanofluid,
70% for 0.01% TiO,-water nanofluid and 87% for 0.1% TiO,-water nanofluid
(refer Fig. 5.23).The maximum increase in HTC of TiO,-water nanofluid with
respect to water at 2.5 bar and mass flux of 400 kg/m?s at heat flux of about 210
KW/m? is 58% for 0.0001% TiO,-water nanofluid, 83% for 0.001% TiO,-water
nanofluid, 89% for 0.01% TiO,-water nanofluid and 101% for 0.1% TiO,-water
nanofluid (refer Fig. 5.24).

It is also found that increase in HTC is significant with 0.0001% TiO-
water nanofluid compared to water at 2.5 bar. However, heat transfer coefficient
doesn’t increase with same rate with increase in concentration of nanoparticles as
thermal conductivity of the nanofluid also does not increase with the same rate
with increase in concentration of nanoparticles. The change in thermal
conductivity of nanofluid with increase in concentration of nanoparticles is shown

in figure 5.3. Additionally, there is also increase in coating of nanoparticles on the
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heater rod with increase in concentration of nanoparticles, which inhibits heat

flow.
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Figure 5.23. Variation of HTC of TiO,-water nanofluids with heat flux at a
pressure of 2.0 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.24. Variation of HTC of TiO,-water nanofluids with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?®s.
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5.2.4 Heat Transfer Coefficient of ZnO-Water Nanofluid

Experimental data in Fig. 5.25, Fig. 5.26, Fig. 5.27 and Fig. 5.28 show heat
transfer coefficient of ZnO-water nanofluid for concentrations of 0.0001%,
0.001%, 0.01% and 0.1% respectively. The experimental results show that similar
to AlOs-water nanofluid and TiO,-water nanofluid, heat transfer coefficient
increases with increase in heat flux. It is also shown in same figure that heat
transfer coefficient of ZnO-water nanofluid increases with increase in pressure in
designed test section at all heat fluxes. The maximum increase in HTC due to
increase in pressure for 0.0001% ZnO-water nanofluid at 2.5 bar and heat flux of
about 300 kW/m? and mass flux of 400 kg/m?s with respect to that at 1.0 bar is
about 53% (refer Fig. 5.25). It is also observed that HTC for convective boiling at
1 bar has lower values than that for water at 1.0 bar. There are two opposite effects
that affect HTC, they are thermal conductivity of the fluid and the coating of
nanoparticles on the heating surface. It is quite possible that the effect of coating
of nanoparticles on the heating surface is more predominant as compared to the
effect of concentration of nanoparticles, leading to drop in HTC as compared to

that of distilled water.
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Figure 5.25. Variation of HTC of 0.0001% ZnO-water nanofluid with heat
flux at a sub cooling of 20°C and mass flux of 400 kg/m?’s.
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The maximum increase in HTC due to increase in pressure for 0.001%
ZnO-water nanofluid at 2.5 bar and heat flux of about 300 kW/m? and mass flux
of 400 kg/m?s with respect to that at 1.0 bar is about 49% (refer Fig. 5.26).
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Figure 5.26. Variation of HTC of 0.001% ZnO-water nanofluid with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m?s.

The maximum increase in HTC due to increase in pressure for 0.01%
ZnO-water nanofluid at 2.5 bar and heat flux of about 300 kW/m? and mass flux
of 400 kg/m?s with respect to that at 1.0 bar is about 35% (refer Fig. 5.27). The
maximum increase in HTC due to increase in pressure for 0.1% ZnO-water
nanofluid at 2.5 bar and heat flux of about 300 kW/m? and mass flux of 400
kg/m?s with respect to that at 1.0 bar is about 39% (refer Fig. 5.28).

Figure 5.29 shows variation of heat transfer coefficient (HTC) of ZnO-
water nanofluid with heat flux for different concentrations of ZnO-water nanofluid
at a pressure of 1.0 bar and mass flux of 400 kg/m?s. In the convective region, i.e.
at low heat flux HTC of the ZnO-water nanofluid tested increases rapidly with
increase in heat flux for all the concentrations of the ZnO-water nanofluid.
However this rate of increase in HTC does not continue in the boiling region i.e. at

higher heat flux HTC increases marginally with increase in heat flux for all the

113



concentrations of the ZnO-water nanofluid. It is also observed that HTC increases

with increase in concentration of ZnO-water nanofluid at all the heat fluxes.
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Figure 5.27. Variation of HTC of 0.01% ZnO-water nanofluid with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.28. Variation of HTC of 0.1% ZnO-water nanofluid with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.29. Variation of HTC of ZnO-water nanofluids with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.

Figure 5.30, Fig 5.31 and Fig. 5.32 show similar behavior for HTC at
different pressures, i.e. 1.5, 2.0 and 2.5 bar respectively and a mass flux of 400
kg/m?s. The maximum increase in HTC of ZnO-water nanofluid with respect to
water at 1.0 bar and mass flux of 400 kg/m?s at heat flux of about 160 kW/m? is
2% for 0.0001% ZnO-water nanofluid, 7% for 0.001% ZnO-water nanofluid, 20%
for 0.01% ZnO-water nanofluid and 49% for 0.1% ZnO-water nanofluid (refer
Fig. 5.29).

The maximum increase in HTC of ZnO-water nanofluid with respect to
water at 1.5 bar and mass flux of 400 kg/m?s at heat flux of about 160 kW/m? is
3% for 0.0001% ZnO-water nanofluid, 16% for 0.001% ZnO-water nanofluid,
22% for 0.01% ZnO-water nanofluid and 44% for 0.1% ZnO-water nanofluid
(refer Fig. 5.30). The maximum increase in HTC of ZnO-water nanofluid with
respect to water at 2.0 bar and mass flux of 400 kg/m?s at heat flux of about 160
kW/m? is 27% for 0.0001% ZnO-water nanofluid, 30% for 0.001% ZnO-water
nanofluid, 39% for 0.01% ZnO-water nanofluid and 50% for 0.1% ZnO-water
nanofluid (refer Fig. 5.31).
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Figure 5.30. Variation of HTC of ZnO-water nanofluids with heat flux at a
pressure of 1.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?®s.
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Figure 5.31. Variation of HTC of ZnO-water nanofluids with heat flux at a
pressure of 2.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?®s.
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The maximum increase in HTC of ZnO-water nanofluid with respect to
water at 2.5 bar and mass flux of 400 kg/m?s at heat flux of about 210 kW/m? is
31% for 0.0001% ZnO-water nanofluid, 34% for 0.001% ZnO-water nanofluid,
37% for 0.01% ZnO-water nanofluid and 60% for 0.1% ZnO-water nanofluid
(refer Fig. 5.32).
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Figure 5.32. Variation of HTC of ZnO-water nanofluids with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.

5.2.5 Heat Transfer Coefficient of MWCNT-Water Nanofluid

Experimental data in Fig. 5.33, Fig. 5.34, Fig. 5.35 and Fig. 5.36 show heat
transfer coefficient of MWCNT-water nanofluid for concentrations of 0.0001%
MWCNT-water nanofluid, 0.001% MWCNT-water nanofluid, 0.01% MWCNT-
water nanofluid and 0.1% MWCNT-water nanofluid respectively.

The experimental results show that similar to above oxide nanofluids, heat
transfer coefficient of MWCNT-water nanofluid increases with increase in heat
flux. Initially enhancement in heat transfer coefficient is higher in convective

range or at low heat flux, but at higher heat flux enhancement in heat transfer
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coefficient is not significant. It is also shown in same figure that heat transfer
coefficient of MWCNT-water nanofluid increases with increase in pressure in
designed test section at all heat fluxes. As shown in Fig. 5.33 at 100 kW/m? heat
flux, the enhancement in heat transfer coefficient is not significant with pressure,
but during phase change process the enhancement in heat transfer coefficient is

reasonably higher and then got saturated at higher heat fluxes.

The maximum increase in HTC due to increase in pressure for 0.0001%
MWCNT-water nanofluid at 2.5 bar and heat flux of about 165 kW/m? and mass
flux of 400 kg/m®s with respect to that at 1.0 bar is about 25% (refer Fig. 5.33).

The maximum increase in HTC due to increase in pressure for 0.001%
MWCNT-water nanofluid at 2.5 bar and heat flux of about 165 kW/m? and mass
flux of 400 kg/m®s with respect to that at 1.0 bar is about 39% (refer Fig. 5.34).

The maximum increase in HTC due to increase in pressure for 0.01%
MWCNT-water nanofluid at 2.5 bar and heat flux of about 220 kW/m? and mass
flux of 400 kg/m?s with respect to that at 1.0 bar is about 80% (refer Fig. 5.35).
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Figure 5.33. Variation of HTC of 0.0001% MWCNT-water nanofluid with
heat flux at a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.34. Variation of HTC of 0.001% MWCNT-water nanofluid with
heat flux at a sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.35. Variation of HTC of 0.01% MWCNT-water nanofluid with heat

flux at a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.36. Variation of HTC of 0.1% MWCNT-water nanofluid with heat
flux at a sub cooling of 20°C and mass flux of 400 kg/m?s.

The maximum increase in HTC due to increase in pressure for 0.1%
MWCNT-water nanofluid at 2.5 bar and heat flux of about 165 kW/m? and mass
flux of 400 kg/m®s with respect to that at 1.0 bar is about 18% (refer Fig. 5.36).

The experimental results shown in Fig 5.33 and Fig. 5.34 show that heat
transfer coefficient of 0.0001% MWCNT-water nanofluid and 0.001% MWCNT-
water nanofluid increases with increase in heat flux in convective range, than
decreases during phase change process and gets saturated with increase in heat
flux in boiling range. However for the 2.5 bar, heat transfer coefficient of
MWCNT-water nanofluid increased with increase in heat flux in convective range
(heat flux about < 100 kW/m?), subsequently it decreased with increase in heat
flux in boiling range (heat flux about > 100 kW/m?).

The experimental results shown in Fig 5.35 and Fig. 5.36 show that heat
transfer coefficient of 0.01% MWCNT-water nanofluid and 0.1% MWCNT-water
nanofluid increases abruptly with increase in heat flux in convective range, than

gets saturated with increase in heat flux in boiling range. However for the variable



pressure, no exact trend is observed for heat transfer coefficient of 0.01%
MWCNT-water nanofluid and 0.1% MWCNT-water nanofluid.

Fig. 5.37 shows variation of heat transfer coefficient (HTC) of MWCNT-
water nanofluid with heat flux for different concentrations of MWCNT-water
nanofluid at a pressure of 1.0 bar and mass flux of 400 kg/m?. In the convective
region, i.e. at low heat flux HTC of the MWCNT-water nanofluid tested increases
rapidly with increase in heat flux for all the concentrations of the MWCNT-water
nanofluid. However this rate of increase in HTC does not continue in the boiling
region i.e. at higher heat flux HTC increases marginally with increase in heat flux
for all the concentrations of the MWCNT-water nanofluid. It is also observed that
HTC increases with increase in concentration of MWCNT-water nanofluid at all

the heat fluxes.

Figure 5.38, Fig. 5.39 and Fig. 5.40 show similar behavior for HTC at
different pressures, i.e. 1.5, 2.0 and 2.5 bar respectively and a mass flux of 400
kg/m?s.

The maximum increase in HTC of MWCNT-water nanofluid with respect
to water at 1.0 bar and mass flux of 400 kg/m?s at heat flux of about 160 kW/m? is
5% for 0.0001% MWCNT-water nanofluid, 15% for 0.001% MWCNT-water
nanofluid, 47% for 0.01% MWCNT -water nanofluid and 32% for 0.1% MWCNT-
water nanofluid (refer Fig. 5.37).

The maximum increase in HTC of MWCNT-water nanofluid with respect
to water at 1.5 bar and mass flux of 400 kg/m?s at heat flux of about 160 kW/m? is
2% for 0.0001% MWCNT-water nanofluid, 13% for 0.001% MWCNT-water
nanofluid, 134% for 0.01% MWCNT-water nanofluid and 16% for 0.1%
MWCNT-water nanofluid (refer Fig. 5.38).

The maximum increase in HTC of MWCNT-water nanofluid with respect
to water at 2.0 bar and mass flux of 400 kg/m?s at heat flux of about 160 kW/m? is
2% for 0.0001% MWCNT-water nanofluid, 18% for 0.001% MWCNT-water
nanofluid, 47% for 0.01% MWCNT -water nanofluid and 69% for 0.1% MWCNT-
water nanofluid (refer Fig. 5.39).
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Figure 5.37. Variation of HTC of MWCNT-water nanofluids with heat flux at
a pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?®s.
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Figure 5.38. Variation of HTC of MWCNT-water nanofluids with heat flux at
a pressure of 1.5 bar, sub cooling of 20°C and mass flux of 400 kg/mzs.
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Figure 5.39. Variation of HTC of MWCNT-water nanofluids with heat flux at

a pressure of 2.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?®s.
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Figure 5.40. Variation of HTC of MWCNT-water nanofluids with heat flux at

a pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?®s.
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The maximum increase in HTC of MWCNT-water nanofluid with respect
to water at 2.5 bar and mass flux of 400 kg/m?s at heat flux of about 210 kW/m? is
3% for 0.0001% MWCNT-water nanofluid, 32% for 0.001% MWCNT-water
nanofluid, 91% for 0.01% MWCNT-water nanofluid and 11% for 0.1% MWCNT-
water nanofluid (refer Fig. 5.40).

Figure 5.41 shows variation of heat transfer coefficient with concentrations
of nanoparticles in water at a pressure of 1.0 bar, mass flux of 400 kg/m?s and sub

cooling of 20°C.

The experimental results show that HTC of the nanofluid increases with
increase in concentrations of nanoparticles in water for all the nanoparticles. The

maximum increase in HTC is found for TiO,-water nanofluids at 1.0 bar.

The increase in HTC s due to increased thermal conductivity of nanofluids

and increased surface roughness of heater rod.
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Figure 5.41. Variation of HTC for nanofluids with
concentration of nanoparticles in water at a pressure of
1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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5.3 Pressure drop

Pressure drop with nanofluids was measured in an annular test section as a
function of pressure, concentration of nanoparticles and heat flux. In single and
multi-phase flow, instead of variable pressure constant pressure was applied in an
annular test section to minimize the fluctuations and flow stabilization time. Heat
flux was provided to the test section for continuous heating of heater rod at same
pressure. Pressure was increased and experimentation repeated with variable

parameters.

5.3.1 Pressure Drop with Water

To assess the repeatability of the tests, the experimental pressure drop in
test section was measured four times. Figure 5.42 shows the repeatability plots for
pressure drop for water. Averaged pressure drop is plotted on the y-axis whereas
pressure is plotted on the x-axis. The four plots presented here show that the

measurements of pressure drop show good repeatability.
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Figure 5.42. Results of repeatability test for water.
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Effect of concentration on the pressure drop of Al,Os-water nanofluids,
TiO,-water nanofluids, ZnO-water nanofluids and MWCNT-water nanofluids is
shown in Fig. 5.43, Fig. 5.44, Fig. 5.45 and Fig. 5.46 respectively.

5.3.2 Pressure Drop with Al,O3-Water Nanofluids

Figure 5.43 shows pressure drop (Ap) in an annular test section with
pressure for different concentrations of Al,Oz-water nanofluid. It is observed that
pressure drop decreases marginally with an increase in pressure for all the

concentrations of the Al,Oz-water nanofluid.

The decrease in pressure drop with increase in pressure ranges from 13%
to 30% as pressure increases from 1.0 bar to 2.5 bar and concentration of Al,O3-

water nanofluid varies from 0.0001% to 0.1%.

0.140

0.135
— 0.130
a8
= 0.1%
o 0.125 M
%’ 40.01%
L 0.120 m0.001%
5 {
2 0.115 & ©0.0001%
S
o 0.110 X water

0.105

0.100

1.0 1.5 2.0 2.5 3.0
Pressure (bar)

Figure 5.43. Pressure drop in test section with pressure for Al,Os-water
nanofluids at a sub cooling of 20°C and mass flux of 400 kg/m?s.

It is also observed that for any applied pressure, the pressure drop across

the test section increases monotonically with an increase in the concentration of
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the Al,O5-water nanofluid; it increase from 0.104 bar to 0.118 bar from pure water
to Al,Osz-water nanofluid with a concentration of 0.1% of the Al,Os-water
nanofluid at a pressure of 1.0 bar. Error for AP is 1 % for this case. It increases
from 0.104 bar to 0.118 bar from pure water to nanofluid with a concentration of
0.1% of the nanofluid at a pressure of 1.0 bar.

As shown in figure 5.44, it is also observed that pressure drop for Al,O3-
water nanofluid does not change in convective flow however it increases slightly
in boiling flow. It increases in boiling flow due to increase in turbulence through

bubble generation.
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Figure 5.44. Pressure drop in test section with heat flux for Al,Os-water
nanofluids at a sub cooling of 20°C and mass flux of 400 kg/m?s.

5.3.3 Pressure Drop with TiO,-Water Nanofluid

Figure 5.45 shows pressure drop (Ap) in an annular test section with
pressure for different concentrations of TiO,-water nanofluid. It is observed that
pressure drop decreases marginally with increase in pressure for all the

concentrations of the TiO,-water nanofluid. The decrease in pressure drop with
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increase in pressure ranges from 5% to 13% as pressure increases from 1.0 bar to

2.5 bar and concentration of TiO,-water nanofluid varies from 0.0001% to 0.1%.
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Figure 5.45. Pressure drop in test section with pressure for TiO,- water
nanofluids at a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.46. Pressure drop in test section with heat flux for TiOz-water
nanofluids at a sub cooling of 20°C and mass flux of 400 kg/m?’s.
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It is also observed that for any applied pressure, pressure drop across the
test section increases monotonically with increase in concentration of the TiO,-
water nanofluid; it increase from 0.104 bar to 0.115 bar from pure water to TiO,-
water nanofluid with concentration of 0.1% of the TiO,-water nanofluid at a

pressure of 1.0 bar.

As shown in figure 5.46, it is also observed that pressure drop for TiO,-
water nanofluid does not change in convective flow however it increases slightly
in boiling flow. It increases in boiling flow due to increase in turbulence through

bubble generation.

5.3.4 Pressure Drop with ZnO-Water Nanofluid

Figure 5.47 shows pressure drop (Ap) in an annular test section with
pressure for different concentrations of ZnO-water nanofluid. It is observed that
pressure drop decreases marginally with increase in pressure for all the
concentrations of the ZnO-water nanofluid. It is probably due to fewer bubbles
generated at same heat flux or probably due to power fluctuations. The decrease in
pressure drop with increase in pressure ranges from 2% to 11% as pressure
increases from 1.0 bar to 2.5 bar and concentration of ZnO-water nanofluid varies
from 0.0001% to 0.1%. It is also observed that for any applied pressure, pressure
drop across the test section increases monotonically with increase in concentration
of the ZnO-water nanofluid; it increase from 0.104 bar to 0.135 bar from pure
water to ZnO-water nanofluid with concentration of 0.1% of the ZnO-water
nanofluid at a pressure of 1.0 bar. It is also observed that for an initial
concentration of 0.0001% of ZnO-water nanofluid, pressure drop increased at 1.5
bar possibly because of fluctuation by film flow boiling. However for higher

concentrations the trend is similar to other nanofluids.

As shown in figure 5.48, it is also observed that pressure drop for ZnO-
water nanofluid does not change in convective flow however it increases slightly
in boiling flow. It increases in boiling flow due to increase in turbulence through

bubble generation.
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Figure 5.47. Pressure drop in test section with pressure for ZnO- water
nanofluids at a sub cooling of 20°C and mass flux of 400 kg/m?’s.
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Figure 5.48. Pressure drop in test section with heat flux for ZnO-water
nanofluids at a sub cooling of 20°C and mass flux of 400 kg/m?s.




5.3.5 Pressure Drop with MWCNT-Water Nanofluid

Figure 5.49 shows pressure drop (Ap) in an annular test section with
pressure for different concentrations of MWCNT-water nanofluid. It is observed
that pressure drop decreases marginally with increase in pressure for all the

concentrations of the MWCNT-water nanofluid.

The decrease in pressure drop with pressure ranges from 1% to 9% as
pressure increases from 1.0 bar to 2.5 bar and concentration of MWCNT-water
nanofluid varies from 0.0001% to 0.1%. It is also observed that for any applied
pressure, pressure drop across the test section increases monotonically with
concentration of the MWCNT-water nanofluid; it increase from 0.104 bar to 0.135
bar from pure water to MWCNT-water nanofluid with concentration of 0.1% of
the MWCNT-water nanofluid at a pressure of 1.0 bar.
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Figure 5.49. Pressure drop in test section with pressure for MWCNT-water
nanofluids at a sub cooling of 20°C and mass flux of 400 kg/m?s.

As shown in figure 5.50, it is also observed that pressure drop for
MWCNT-water nanofluid does not change in convective flow however it
increases slightly in boiling flow. It increases in boiling flow due to increased

pressure by an increase in turbulence through bubble generation.
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Among all the selected nanofluids, the maximum pressure drop is for ZnO-
water nanofluids because of its chemical properties. ZnO nanoparticles also have
higher corrosion resistance {Ramezanzadeh et. al (2011)} among selected oxide

nanoparticles with containing adhesive properties for the surface.
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Figure 5.50. Pressure drop in test section with heat flux for MWCNT-water
nanofluids at a sub cooling of 20°C and mass flux of 400 kg/m?s.

5.3.6 Pressure Drop with Nanofluids

Effect of concentration on averaged pressure drop with various nanofluids
i.e. Al,Os-water nanofluid, TiO,-water nanofluid, ZnO-water nanofluid and

MWCNT-water nanofluid is shown in Fig. 5.51 with maximum 3% error.

It is observed that pressure drop increases with increase in concentration of
nanofluids. The maximum pressure drop was observed for the ZnO-water

nanofluids at its highest concentration.

It is also observed that increase in pressure drop was significant for ZnO-

water nanofluid.
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Figure 5.51. Pressure drop in test section with concentration of nanofluids at
a pressure of 1 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.

5.4 Bubble Parameters

It is observed from the experimentation that no single model can fully
represent the bubble size within the given range of pressures, heat fluxes,
concentrations of nanofluids, flow rates and surface characteristics. Nevertheless,
the general tendency is discussed in following paragraphs. We need to understand
the fundamentals of the role pressure on bubbles, in growth and bubble dynamics

by discovering heat transfer and bubble mechanisms at the nano scale.

In following section, effect of pressure, heat flux and concentration of
nanofluids is discussed for bubble parameters like: bubble diameter, bubble

density and void fraction.

5.4.1 Bubble Diameter

In this section, effect of pressure on bubble diameter studied for water and

different nanofluids like: Al,Os-water nanofluid, TiO,-water nanofluid, ZnO-
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water nanofluid and MWCNT-water nanofluid, with varying heat flux and

concentration of each fluid.

5.4.1.1 Bubble Diameter of Water

Pressure plays very important role in flow boiling heat transfer which
affects the bubble parameters significantly during flow boiling process. The
experimental results in Fig. 5.52 show the effect of pressure on bubble diameter

with variable heat fluxes.

The experimental results of bubble diameter and its dependence on
pressure show that pressure acts as a suppressing agent, i.e. with increase in

pressure bubble diameter decreases and boiling is delayed in distilled water.

The experimental results in Fig. 5.52 also show the variation of bubble
diameter of water with applied heat flux in an annular test section. Results show
that bubble diameter increases with increase in heat flux. However, the increase in

bubble diameter is more pronounced at lower heat fluxes.
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Figure 5.52. Bubble diameters of water with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m?s.



5.4.1.2 Bubble Diameter of Al.Os-Water Nanofluid

Variation in bubble diameter of Al,O5-water nanofluid with pressure, heat
flux and concentration of Al,O; nanoparticles in water has been studied. The
visualization and image processing couldn’t be done for 0.01% Al,Os-water

nanofluid and higher concentrations due to the opacity of Al,Os-water nanofluid.

To assess the repeatability of the tests, the bubble diameter of 0.0001%
Al,Oz-water nanofluid was measured four times. Figure 5.53 shows the
repeatability plots for bubble diameter of 0.0001% Al,Os-water nanofluid. The
bubble diameter is plotted on the y-axis whereas heat flux is plotted on the x-axis.
The four plots presented here, show that the values of bubble diameter show good
repeatability.
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Figure 5.53. Results of repeatability test for bubble diameter
for 0.0001% Al,O3-water nanofluid at a pressure of 1
bar sub cooling of 20°C and mass flux of 400 kg/m?s.

Fig. 5.54 and Fig. 5.55 show the bubble diameter with pressure and heat

flux for 0.0001% and 0.001% Al,O3z-water nanofluid respectively. The figures

show that pressure acts as a suppressing agent, i.e. at any given heat flux bubble
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diameter for Al,Os-water nanofluids decreases with increase in pressure. It is also
observed that the boiling of Al,Os-water nanofluids is delayed with pressure, i.e.

nucleation of bubble begins at higher heat flux with increase in pressure.

Figure 5.56 and Fig. 5.57 show the bubble diameter for Al,Os-water
nanofluids with concentrations and heat flux at a pressure for 1.0 bar and 2.5 bar
respectively. In figure 5.56, the bubble diameter increases with increase in heat
flux and with increase in concentration of Al,Os-water nanoparticles. The bubble
diameter increased with increase in heat flux because bubble takes more heat
before the departure from the nucleation site due to high heat flux. The bubble
diameter also increases with increase in concentration of Al,Os-water
nanoparticles due to increase in surface tension with increase in concentration of

nanoparticles.

It is also observed that at 1.0 bar bubble nucleation starts at same heat flux
for both distilled water and Al,Os-water nanofluids. However, for a pressure of
2.5 bar the bubble nucleation is delayed (Fig. 5.57) and begins at higher heat flux

as compared to distilled water.

3.5
3.0
TE\ X 1.0 bar
é 2.5 = for water
E / 1.0 bar
E 20 B // -
@ m1.5 bar
(@] <
= 15
o /i:/l/ A2.0bar
S 1.0
o0 %/ ./ X & 2.5 bar
0.5
0.0

0 50 100 150 200 250 300 350 400
Heat Flux (kW/m?)

Figure 5.54. Bubble diameters of 0.0001% Al,Os-water nanofluid with heat
flux at a sub cooling of 20°C and mass flux of 400 kg/m?®s.
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Figure 5.55. Bubble diameters of 0.001% Al,Oz-water nanofluid with heat

flux at a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.56. Bubble diameters of Al,Os-water nanofluid with heat flux at a

pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.57. Bubble diameters of Al,Os-water nanofluid with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.

5.4.1.3 Bubble Diameter of TiO>-Water Nanofluid

The variation in bubble diameter of TiO,-water nanofluid with pressure,
heat flux and TiO, nanoparticle concentration is observed in the present study.
The experimental results in Fig. 5.58 and Fig. 5.59 show bubble diameter of
0.0001% TiO,-water nanofluid and 0.001% TiO,-water nanofluid with pressure

and heat flux in an annular test section.

The visualization and image processing is not possible at 0.01% TiO-
water nanofluid and higher concentration due to opacity of TiO,-water nanofluid

at higher concentrations.

The experimental results with respect to bubble diameter of TiO,-water
nanofluid and its dependence on pressure show that pressure acts as a suppressing
agent, i.e. with increase in pressure bubble diameter decreases and boiling is
delayed in TiO,-water nanofluids. Results show that bubble diameter of TiO,-

water nanofluid increases with increase in heat flux. Bubble diameter also



increases with increase in concentration of TiO,-water nanofluid

at all variable

pressure.
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Figure 5.58. Bubble diameters of 0.0001% TiO,-water nanofluid with heat

flux at a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.59. Bubble diameters of 0.001% TiO-water nanofluid with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.60 and Fig. 5.61 show the bubble diameter for TiO,-water
nanofluids with concentrations and heat flux for a pressure of 1.0 bar and 2.5 bar

respectively.

Figure 5.60 shows that the bubble diameter increases marginally with
concentration of TiO,-water nanofluid. It is also observed that at 1.0 bar bubble
nucleation starts at same heat flux for both distilled water and TiO,-water

nanofluids.

However, for 2.5 bar the bubble nucleation is delayed (Fig 5.61) and
begins at higher heat flux and size reduces at same heat flux as compared to

distilled water.

The bubble diameter decreases as increase in external pressure, bubbles
size reduces. The decrease in bubble diameter with increase in pressure is similar
to the results obtained by previous researchers like Tolubinsky and Kostanchuk
(1970), Bibeau and Salcudean (1991), Prodanovic et al. (2002), Klausner (2000),
Celata et al. (2007), Razi et al. (2011), Hashemi et al. (2012), Arani and Amani
(2012).
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Figure 5.60. Bubble diameters of TiO,-water nanofluid with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?®s.
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Figure 5.61. Bubble diameters of TiO,-water nanofluid with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.

5.4.1.4 Bubble Diameter of ZnO-Water Nanofluid

The variation in bubble diameter of ZnO-water nanofluid with pressure,
heat flux and ZnO nanoparticle concentration is observed in the present study. The
experimental results in Fig. 5.62 and Fig. 5.63 show bubble diameter of 0.0001%
ZnO-water nanofluid and 0.001% ZnO-water nanofluid with pressure and heat

flux in an annular test section.

The visualization and image processing couldn’t be done for 0.01% ZnO-

water nanofluid and higher concentrations due to opacity of ZnO-water nanofluid.

The experimental results with respect to bubble diameter of ZnO-water
nanofluid and its dependence on pressure show that pressure acts as a suppressing
agent, i.e. with increase in pressure bubble diameter decreases and boiling is
delayed in ZnO-water nanofluids. Results show that bubble diameter of ZnO-
water nanofluid increases with increase in heat flux. Bubble diameter also
increases with increase in concentration of ZnO-water nanofluid at all variable

pressure.
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Figure 5.62. Bubble diameters of 0.0001% ZnO-water nanofluid with heat
flux at a sub cooling of 20°C and mass flux of 400 kg/m?’s.
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Figure 5.63. Bubble diameters of 0.001% ZnO-water nanofluid with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.64 and Fig. 5.65 show the bubble diameter for ZnO-water

nanofluids with concentrations and heat flux for 1.0 bar and 2.5 bar respectively.

Figure 5.64 shows that the bubble diameter increases marginally with
increase in concentration of ZnO-water nanofluid. It is also observed that at 1.0
bar bubble nucleation starts at same heat flux for both distilled water and ZnO-
water nanofluids. However, for 2.5 bar the bubble nucleation is delayed (Fig.
5.65) and begins at higher heat flux and size reduces at same heat flux as

compared to distilled water.

5.4.1.5 Bubble Diameter of MWCNT-Water Nanofluid

The variation in bubble diameter of MWCNT-water nanofluid with
pressure, heat flux and MWCNT nanoparticle concentration is observed in the
present study. The experimental results in Fig. 5.66 and Fig. 5.67 show bubble
diameter of 0.0001% MWCNT-water nanofluid and 0.001% MWCNT-water

nanofluid with pressure and heat flux in an annular test section.
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Figure 5.64. Bubble diameters of ZnO-water nanofluid with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.65. Bubble diameters of ZnO-water nanofluid with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.

The visualization and image processing couldn’t be done for 0.01%
MWCNT-water nanofluid and higher concentrations due to opacity of MWCNT-
water nanofluid. The experimental results with respect to bubble diameter of
MWCNT-water nanofluid and its dependence on pressure show that pressure acts
as a suppressing agent, i.e. with increase in pressure bubble diameter decreases
and boiling is delayed in MWCNT-water nanofluids. Results show that bubble
diameter of MWCNT-water nanofluid increases with increase in heat flux. Bubble
diameter also increases with increase in concentration of MWCNT-water

nanofluid at all variable pressure.

Figure 5.68 and Fig. 5.69 show the bubble diameter for MWCNT-water
nanofluids with concentrations and heat flux for 1.0 bar and 2.5 bar respectively.
Figure 5.68 shows that the bubble diameter increases marginally with increase in
concentration of MWCNT-water nanofluid. It is also observed that at 1.0 bar
bubble nucleation starts at same heat flux for both distilled water and MWCNT-
water nanofluids. However, for 2.5 bar the bubble nucleation is delayed (Fig.
5.69) and begins at higher heat flux and size reduces at same heat flux as

compared to distilled water.
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Figure 5.66. Bubble diameters of 0.0001% MWCNT-water nanofluid with
heat flux at a sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.67. Bubble diameters of 0.001% MWCNT-water nanofluid with heat
flux at a sub cooling of 20°C and mass flux of 400 kg/m?s.

145



3.5

3.0

2.5

20 XWater

15 _X ©0.0001%

}/Y* =0.001%
1.0

L

Bubble Diameter (mm)

0.5

0.0

0 50 100 150 200 250 300 350 400
Heat Flux (kW/m?)

Figure 5.68. Bubble diameters of MWCNT-water nanofluid with heat flux at
a pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.69. Bubble diameters of MWCNT-water nanofluid with heat flux at
a pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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5.4.2 Bubble Density

Bubble density is number of bubbles in the observed region per unit image
area of the heater surface. In this section, effect of pressure on bubble density
studied for water and different nanofluids like: Al,Os-water nanofluid, TiO,-water
nanofluid, ZnO-water nanofluid and MWCNT-water nanofluid with varying heat

flux and concentration of fluids.

5.4.2.1 Bubble Density of Water

The variation of bubble density of water with pressure and heat flux is
observed in the present study. The experimental results in Fig. 5.70 show bubble
density of water with pressure and heat flux in an annular test section. The
experimental results of bubble density and its dependence on pressure show that
pressure acts as a suppressing agent, i.e. with increase in pressure, bubble density
decreases. Results show that bubble density of water increases with increase in
heat flux. It is observed that bubble density decreases with increasing bubble

diameter at constant heat flux and pressure.
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Figure 5.70. Bubble density of water with heat flux
at a sub cooling of 20°C, mass flux of 400 kg/m?s.
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5.4.2.2 Bubble Density of Al>0O3-Water Nanofluid

Variation in bubble density of Al,Os-water nanofluid with pressure, heat

flux and concentration of Al,O3; nanoparticles in water has been studied.

To assess the repeatability of the tests, the bubble density of 0.0001%
Al,Oz-water nanofluid tested four times. Figure 5.71 shows the repeatability plots
for bubble density of 0.0001% Al,Os-water nanofluid. The bubble density is
plotted on the y-axis whereas heat flux is plotted on the x-axis. The four plots
presented herein show that the values of bubble density show good repeatability in

the experiments conducted.
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Figure 5.71. Results of repeatability test for bubble density
0f 0.0001% Al,Os-water nanofluid at a pressure of 1
bar, sub cooling of 20°C and mass flux of 400 kg/m?s.

The change in bubble density of Al,Os-water nanofluid with pressure, heat
flux and Al,O3 nanoparticle concentration is shown in Fig. 5.72 and Fig. 5.73. The
figures show the bubble density for 0.0001% Al,Os-water nanofluid and 0.001%
Al,O5-water nanofluid with pressure and heat flux respectively. The figures show
that pressure acts as a suppressing agent, i.e. at same heat flux bubble density for

Al,Oz-water nanofluids decreases with increase in pressure. While the bubble
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density observed less for Al,Os-water nanofluids at lower pressure, i.e. higher heat

flux is required for higher bubble density of Al,Os-water nanofluids.
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Figure 5.72. Bubble density of 0.0001% Al,Os-water nanofluid with heat flux

at a sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.73. Bubble density of 0.001% Al,Os-water nanofluid with heat flux

at a sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.74 and Fig. 5.75 show the bubble density of for Al,Os-water

nanofluids with concentration and heat flux for 1.0 bar and 2.5 bar respectively.
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Figure 5.74. Bubble density of Al,Os-water nanofluid with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.75. Bubble density of Al,Os-water nanofluid with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?’s.
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Figure 5.74 shows that the bubble density increases with increase in heat
flux but decreases with increase in concentration for Al,Os-water nanofluid. It is
also observed that at 1.0 bar bubble nucleation starts at same heat flux for both

water and Al,Oz-water nanofluids.

But as shown in Fig. 5.75 for 2.5 bar the bubble density is less even at
higher heat flux for higher concentration of Al,Os-water nanofluids over distilled

water.

5.4.2.3 Bubble Density of TiO2-Water Nanofluid

The variation in bubble density of TiO,-water nanofluid with pressure,
heat flux and TiO, nanoparticle concentration is observed here. The experimental
results in Fig. 5.76 and Fig. 5.77 show bubble density of 0.0001% TiO,-water
nanofluid and 0.001% TiO,-water nanofluid with pressure and heat flux in an

annular test section.
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Figure 5.76. Bubble density of 0.0001% TiO-water nanofluid with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.77. Bubble density of 0.001% TiO,-water nanofluid with heat flux at
a sub cooling of 20°C and mass flux of 400 kg/m®s.

The experimental results of bubble density and its dependence on pressure
show that similar to water, pressure acts as a suppressing agent for TiO,-water
nanofluid, i.e. with increase in pressure, bubble density of TiO,-water nanofluids

decreases.

Results show that bubble density increases with increase in heat flux.

Bubble density decreased with concentration of TiO,-water nanofluid.

Figure 5.78 and Fig. 5.79 show the bubble density of for TiO,-water

nanofluids with concentration and heat flux for 1.0 bar and 2.5 bar respectively.

Figure 5.78 shows that the bubble density increases with increase in heat
flux but decreases with increase in concentration for TiO,-water nanofluid. It is
also observed that at 1.0 bar bubble nucleation starts at same heat flux for both
water and TiO,-water nanofluids. But as shown in Fig. 5.79 for 2.5 bar the bubble
density is less even at higher heat flux for higher concentration of TiO,-water

nanofluids over distilled water.



3.5

O
S
o
o
Z XWater
>
)
K7
% ©0.0001%
()]
2 m0.001%
o
o
>
m

0 50 100 150 200 250 300 350 400
Heat Flux (kW/m?)

Figure 5.78. Bubble density of TiO,-water nanofluid with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.79. Bubble density of TiO,-water nanofluid with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?®s.
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5.4.2.4 Bubble Density of ZnO-Water Nanofluid

The variation in bubble density of ZnO-water nanofluid with pressure, heat
flux and ZnO nanoparticle concentration is observed here. The experimental
results in Fig. 5.80 and Fig. 5.81 show bubble density of 0.0001% ZnO-water
nanofluid and 0.001% ZnO-water nanofluid with pressure and heat flux in an
annular test section. The experimental results of bubble density of ZnO-water
nanofluid and its dependence on pressure show that similar to case of Al,Os-water
nanofluids and TiO,-water nanofluids, pressure acts as a suppressing agent, i.e.

with increase in pressure, bubble density of ZnO-water nanofluid decreases.

Figure 5.82 and Fig. 5.83 show the bubble density of for ZnO-water

nanofluids with concentration and heat flux for 1.0 bar and 2.5 bar respectively.
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Figure 5.80. Bubble density of 0.0001% ZnO-water nanofluid with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m?s.

Figure 5.82 shows that the bubble density increases with increase in heat
flux but decreases with increase in concentration for ZnO-water nanofluid. It is
also observed that at 1.0 bar bubble nucleation starts at higher heat flux for higher

concentration of ZnO-water nanofluid. As shown in Fig. 5.83 for 2.5 bar the



bubble density is less even at higher heat flux for higher concentration of ZnO-

water nanofluids over distilled water.
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Figure 5.81. Bubble density of 0.001% ZnO-water nanofluid with heat flux at

a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.82. Bubble density of ZnO-water nanofluid with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.83. Bubble density of ZnO-water nanofluid with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.

5.4.2.5 Bubble Density of MWCNT-Water Nanofluid

The variation in bubble density of MWCNT-water nanofluid with pressure,
heat flux and MWCNT nanoparticle concentration is observed here.

The experimental results in Fig. 5.84 and Fig. 5.85 show bubble density of
0.0001% MWCNT-water nanofluid and 0.001% MWCNT-water nanofluid with

pressure and heat flux in an annular test section.

The experimental results of bubble density of MWCNT-water nanofluid
and its dependence on pressure show that similar to case of other selected
nanofluids, pressure acts as a suppressing agent, i.e. with increase in pressure,

bubble density of MWCNT-water nanofluid decreases.

Figure 5.86 and Fig. 5.87 show the bubble density of for MWCNT -water
nanofluids with increase in heat flux for different concentration. It increases with
heat flux but decreases with increase in concentration for MWCNT-water

nanofluid, at a pressure for 1.0 bar and 2.5 bar respectively.
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Figure 5.84. Bubble density of 0.0001% MWCNT-water nanofluid with heat

flux at a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.85. Bubble density of 0.001% MWCNT-water nanofluid with heat

flux at a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.86. Bubble density of MWCNT-water nanofluid with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.87. Bubble density of MWCNT-water nanofluid with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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5.4.3 Void Fraction

Void fraction is determined after image processing of images taken by
high speed camera in the view perpendicular to the heater under proper
illumination. Void fraction is the ratio of bubbles area in the unit image area of the
heater surface. The void fraction, measured as empty portion in a cross sectional

view depends on density of the bubbles and square of the bubble diameters.

5.4.3.1 Void Fraction of Water

The variation of void fraction of distilled water and nanofluids with
pressure and heat flux has been studied. Experimental data in Fig. 5.88 show void

fraction of water with applied pressure and heat flux in an annular test section.
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Figure 5.88. Void fraction of water with heat flux at
a sub cooling of 20°C and mass flux of 400 kg/m?s.

The experimental results of void fraction and its dependence on pressure
show that pressure acts as a suppressor, i.e. with increase in pressure, void fraction

decreases and boiling is delayed in water as higher pressure suppresses the
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bubbles and due to reduced bubble diameter and bubble density overall void
fraction reduces. It indicates that at high pressure, nucleation point in flow boiling
of water rises, which is useful for nuclear reactors and other engineering
applications. The results also show that void fraction increases with increase in

heat flux.

5.4.3.2 Void Fraction of Al.Os-Water Nanofluid

Variation in void fraction for Al,Os-water nanofluid with pressure, heat

flux and concentration of Al,O3; nanoparticles in water has been studied.

To assess the repeatability of the tests, the void fraction for 0.0001%
Al,Oz-water nanofluid tested four times. Figure 5.89 shows the repeatability plots
for void fraction considering 0.0001% Al,Os-water nanofluid. The void fraction is
plotted on the y-axis whereas heat flux is plotted on the x-axis. The four plots
presented herein show that the values of void fraction show good repeatability in

the experiments conducted.
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Figure 5.89. Results of repeatability test for void fraction
0f 0.0001% Al,Os-water nanofluid at a pressure of 1
bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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The variation of void fraction of Al,Os-water nanofluid with pressure, heat
flux and Al,O3 nanoparticle concentration is studied experimentally. Fig. 5.90 and
Fig. 5.91 show void fraction of 0.0001% Al,Os-water nanofluid and 0.001%
Al,Oz-water nanofluid with applied pressure and heat flux in an annular test

section.

The experimental results of void fraction and its dependence on pressure
show similar effect as water. Pressure acts as a suppressor, i.e. with increase in
pressure, void fraction of Al,Os-water nanofluids decreases and boiling is delayed
in Al,O3z-water nanofluid as higher pressure suppresses the bubble nucleation. It is
also observed that the void fraction increases with increase in heat flux applied to
the test section. Figure 5.92 and Fig. 5.93 show the void fraction of for Al,Os-
water nanofluids with concentrations and heat flux for 1.0 bar and 2.5 bar
respectively. Figure 5.92 shows that the void fraction increases with increase in
heat flux and concentration for Al,Os-water nanofluid due to larger area covered

by increase in bubble diameter in an image.
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Figure 5.90. Void fraction of 0.0001% Al,Os-water nanofluid with heat flux
at a sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.91. Void fraction of 0.001% Al,Os-water nanofluid with heat flux at
a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.92. Void fraction of Al,Os-water nanofluid with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.93. Void fraction of Al,Os-water nanofluid with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.

It is also observed that at 1.0 bar bubble nucleation starts at same heat flux
for both water and Al,Os-water nanofluids. But as shown in Fig. 5.93 for 2.5 bar
the void fraction is shifted at higher heat flux for higher concentrations of Al,O3-

water nanofluids over water.

5.4.3.3 Void Fraction of TiO2-Water Nanofluid

The variation of void fraction of TiO,-water nanofluid with pressure, heat
flux and concentration of TiO, nanoparticle in water has been studied.
Experimental data in Fig. 5.94 and Fig. 5.95 show void fraction of 0.0001% TiO,-
water nanofluid and 0.001% TiO,-water nanofluid with increase in heat flux and
pressure in an annular test section. The experimental results of void fraction and
its dependence on pressure show similar effect as water and Al,Os-water
nanofluids. It is observed that pressure acts as a suppressor, i.e. with increase in
pressure, void fraction decreases and boiling is delayed in TiO,-water nanofluids

as higher pressure suppresses the bubbles.
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Figure 5.94. Void fraction of 0.0001% TiO,-water nanofluid with heat flux at
a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.95. Void fraction of 0.001% TiO,-water nanofluid with heat flux at a
sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.96. Void fraction of TiO2-water nanofluid with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.97. Void fraction of TiO,-water nanofluid with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.96 and Fig. 5.97 show the void fraction of for TiO,-water

nanofluids with concentrations and heat flux for 1.0 bar and 2.5 bar respectively.

Figure 5.96 shows that the void fraction increases with increase in heat
flux and concentration for TiO,-water nanofluid. It is also observed that at 1.0 bar
bubble nucleation starts at same heat flux for both water and TiO,-water
nanofluids. But as shown in Fig. 5.97 for 2.5 bar the void fraction is higher at
shifted higher heat flux for higher concentrations of TiO,-water nanofluids over
distilled water.

5.4.3.4 Void Fraction of ZnO-Water Nanofluid

The variation of void fraction of ZnO-water nanofluid with pressure, heat
flux and concentration of ZnO nanoparticle in water has been studied.
Experimental data in Fig. 5.98 and Fig. 5.99 show void fraction of 0.0001% ZnO-
water nanofluid and 0.001% ZnO-water nanofluid with applied pressure and heat

flux in an annular test section.

The experimental results of void fraction and its dependence on pressure
show similar effect as water, Al,Os-water nanofluids and TiO,-water nanofluids. It
is observed that pressure acts as a suppressor, i.e. with increase in pressure, void
fraction decreases and boiling is delayed in ZnO-water nanofluids as higher

pressure suppresses the bubbles.

Figure 5.100 and Fig. 5.101 show the void fraction of for ZnO-water
nanofluids with concentrations of nanoparticles in water and heat flux for 1.0 bar

and 2.5 bar respectively.

Figure 5.100 shows that the void fraction increases with increase in heat
flux and concentration for ZnO-water nanofluid. It is also observed that at 1.0 bar
bubble nucleation starts at same heat flux for both water and ZnO-water
nanofluids. But as shown in Fig. 5.101 for 2.5 bar the void fraction is higher at
shifted higher heat flux for higher concentrations of ZnO-water nanofluids over
distilled water.
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Figure 5.98. Void fraction of 0.0001% ZnO-water nanofluid with heat flux at
a sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.99. Void fraction of 0.001% ZnO-water nanofluid with heat flux at a
sub cooling of 20°C and mass flux of 400 kg/m®s.
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Figure 5.100. Void fraction of ZnO-water nanofluid with heat flux at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.101. Void fraction of ZnO-water nanofluid with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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5.4.3.5 Void Fraction of MWCNT-Water Nanofluids

The variation of void fraction of MWCNT-water nanofluid with pressure,
heat flux and concentration of MWCNT nanoparticles in water has been studied.
Experimental data in Fig. 5.102 and Fig. 5.103 show void fraction of 0.0001%
MWCNT-water nanofluid and 0.001% MWCNT-water nanofluid with applied

pressure and heat flux in an annular test section.

The experimental results of void fraction and its dependence on pressure
show similar effect as water and other selected nanofluids. It is observed that
pressure acts as a suppressor, with increase in pressure, void fraction decreases
and boiling is delayed in MWCNT-water nanofluids as higher pressure suppresses
the bubbles and due to reduced bubble diameter and bubble density, overall void
fraction reduces. It indicates that at high pressure, nucleation point in flow boiling
of MWCNT-water nanofluids rises, which is useful for nuclear reactors and other

engineering applications.
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Figure 5.102. Void fraction of 0.0001% MWCNT-water nanofluid with heat
flux at a sub cooling of 20°C and mass flux of 400 kg/m?®s.
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Figure 5.103. Void fraction of 0.001% MWCNT-water nanofluid with heat
flux at a sub cooling of 20°C and mass flux of 400 kg/m?’s.
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Figure 5.104. Void fraction of MWCNT-water nanofluid with heat at a
pressure of 1.0 bar, sub cooling of 20°C and mass flux of 400 kg/m?s.
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Figure 5.105. Void fraction of MWCNT-water nanofluid with heat flux at a
pressure of 2.5 bar, sub cooling of 20°C and mass flux of 400 kg/m®s.

Figure 5.104 and Fig. 5.105 show the void fraction of for MWCNT-water

nanofluids with concentrations and heat flux for 1.0 bar and 2.5 bar respectively.

Figure 5.104 shows that the void fraction increases with increase in heat
flux and concentration for MWCNT-water nanofluid. It is also observed that at 1.0
bar bubble nucleation starts at same heat flux for both water and MWCNT-water
nanofluids. But as shown in Fig. 5.105 for 2.5 bar the void fraction is higher at
shifted higher heat flux for higher concentrations of MWCNT-water nanofluids

over distilled water.

5.5 Effect of Concentration of nanoparticles on Surface Roughness of Heater
Rod

Variation in surface roughness of heater rod with concentration of

nanoparticles in water has been studied.

To assess the repeatability of the tests, the surface roughness of heater rod

for Al,Os-water nanofluid tested four times. Figure 5.106 shows the repeatability
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plots for surface roughness of heater rod with Al,Os-water nanofluid. The surface
roughness of heater rod was plotted on the y-axis whereas concentration of
nanoparticles in water is plotted on the x-axis. The four plots presented here, show

that the surface roughness shows good repeatability.
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Figure 5.106. Results of repeatability test for Surface
roughness of Al,Os-water nanofluid coated heater surface.

Figure 5.107 shows that the surface roughness, Ra (um), of heater rod for
AlL,Os-water nanofluid, TiO,-water nanofluid, ZnO-water nanofluid and
MWCNT-water nanofluid increases gradually with increase in concentration of

nanoparticles in the nanofluid.

The surface roughness for Al,Oz-water nanofluid is maximum while that
for ZnO-water nanofluid is minimum among the selected nanofluids. Surface
roughness of the tube for distilled water is = 0.065 (um), which is shown by a

single point on the y-axis.

The maximum surface roughness of heater rod, after the boiling of
nanofluids was 0.88, 0.64, 0.61 and 0.72 um for boiling of distilled water, 0.1%
Al,Osz-water nanofluid, 0.1% TiO,-water nanofluid, 0.1% ZnO-water nanofluid

and 0.1% MWCNT-water nanofluid respectively.
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Figure 5.107. Surface roughness of stainless
steel heating surface worked with nanofluids.

5.6 Summary of Experimental Results

The results and the reasons for the same have been summarized below.

5.6.1 Thermal Conductivity

The changes in the results of thermal conductivity are discussed here for

the effect of sonication time and concentration of nanoparticles in the water.
5.6.1.1 Effect of Sonication Time on Thermal Conductivity

The thermal conductivity of all the nanofluids selected increased with the
duration of sonication. The increment in thermal conductivity of nanofluids with
sonication time varies approximately from a minimum of 65% to a maximum of
170% for the cases considered. It increases by about 170% for 0.1% Al,Os-water
nanofluid for sonication time of six hours and by approx. 65% for 0.0001% ZnO-

water nanofluid for sonication time of four hours as shown in Fig. 5.2 and Fig. 5.4.
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The thermal conductivity increases as the vibrations generated by the
sonication makes the mixture of nanoparticles with the base fluid more
homogeneous and the agglomerate size in the nanofluids decreases. Smaller
agglomerates imply a more uniform dispersion of the nanoparticles in the fluid
that leads to the increase in thermal conductivity. The increase in thermal
conductivity with sonication time has been reported by Murshed et al. (2005),
Hays et al. (2006), Kole and Dey (2012) and Ismay et al. (2013).

However increase in thermal conductivity does not continue with increase
in sonication time. Thermal conductivity reaches a maximum and then it starts
decreasing with increase in sonication time. As shown in Fig. 5.2 to 5.5,
sonication time for maximum thermal conductivity varies with the type of
nanofluid. The sonication time at which thermal conductivity reaches maximum
was 5.5-6 hrs, 2.5-3 hrs, 3.5-4 hrs and 3.5-6 hrs respectively for Al,Os-water
nanofluid, TiO,-water nanofluid, ZnO-water nanofluid and MWOCNT-water

nanofluid at different concentrations.

It was also observed that the thermal conductivity of all the nanofluids
selected, decreases with sonication time after it reaches a maximum. The decrease
in thermal conductivity with sonication time after it reaches a maximum was also
observed by Kwak and Kim (2005), Assael et al. (2005) and Pal et al. (2015). As
shown in Fig. 5.2 - 5.5, thermal conductivity of Al,Os-water nanofluid, TiO,-
water nanofluid and MWCNT-water nanofluid decreases slowly with sonication
time while thermal conductivity of ZnO-water nanofluid decreases rapidly with

sonication time after thermal conductivity attains a maximum.

5.6.1.2 Effect of Concentration on Thermal Conductivity

The thermal conductivity of all the nanofluids selected measured for
0.0001%, 0.001%, 0.01% and 0.1% nanofluid. It is observed that thermal
conductivity increases with increase in concentration of nanoparticles for all the
cases, refer figures 5.2 to 5.5. For all the nanofluids thermal conductivity is
maximum for the highest concentration of the nanoparticles. The maximum
increase in thermal conductivity was 170%, 150%, 120% and 163% for Al,Os-



water nanofluid, TiO,-water nanofluid, ZnO-water nanofluid and MWCNT-water
nanofluid respectively at 0.1%. Similar results were obtained by M. J. Assael et al.
(2005) for Cu-water nanofluid and C-MWNT-water nanofluid, Amit Gupta et al.
for Co-Ethylene Glycol and SiO,-water nanofluids (2007), Yu et al. for CNT-
water nanofluid (2007), Buongiorno et al. (2008) for Al,Os-water nanofluid,
Soujit Sen Gupta et al. (2011) for graphene-water nanofluids and S. M. Sohel
Murshed et al. (2011) for Al,Os-water nanofluid and TiO,-water nanofluid,
Haddad et al. for CuO-water nanofluids (2012), Jung et al. (2013) for binary
nanofluids (H2O/LiBr binary mixture with Al,O3 nanoparticles).

5.6.2 Heat Transfer Coefficient

The changes in the results of heat transfer coefficient are discussed here for

the effect of pressure, concentration of nanoparticles in the water and heat flux.

5.6.2.1 Effect of Pressure on Heat Transfer Coefficient

Heat transfer coefficient of all the nanofluids selected measured at 1.0 bar,
1.5 bar, 2.0 bar and 2.5 bar. It was observed that for all the cases, heat transfer
coefficient increases with increase in pressure. The maximum increase in HTC
was 80% due to increase in pressure from 1.0 bar to 2.5 bar for 0.01% MWCNT-
water nanofluid at heat flux of about 220 kW/m? and mass flux of 400 kg/m?s
while in case of pure water, increase in HTC was about 24% at 165 kW/m? heat

flux and mass flux of 400 kg/m?s.

No work has been reported on flow boiling of nanofluids at higher
pressures. K.H. Bang et al. (2011) have studied the effect of increase in pressure
on HTC of pure water at 2.0 bar and 16 bar and observed that pressure does not

alter heat transfer coefficient significantly.

Most likely, heat transfer coefficient increases with increase in pressure
due to increase in interfacial conductance, as explained by John H. Lienhard
(2005). Similarly, it is expected that heat transfer coefficient of nanofluids

increases with increase in pressure due to increase in interfacial conductance.

175



176

5.6.2.2 Effect of Concentration of nanoparticles on Heat Transfer

Coefficient

Heat transfer coefficient of all the nanofluids selected measured for
0.0001%, 0.001%, 0.01% and 0.1% concentrations of nanofluid. It was observed
that for all the cases heat transfer coefficient increases with increase in
concentration. The increase in HTC was 84%, 84%, 49% and 32% over that of the
base fluid for 0.1% of Al,Os-water nanofluid, 0.1% of TiO,-water nanofluid, 0.1%
of ZnO-water nanofluid and 0.1% of MWCNT-water nanofluid respectively at a
pressure of 1.0 bar, heat flux of about 160 kW/m? and mass flux of 400 kg/m?’s.

The maximum increase in HTC was 104%, 101% and 60% over that of the
base fluid for 0.1% of Al,Os-water nanofluid, 0.1% of TiO,-water nanofluid, 0.1%
of ZnO-water nanofluid respectively at a pressure of 2.5 bar, heat flux of about
210 kW/m? and mass flux of 400 kg/m? while in case of MWCNT-water
nanofluid increase in HTC was about 134% over that of the base fluid at a
pressure of 1.5 bar and heat flux of about 160 kW/m? and mass flux of 400
kg/m?s.

The increase in heat transfer coefficient with increase in concentration is in
similar trend as with the previous researchers Lee and Choi (1996) Xuan and Li
(2003), Chien et al. (2003), Tsai et al. (2004), Wen and Ding (2004b), Ding et al.
(2005), Yang et al. (2005), Heris et al. (2006), Ma et al. (2006), Heris et al.
(2007), Tiwari and Das (2007), He et al. (2007), Duangthongsuk and Wongwises
(2009). However Putra et al. (2003) and Wen and Ding (2005) reported drop in
heat transfer coefficient. This happens due to reduced Wettabality of the heating
surface due to deposition of a thicker layer of nanoparticles on the heating surface

at higher concentrations of nanofluids.
The main reasons for increase in heat transfer coefficient are:

e Increase in thermal conductivity of the nanofluid with increase in
concentration of the nanoparticles.
e Increase in heat transfer due to increase in thermal energy of the

nanoparticles.



e Increase in heat transfer due to increase in the number of nanoparticles
participating in natural convection due to increase in concentration of
nanoparticles.

e Increase in bubble density due to increase in concentration of nanoparticles
and consequent increase in condensation of bubbles.

e Increase in conduction between nanoparticles and the surface of the heater.

e Increase in surface roughness of the heating surface due to deposition of

nanoparticles on the heating surface.

5.6.2.3 Effect of Heat Flux on Heat Transfer Coefficient

Heat transfer coefficient of all the nanofluids selected was measured for
heat flux varying from 0 to 400 kW/m?% The maximum heat flux achieved for
distilled water was 160 kW/m? and 210 kW/m? at a pressure for 1.0 bar and 2.5
bar respectively. At heat flux above these values for the respective pressures either
the glass tube cracked or fluid leaked through the connecting ends of the tube. The
maximum heat flux achieved for nanofluids at concentration of 0.1% and pressure
of 2.5 bar was 295 kW/m?, 305 kW/m? 390 kW/m? and 385 kW/m? for Al,Os-
water nanofluid, TiO,-water nanofluid, ZnO-water nanofluid and MWCNT-water

nanofluid respectively at a mass flux of 400 kg/m?s.

It was observed that for all the cases heat transfer coefficient increases
with increase in heat flux. Similar results have been reported by previous
researchers Mudawar and Anderson (1990), Chun et al. (2001), Liu et al. (2007),
K.H. Bang et al. (2011) and Lee et al. (2014).

Heat transfer coefficient increases with increase in heat flux due to
increase in energy of the nanoparticles as predicted by Mohamed Moawed (2014),
and due to increase the number of active sites at the heating wall as predicted by
Mudawwar (1987). Initially heat transfer coefficient increases rapidly in the
convective range but at higher heat flux, heat transfer coefficient increases slowly,

possibly due to coating of nanoparticles.
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5.6.3 Pressure Drop

The changes in the results of pressure drop are discussed here for the effect

of pressure, concentration of nanoparticles in the water and heat flux.

5.6.3.1 Effect of Pressure on Pressure Drop

The effect of pressure on pressure drop for flow boiling is not reported in
the literature. Pressure drop in an annulus test section for all the nanofluids
selected was measured with pressure at 1.0 bar, 1.5 bar, 2.0 bar and 2.5 bar. It was

observed that for all the cases pressure drop decreases with increase in pressure.

5.6.3.2 Effect of Concentration of nanoparticles on Pressure Drop

Pressure drop along the test section for all the nanofluids selected was
measured for 0.0001%, 0.001%, 0.01% and 0.1% concentration of nanoparticles.
Compared to water, pressure drop for all the nanofluids selected increases
significantly at all pressures tested. Thus use of nanofluids would cause extra
penalty in pumping power. As shown if Fig. 5.43 - 5.46, increase in pressure drop
over the distilled water at 1.0 bar was about 18%, 8%, 4% and 5% for 0.0001%
Al,Oz-water nanofluid, 0.0001% TiO,-water nanofluid, 0.0001% ZnO-water
nanofluid and 0.0001% MWCNT-water nanofluid respectively. The maximum
increase in pressure drop was about 28%, 13%, 11% and 9% for 0.1% Al,Os-
water nanofluid, 0.1% TiO,-water nanofluid, 0.1% ZnO-water nanofluid and 0.1%
MWCNT-water nanofluid respectively. The increase in pressure drop with
increase in concentration is in similar trend as with the previous researchers Razi
et al. (2011), Hashemi et al. (2012), Arani and Amani (2012).

The main reasons of increased pressure drop with increase in concentration
of nanoparticles are increased in viscosity of the fluid, increase in surface
roughness of heater surface and increased turbulence due to presence of

nanoparticles.



5.6.3.3 Effect of Heat Flux on Pressure Drop

Pressure drop along the test section for all the nanofluids selected was
measured with heat flux, applied at the surface heater, up to 400 KW/m?. It was
observed that for all the cases, variation in pressure drop was not observed in
convective heat transfer however it was up to 28% in flow boiling heat transfer.
The measured pressure drop of the selected nanofluids are similar to previous data
for flow boiling of water and agree well with the previous researchers Razi et al.
(2011), Hashemi et al. (2012), Arani and Amani (2012). It was also similar to
previous data at 2.0 bar pressure for convective and flow boiling of water,
ethylene glycol and their mixture and agree well with the previous researcher Yu
et al. (2007).

5.6.4 Bubble Parameters

The visualization and image processing couldn’t be done for 0.01% and

higher concentrations of nanofluid due to opacity of nanofluids.

5.6.4.1 Bubble Diameter

The changes in the results of bubble diameter are discussed here for the

effect of pressure, concentration of nanoparticles in the water and heat flux.

5.6.4.1.1 Effect of Pressure on the Bubble Diameter

Bubble diameter of all the nanofluids selected was measured at pressures
ranging from 1 to 2.5 bar and was compared with that for distilled water. For all
the cases, bubble diameter for the selected nanofluids decreases with increase in
pressure. The bubble diameter decreases as increase in external pressure reduces

bubbles size.

The decrease in bubble diameter with increase in pressure is similar to the

results obtained by previous researchers like Tolubinsky and Kostanchuk (1970),
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Bibeau and Salcudean (1991), Prodanovic et al. (2002), Klausner (2000) and
Celata et al. (2007), Razi et al. (2011), Hashemi et al. (2012), Arani and Amani
(2012).

The maximum bubble diameter is 1.63 mm at 140 kW/m?, 2.47 mm at 180
KW/m?, 2.34 mm at 220 KW/m?, 2.17 mm at 280 kW/m? and 1.30 mm at 160
kw/m? for distilled water, 0.001% Al,Os-water nanofluid, 0.001% TiO,-water
nanofluid, 0.001% ZnO-water nanofluid and 0.001% MWCNT-water nanofluid
respectively, as shown in Fig. 5.48, Fig. 5.51, Fig. 5.55, Fig. 5.59 and Fig. 5.63
respectively.

5.6.4.1.2 Effect of concentration of nanoparticles on the Bubble Diameter

The bubble diameter of all the nanofluids selected was measured for
0.0001% and 0.001% concentration of nanoparticles and was compared with that
for water. It was observed that the bubble diameter of Al,Osz-water nanofluid and
TiOz-water nanofluid was greater than the bubble diameters of water while the
bubble diameter of ZnO-water nanofluid and MWCNT-water nanofluid was
smaller than that for water at same heat flux. The results obtained agree with the
results obtained by You et al. (2003) for Al,Os-water nanofluids and Kim et al.
(2006) for boiling of nanofluids containing alumina, zirconia, or silica

nanoparticles.

The heater wall which is surrounded by either Al,O3 nanoparticles or TiO,
nanoparticles requires less wall superheat to initiate boiling process because these
particles require less energy to change the phase while the presence of either ZnO
nanoparticles or MWCNT nanoparticles deactivate the nucleation cavities and
require higher wall superheat to initiate boiling process because these particles

require higher energy to change the phase.

5.6.4.1.3 Effect of Heat Flux on the Bubble Diameter

The bubble diameter of all the nanofluids selected was measured for heat

flux varying up to 400 kW/m? and was compared with that for water. It was



observed that bubble diameter for distilled water and for in all the nanofluids
increases with increase in heat flux. The bubble diameter increases with increase
in heat flux due to both increased wall super heat and energy gain by the

nanofluids.

The bubble diameter increases with increase in heat flux due to increased
wall super heat, similar predictions were taken by Abdelmessiah et al. (1972),
Delvalle and Kenning (1985), Bibeau and Salcudean (1991), Chang et al. (2002),
Celata et al. (2007), and Dhir (2007) and Rashidabad (2014); and possibly higher
energy gain by the nanofluids compare to base fluid only.

5.6.4.2 Bubble Density

The changes in the results of bubble density are discussed here for the

effect of pressure, concentration of nanoparticles in the water and heat flux.

5.6.4.2.1 Effect of Pressure on the Bubble Density

The bubble density of all the nanofluids selected was measured at
pressures ranging from 1 to 2.5 bar and compared with that for water. It was
observed that with increase in pressure bubble density decreases and less bubble

generate at the same heat flux.

The bubble density of the selected nanofluids decreases with pressure
because increased external pressure on nucleation sites prevents bubble
generation. Experimental results from the study agree with the results of,
Tolubinsky and Kostanchuk (1970), Bibeau and Salcudean (1991), Prodanovic et
al. (2002) and Zhou (2005).

5.6.4.2.2 Effect of concentration of nanoparticles on Bubble Density

The bubble density of all the nanofluids selected was measured for

0.0001% and 0.001% concentration of nanoparticles and was compared with that
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for water. It was observed that bubble density of all the nanofluids selected
remains less than the bubble density of water. Experimental results of bubble
density from the study agree with the results of Maurus et al. (2002) for water and
Kim et al. (2006) for boiling of nanofluids containing alumina, zirconia, or silica

nanoparticles.

In case of AlLOs-water nanofluid and TiO,-water nanofluid, bubble
diameter of all the nanofluids was greater than that for water, so less bubble
density (less number of bubble) was available in same image area. As we know
that, ZnO nanoparticles are very useful in corrosion resistive coating, so it may be
one of the reasons for less number of bubble formations via plugging of
nanoparticles at the heating rod in ZnO-water nanofluid while in case of
MWCNT-water nanofluid, the surface characteristics of heating rod may also
change similar to ZnO-water nanofluid. The main reason of same is not known, so

further investigation is required.

5.6.4.2.3 Effect of Heat Flux on the Bubble Density

The bubble density of all the nanofluids selected was measured with heat
flux varying up to 400 kW/m? and was compared with that for water. It was
observed that the bubble density for distilled water and for all the nanofluids
selected increases with increase in heat flux. Experimental results of bubble
density from the study agree with the results of previous researchers Bibeau and
Salcudean (1991) and Celata et al. (2007).

The bubble density of the selected nanofluid increases with increase in
heat flux due to increase in driving force on bubble growth process by both wall
superheat and energy gain by nanofluids.

5.6.4.3 Void Fraction

The changes in the results of void fraction are discussed here for the effect

of pressure, concentration of nanoparticles in the water and heat flux.



5.6.4.3.1 Effect of Pressure on the Void Fraction

The void fraction for all the nanofluids selected was measured at pressures
ranging from 1 to 2.5 bar and compared with that for water. It was observed that
with increase in pressure void fraction decreases for water and for all the selected
nanofluids. The void fraction decreases with increase in pressure due to reduced
bubble diameter and bubble density as pressure suppresses the bubble nucleation
and bubble growth.

Experimental results from the study agree with the results of Tolubinsky
and Kostanchuk (1970), Bibeau and Salcudean (1991) and Prodanovic et al.
(2002) for water and Kim et al. (2006) for boiling of nanofluids containing

alumina, zirconia, or silica nanoparticles.

5.6.4.3.2 Effect of Concentration of nanoparticles on the Void Fraction

The void fraction for all the nanofluids selected was measured for 0.0001%
and 0.001% concentration of nanoparticles and was compared with that for water.
It was observed that void fraction for Al,Os-water nanofluid and TiO,-water
nanofluid was more than that for water while the void fraction for ZnO-water
nanofluid and MWCNT-water nanofluid was less than that for water at constant

heat flux and pressure.

Experimental results of void fraction from the study agree with the results
of Maurus et al. (2002) for water and Kim et al. (2006) for boiling of nanofluids
containing alumina, zirconia, or silica nanoparticles. The void fraction depends on
bubble diameter and bubble density (i.e. fraction of bubbles in the mixture of
bubbles and fluid). The void fraction for Al,Os-water nanofluid and TiO.-water
nanofluid increases with increase in concentration of the nanofluids due to larger
area covered by increased bubble diameter in an image area. While the void
fraction for ZnO-water nanofluid and MWCNT-water nanofluid was observe less
than that for water due to small area covered by smaller bubble diameter in an

image area of ZnO-water nanofluid and MWCNT-water nanofluid. It was
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observed less due to both deactivation of the nucleation cavities and requirement
of more energy to generate bubbles.

5.6.4.3.3 Effect of heat flux on the Void Fraction

The void fraction for all the nanofluids selected was measured with heat
flux varying up to 400 kW/m? and was compared with that for water. The void
fraction for distilled water and for the selected nanofluids increases with increase
in heat flux. The void fraction increases with increase in heat flux due to increased
vapour region in the mixture of bubbles and fluid.

Experimental results on void fraction from the study agree with the results
of previous researchers Bibeau and Salcudean (1991), Zeitoun and Shoukri (1996)
Maurus et a. (2002), Maurus and Sattelmayer (2006) and Celata et al. (2007).

5.6.5 The Surface Roughness

The surface roughness, Ra (um) of heater rod for selected nanofluids
increases gradually with concentration of nanoparticles. It increases due to
deposition of nanoparticles on heater rod as shown in Fig. 5.104.

Figure 5.104. Images with 0.001% ZnO and
0.001% MWCNT deposited on heater rod.

The surface roughness for selected nanofluids was maximum for Al,Os-
water nanofluid and minimum for ZnO-water nanofluid. Experimental results of
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surface roughness from the study agree with the results of Kim et al. (2006) for

boiling of nanofluids containing alumina, zirconia, or silica nanoparticles.

It was also observed that after flow boiling, a layer of nanoparticles was
deposited on the surface of heater indicating bubble nucleation and growth sites.
As stated by Das (2007), friction factor increases significantly in the turbulent
regime with increasing tube roughness, which is one of the reasons for increase in

heat transfer coefficient.
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EMPIRICAL RELATIONS FOR
HEAT TRANSFER COEFFICIENT
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In this chapter Response Surface Regression Analysis method has been
used to develop empirical relations for heat transfer coefficient (HTC) of the

nanofluids.

Response surface Methodology (RSM) is a collection of mathematical and
statistical techniques for the modeling problems in which response is a function of
several variables (Montgomery 2005). The correlations have been developed for
the selected nanofluids for the operating range under consideration using free

version of Minitab software,

6.1 Response Surface Regression Analysis

Heat transfer coefficient (h), the response variable, depends on
concentration of nanoparticles in water (C), pressure (p) and heat flux (g) and its
variation with these parameters has been studied. Thus heat transfer coefficient is

expressed as

h=f(C,p,q) +e.

here, error e represents measurement error as well as variations not

captured by this function.

If error e is distributed normally with its mean equal to zero, we conclude

that function is a true representation of the data.
There are three models in Response Surface Regression Analysis:

1. The first-order model (linear)
2. The second-order model (square) and

3. Three-level fractional factorial model (2-way interaction)

In general all RSM problems use either one of the models or any of their

combination. In these models, each variable is independent of the other variables.
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Once the data are collected, the Method of Least Square for n variables (ANOVA)

is used to estimate the polynomial.

Nine degrees of freedom (DF: 3 for linear model, 3 for square model and 3
for 2-way interaction model) have been considered. Adjusted sum of squared (Adj]
SS) values, adjusted mean of squared (Adj MS) values, values from F-test (F-
Value) and value from P-test (P-Value) have been calculated for all the nine
degrees through Analysis of Variance (ANOVA) method. Detailed methodology
to calculate the parameters of Analysis of Variance (ANOVA) method has been
presented in Appendix-l. The calculation through ANOVA and the model

summery for all the nanofluids have been included in Appendix-J.

Graphical representations for following results are also generated through
Minitab software for the better understanding of results. In total, four graphs have
been plotted for each nanofluid.

Residual plots are used to examine the goodness of the model. Minitab
provides following plots of the residuals:

1. Normal Probability Plot of Residuals: The points in this plot
should form a straight line which means that the residuals are normally

distributed. It indicates that model closely predicts the data.

2. Residuals versus Fitted Plot: A residual plot is a graph that shows
the residuals on the vertical axis and the independent variable (here HTC) on the
horizontal axis. This plot shows distribution of residuals. If a point lies far from
the majority of points, it may be an outlier. There should not be any recognizable

patterns in the residual plot.

3. Histogram of the Residuals: Histogram shows general
characteristics of the residuals including typical values, spread and shape. A long
tail on one side may indicate a skewed distribution. If one or two bars are far from

the others, those points may be outliers.

4. Residuals versus Observation Order of Data. This is a plot of all

residuals in the order data was collected and can be used to find non-random error,



especially due to time-related effects. This plot helps to check the assumption that

the residuals are uncorrelated with each other.

The empirical relations for Al,Os-water nanofluids, TiO,-water nanofluids,
ZnO-water nanofluids and MWCNT-water nanofluids are presented in the

following sections.

The results predicted by empirical relations and its comparison with
experimental results have also been represented. Further, the effect of
concentration of nanoparticles (C), pressure (p) and heat flux (q) on HTC has also

been discussed.

6.2. Empirical Relation and their Validation for Al,Os-Water Nanofluids

The correlation for Al,O3z-water nanofluid is given as under:
hapos = 6.63 + 28242C — 2.22p + 0.13747 q — 24343298
CxC+ 0904p*p — 0.000417g+q + 386Cx*p +

4276 Cxq+ 0.03123p+*q (6.1)

Range of the experimental data for Al,Osz-water nanofluids, the Eq. (6.1)
is, 1 bar <p < 2.5 bar, 0.0001% < C < 0.1% and 0 kW/m? < q <400 kW/m?,

Normal probability plot for Al,Os-water nanofluid is given in Fig. 6.1.
Almost all the points in the graph fall on the straight line, which means that
empirical relation obtained, accurately represents the experiment and there is no

error in the representation except the normally distributed experimental error.

Figure 6.2 shows residuals versus fitted values of HTC for Al,Oz-water
nanofluid. There is no recognizable pattern and the predicted data differ from the
experimental data by + 5% only. As the points in the residual plot are randomly
dispersed around the horizontal axis, a linear regression model is appropriate for

the data of Al,O3z-water nanofluid.
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Figure 6.3 represents the residual histogram of HTC for Al,Os-water
nanofluid. It indicates that frequency of residual. The figure shows that the

residual follows the normal distribution and supports the correlation obtained.

Figure 6.4 shows the residuals versus observation order. It indicates that
the residual is within the acceptable limit of + 5% and residual doesn’t depend on

the order in which data was taken.

The predicted results for Al,Oz-water nanofluids through response surface
regression analysis are plotted in Fig. 6.5 for a pressure of 1.0 bar, Fig 6.6 for a
pressure of 1.5 bar, Fig. 6.7 for a pressure of 2.0 bar and Fig. 6.8 for a pressure of
2.5 bar. Corresponding results obtained experimentally have also been plotted on
the graphs. It is found that correlation predicts the experimental results reasonably.
It is also noted that concentration of nanofluids has maximum influence on HTC

of Al,Os—water nanofluid as it has maximum F-value = 550.55 (Appendix-J) at

same P-value.
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Figure 6.6. Effect of concentration of Al,O3 nanoparticles in
water on heat transfer coefficient at 1.5 bar pressure.
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Figure 6.7. Effect of concentration of Al,O3 nanoparticles
in water on heat transfer coefficient at 2.0 bar pressure.
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Figure 6.8. Effect of concentration of Al,O; nanoparticles
in water on heat transfer coefficient at 2.5 bar pressure.

The predicted results for Al,Oz-water nanofluids through response surface
regression analysis are plotted in Fig. 6.9 for 0.0001% Al,O3-water nanofluid, Fig.
6.10 for 0.001% Al,Os-water nanofluid, Fig. 6.11 for 0.01% Al,Os-water
nanofluid and Fig. 6.12 for 0.1% Al,Os-water nanofluid.

Corresponding results obtained experimentally have also been plotted on
the graphs.

From the comparisons of predicted results and experimental results, it is
found that correlation predicts the experimental results reasonably for Al,O3-water

nanofluids.

It is also found that pressure has less influence than concentration of
nanofluids and heat flux on HTC, as model has least F-value = 215.04 (Appendix-

J) at same P-value.
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Figure 6.9. Effect of pressure on heat transfer coefficient

at 0.0001% concentration of Al,O3 nanoparticles in water.
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Figure 6.10. Effect of pressure on heat transfer coefficient
at 0.001% concentration of Al,O; nanoparticles in water.
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Figure 6.11. Effect of pressure on heat transfer coefficient
at 0.01% concentration of Al,O3z nanoparticles in water.
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Figure 6.12. Effect of pressure on heat transfer coefficient
at 0.1% concentration of Al,O3; nanoparticles in water.
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6.3 Empirical Relation and their Validation for TiO,-Water Nanofluids

The correlation for TiO,-water nanofluid is given as under:
hrio, = 5.41 + 33357C — 0.80p + 0.14498q — 29139834C=x*C +
0.822p*p — 0.000465q*q — 1093Cx*p + 30.71
Cxq + 0.04007p=q (6.2)

Range of the experimental data for TiO,-water nanofluids, the Eq. (6.2) is,
1 bar < p <2.5 bar, 0.0001% < C <0.1% and 0 KW/m? < q < 400 kW/m?.

Normal probability plot for TiO,-water nanofluid is given in Fig. 6.13.
Similar to Al,Os-water nanofluids, almost all the points in the graph fall on the
straight line, which means that empirical relation obtained, accurately represents
the experiment and there is no error in the representation except the normally

distributed experimental error.
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Figure 6.13. Normality plot of residuals of heat
transfer coefficient for TiO,-water nanofluid.
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Figure 6.14 shows residuals versus fitted values of HTC for TiO,-water
nanofluid. There is no recognizable pattern and the predicted data differ from the
experimental data by + 5% only.

As the points in the residual plot are randomly dispersed around the
horizontal axis, a linear regression model is appropriate for the data of TiO-water
nanofluid.

Figure 6.15 represents the residual histogram of HTC for TiO,-water
nanofluid. It indicates that frequency of residual. The figure shows that the
residual follows the normal distribution and supports the correlation obtained for
TiO,-water nanofluid.

Figure 6.16 shows the residuals versus observation order for TiO,-water
nanofluid. It indicates that the residual is within the acceptable limit of + 5% and
residual doesn’t depend on the order in which data was taken.
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Figure 6.14. Residuals versus fits plot for heat
transfer coefficient for TiO,-water nanofluid.
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Figure 6.15. Residual histogram for heat
transfer coefficient for TiO,-water nanofluid.
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Figure 6.16. Residuals versus order for heat
transfer coefficient for TiO,-water nanofluid.
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Figure 6.17. Effect of concentration of TiO, nanoparticles
in water on heat transfer coefficient at 1.0 bar pressure.
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Figure 6.18. Effect of concentration of TiO, nanoparticles
in water on heat transfer coefficient at 1.5 bar pressure.
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Figure 6.19. Effect of concentration of TiO, nanoparticles
in water on heat transfer coefficient at 2.0 bar pressure.
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Figure 6.20. Effect of concentration of TiO, nanoparticles
in water on heat transfer coefficient at 2.5 bar pressure.
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The predicted results for TiO,-water nanofluids through response surface
regression analysis are plotted in Fig. 6.17 for a pressure of 1.0 bar, Fig 6.18 for a
pressure of 1.5 bar, Fig. 6.19 for a pressure of 2.0 bar and Fig. 6.20 for a pressure
of 2.5 bar. Corresponding results obtained experimentally have also been plotted
on the graphs. It is found that correlation predicts the experimental results
reasonably. It is also noted that heat flux has maximum influence on HTC of
TiO,—water nanofluid as it has maximum F-value = 1845.59 (Appendix-J) at same

P-value.

The predicted results for TiO,-water nanofluids through response surface
regression analysis are plotted in Fig. 6.21 for 0.0001% TiO,-water nanofluid, Fig.
6.22 for 0.001% TiO,-water nanofluid, Fig. 6.23 for 0.01% TiO,-water nanofluid
and Fig. 6.24 for 0.1% TiO,-water nanofluid. Corresponding results obtained
experimentally for TiO,-water nanofluids have also been plotted on the graphs.
From the comparison of predicted results and experimental results, it is found that

correlation predicts the experimental results reasonably.
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Figure 6.21. Effect of pressure on heat transfer coefficient
at 0.0001% concentration of TiO, nanoparticles in water.
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Figure 6.22. Effect of pressure on heat transfer coefficient
at 0.001% concentration of TiO, nanoparticles in water.
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Figure 6.23. Effect of pressure on heat transfer coefficient
at 0.01% concentration of TiO, nanoparticles in water.
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Figure 6.24. Effect of pressure on heat transfer coefficient
at 0.1% concentration of TiO, nanoparticles in water.

It is found that the pressure has more influence than concentration of
nanofluids on HTC, as model has higher F-value = 827.08 (Appendix-J) at same

P-value.

6.4 Empirical Relation and their Validation for ZnO-Water Nanofluids

The correlation for ZnO-water nanofluid is given as under:
hzno =0.89 + 29395C + 4.68p + 0.08596 q — 25725254
CxC— 0.632p+p — 0.000186g+q — 866C*p+ 28.22
Cxq + 0.02216p *q (6.3)

Range of the experimental data for ZnO-water nanofluids, The Eq. (6.3) is,
1 bar <p <2.5 bar, 0.0001% < C <0.1% and 0 kW/m?* < q <400 kW/m?.

Normal probability plot for ZnO-water nanofluid is given in Fig. 6.25.
Similar to Al,Os-water nanofluids, Almost all the points in the graph fall on the

straight line, which means that empirical relation obtained, accurately represents
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the experiment and there is no error in the representation except the normally

distributed experimental error.
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Figure 6.25. Normality plot of residuals of heat
transfer coefficient for ZnO-water nanofluid.

Figure 6.26 shows the residuals versus fitted values of HTC for ZnO-water
nanofluid. There is no recognizable pattern and the predicted data differ from the
experimental data by + 4% only. As the points in the residual plot are randomly
dispersed around the horizontal axis, a linear regression model is appropriate for

the data of ZnO-water nanofluid.

Figure 6.27 represents the residual histogram of HTC for ZnO-water
nanofluid. It indicates that frequency of residual. The figure shows that the
residual follows the normal distribution and supports the correlation obtained for

ZnO-water nanofluid.

Figure 6.28 shows the residuals versus observation order for predicted data
of HTC for ZnO-water nanofluid. It indicates that the residual is within the
acceptable limit of + 4% and residual doesn’t depend on the order in which data

was taken.

207



Versus Fits
(response is C4)

4-
.. [ ] [
3 o [ ]
“° % .o ¢ ¢
2 .o °° .... .:.o o °
M af WO o g . o © °

i e o’ ‘ ® e °
E ¢ L 4% . 4% ¢ °
O -—---——- ’—'———.'—’.OOf—'————:o—.—-%oﬁf —————————————————————
é °e .?0 . Q‘.. ° ..'.O e ° o ©

! ¢ h'“o. ¢ &0 °O. % .... %

3¢ oo ro
2 3'0. T ® ¢ %
o 0 ° ® oo
3 .‘ [ ] ° @
-4- T T T T T T
0 10 20 30 40 50
Fitted Value
Figure 6.26. Residuals versus fits plot for heat
transfer coefficient for ZnO-water nanofluid.
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Figure 6.27. Residual histogram for heat
transfer coefficient for ZnO-water nanofluid.
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Figure 6.28. Residuals versus order for heat
transfer coefficient for ZnO-water nanofluid.

The predicted results for ZnO-water nanofluids through response surface
regression analysis are plotted in Fig. 6.29 for a pressure of 1.0 bar, Fig. 6.30 for a
pressure of 1.5 bar, Fig. 6.31 for a pressure of 2.0 bar and Fig. 6.32 for a pressure
of 2.5 bar. Corresponding results obtained experimentally have also been plotted
on the graphs. It is found that correlation predicts the experimental results
reasonably. It is also noted that heat flux has maximum influence on HTC of ZnO-
water nanofluid as it has maximum F-value = 2826.23 (Appendix-J) at same P-

value.

The predicted results for ZnO-water nanofluids through response surface
regression analysis are plotted in Fig. 6.33 for 0.0001% ZnO-water nanofluid, Fig
6.34 for 0.001% ZnO-water nanofluid, Fig. 6.35 for 0.01% ZnO-water nanofluid
and Fig. 6.36 for 0.1% ZnO-water nanofluid. Corresponding results obtained
experimentally have also been plotted on the graphs. It is found that correlation

predicts the experimental results reasonably.
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Figure 6.29. Effect of concentration of ZnO nanoparticles
in water on heat transfer coefficient at 1.0 bar pressure.
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Figure 6.30. Effect of concentration of ZnO nanoparticles
in water on heat transfer coefficient at 1.5 bar pressure.
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Figure 6.31. Effect of concentration of ZnO nanoparticles
in water on heat transfer coefficient at 2.0 bar pressure.
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Figure 6.32. Effect of concentration of ZnO nanoparticles
in water on heat transfer coefficient at 2.5 bar pressure.
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Figure 6.33. Effect of pressure on heat transfer coefficient
at 0.0001% concentration of ZnO nanoparticles in water.
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Figure 6.34. Effect of pressure on heat transfer coefficient
at 0.001% concentration of ZnO nanoparticles in water.
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Figure 6.35. Effect of pressure on heat transfer coefficient
at 0.01% concentration of ZnO nanoparticles in water.
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Figure 6.36. Effect of pressure on heat transfer coefficient
at 0.1% concentration of ZnO nanoparticles in water.




It is also found that pressure and concentration of nanoparticles in water
have approx similar influence on HTC as model has approx similar F-value =
691.59 for concentration (Appendix-J) of ZnO nanoparticle and F-value = 682.63

for pressure (Appendix-J) at same P-value.

6.5 Empirical Relation and their Validation for MWCNT-Water Nanofluids

The correlation for MWCNT -water nanofluid is given as under:
hywent = —0.95 + 121278 C + 4.99p + 0.1750q — 107150745
CxC — 0.72p*p — 0.000610q*q — 4392
Cxp +50Cxq + 0.0248p=*q (6.4)

Range of the experimental data for TiO,-water nanofluids, the Eq. (6.4) is,
1 bar <p <2.5 bar, 0.0001% < C < 0.1% and 0 kW/m? < q <400 kW/m?.

Normal probability plot for MWCNT-water nanofluid is given in Fig. 6.37.
Almost all the points in the graph fall on the straight line, which means that
empirical relation obtained, accurately represents the experiment and there is no

error in the representation except the normally distributed experimental error.

Figure 6.38 shows residuals versus fitted values of HTC for MWCNT-
water nanofluid. There is no recognizable pattern and the predicted data mainly
differ from the experimental data by + 15%. This spread is rather high for overall
values of HTC of about 10-60. Consequently R? value for the correlation is low
(56%).

Figure 6.39 represents the residual histogram of HTC for MWCNT -water
nanofluid. It indicates that frequency of residual. The figure shows that the
residual follows the normal distribution and supports the correlation obtained for
MWCNT-water nanofluid. Figure 6.40 shows the residuals versus observation
order for predicted data of HTC for MWCNT-water nanofluid. It indicates that the
residual is within the acceptable limit of + 15% and residual doesn’t depend on the

order in which data was taken.
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Figure 6.37. Normality probability plot of residuals of
heat transfer coefficient for MWCNT-water nanofluid.
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Figure 6.38. Residuals versus fits plot for heat transfer
coefficient for MWCNT-water nanofluid.
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Figure 6.39. Residual histogram for heat transfer
coefficient for MWCNT-water nanofluid.
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Figure 6.40. Effect of concentration of MWCNT nanoparticles
in water on heat transfer coefficient at 1.0 bar pressure.
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Figure 6.41. Effect of concentration of MWCNT nanoparticles
in water on heat transfer coefficient at 1.0 bar pressure.
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Figure 6.42. Effect of concentration of MWCNT nanoparticles
in water on heat transfer coefficient at 1.5 bar pressure.
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Figure 6.43. Effect of concentration of MWCNT nanoparticles
in water on heat transfer coefficient at 2.0 bar pressure.
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Figure 6.44. Effect of concentration of MWCNT nanoparticles
in water on heat transfer coefficient at 2.5 bar pressure.
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The predicted results for MWCNT-water nanofluids through response
surface regression analysis are plotted in Fig. 6.41 for a pressure of 1.0 bar, Fig.
6.42 for a pressure of 1.5 bar, Fig. 6.43 for a pressure of 2.0 bar and Fig. 6.44 for a

pressure of 2.5 bar.

Corresponding results obtained experimentally have also been plotted on
the graphs. It is found that correlation predicts the experimental results reasonably.
It is also noted that concentration has maximum influence on HTC of MWCNT-

water nanofluid as it has maximum F-value = 16.38 (Appendix-J) at same P-value.

The predicted results for MWCNT-water nanofluids through response
surface regression analysis are plotted in Fig. 6.45 for 0.0001% MWCNT-water
nanofluid, Fig 6.46 for 0.001% MWCNT-water nanofluid, Fig. 6.47 for 0.01%
MWCNT-water nanofluid and Fig. 6.48 for 0.1% MWCNT-water nanofluid.

Corresponding results obtained experimentally have also been plotted on

the graphs. It is found that correlation predicts the experimental results reasonably.

It is also found that pressure has more influence than heat flux on HTC, as

model has higher F-value = 8.53 (Appendix-J) for pressure at same P-value.

It is also found that the predicted R?values for all the nanofluids were
more than 95% for Al,Os-water nanofluids, TiO,-water nanofluids and ZnO-water

nanofluids (Appendix-1).

Soit can be concluded that the correlation correctly predicts the
experimental data for Al,Os-water nanofluids, TiO,-water nanofluids and ZnO-

water nanofluids.

However the predicted R? values for MWCNT-water nanofluids was only
56% because there no exact trend was observed for experimental heat transfer
coefficient. Therefore correlation for MWCNT-water nanofluid is unable to

predict experimental results accurately.
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Figure 6.45. Effect of pressure on heat transfer coefficient
at 0.0001% concentration of MWCNT nanoparticles in water.
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Figure 6.46. Effect of pressure on heat transfer coefficient
at 0.001% concentration of MWCNT nanoparticles in water.
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Figure 6.47. Effect of pressure on heat transfer coefficient
at 0.01% concentration of MWCNT nanoparticles in water.
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Figure 6.48. Effect of pressure on heat transfer coefficient
at 0.1% concentration of MWCNT nanoparticles in water.
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An existing experimental facility was modified to study heat transfer
characteristics of nanofluids in convective and boiling heat transfer. The
convective and flow boiling heat transfer experiments were carried out to study
effect of pressure, concentration of nanoparticles and heat flux on heat transfer
coefficient, pressure drop and bubble parameters. Surface roughness of the heater
rod was also measured for different concentration of nanoparticles. Following

conclusions have been drawn from the study.

7.1 Thermal Conductivity

It is observed that there is no significant variation in thermal conductivity
of water with sonication time. However, the thermal conductivity of Al,Oz-water
nanofluid, TiO,-water nanofluid, ZnO-water nanofluid and MWOCNT-water
nanofluids increases with increase in sonication time in the beginning, reaches a
maximum value and then decreases. The maximum increase in thermal
conductivity was 170%, 150%, 120% and 163% for Al,Oz-water nanofluid, TiO,-
water nanofluid, ZnO-water nanofluid and MWCNT-water nanofluid respectively
at 0.1%.

7.2 Heat Transfer Coefficient

Heat transfer coefficient for flow boiling of nanofluids is not found in the
literature and it is measured first time. Heat transfer coefficient of nanofluids
increases with increase in concentration of nanoparticles, heat flux and pressure.
The maximum increase in HTC was 80% due to increase in pressure from 1.0 bar
to 2.5 bar for 0.01% MWCNT-water nanofluid at heat flux of about 220 kW/m?
and mass flux of 400 kg/m?s.

The maximum increase in HTC was 104%, 101% and 60% over that of the
base fluid for 0.1% of Al,Oz-water nanofluid, 0.1% of TiO,-water nanofluid, 0.1%
of ZnO-water nanofluid respectively at a pressure of 2.5 bar, heat flux of about
210 kW/m? and mass flux of 400 kg/m?s while in case for 0.1% of MWCNT-

water nanofluid increase in HTC was about 134% over that of the base fluid at a
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pressure of 1.5 bar and heat flux of about 160 kW/m? and mass flux of 400
kg/m?s.

Empirical relations were also developed for heat transfer coefficient of the
nanofluids as a function of concentration of nanofluids, pressure and heat flux
using free version of ‘Minitab’ software. The predicted results plotted in graphical
form for a pressure, concentration of nanofluids and heat flux to compare with
experimental results. Based on compared results and values of predicted R?, it can

be concluded that empirical relations predict the experimental results reasonably.

7.3 Pressure Drop

Pressure drop for flow boiling of nanofluids is not found in the literature
and it is measured first time. For all the nanofluids used in the experiment,
pressure drop increases with increase in concentration of the nanofluids.
Compared with water, there was increase in pressure drop for all the nanofluids.
Pressure drop decreases with increase in pressure. However there was no
significant effect of heat flux on pressure drop in convection but it increases in the

flow boiling.

The maximum increase in pressure drop over the distilled water was about
12%, 11%, 28% and 9% for 0.1% Al,Os-water nanofluid, 0.1% TiO,-water
nanofluid, 0.1% ZnO-water nanofluid and 0.1% MWCNT-water nanofluid

respectively.

7.4 The Bubble Parameters

Bubble parameters, i.e. bubble diameter, bubble density and void fraction
and HTC are correlated. Heat transfer coefficient increases with increase in bubble

diameter for pure water, Kumar et al. (1992).

Again heat transfer coefficient increases with increase in bubble density
for synthetic fuel, Kagumba (2013). However, visualization study for flow boiling

of nanofluids is not found in the literature. Therefore visualization study for flow



boiling of nanofluids has been carried out and the results have been correlated

with corresponding HTC.

7.4.1 Bubble Diameter

The bubble diameter for nanofluids increases with increase in
concentration of the nanofluids. The bubble diameter for Al,Os-water nanofluid
and TiO,-water nanofluid is found to be larger than the bubble diameter for water
while the bubble diameter for ZnO-water nanofluid and MWCNT-water nanofluid

is found to be smaller than the bubble diameter of water.

The bubble diameter decreases with increase in external pressure for both,
distilled water and selected nanofluids. Further boiling is also delayed with
increase in external pressure for both, distilled water and selected nanofluids.
While bubble diameter of distilled water and selected nanofluids increase with

heat flux.

The maximum bubble diameter was 1.63 mm at 140 kwW/m? for distilled
water, 2.47 mm at 180 kW/m? for 0.001% Al,Os-water nanofluid, 2.34 mm at 220
kW/m? 0.001% TiO2-water nanofluid, 2.17 mm at 280 kW/m? for 0.001% ZnO-
water nanofluid and 1.30 mm at 160 kW/m? for 0.001% MWCNT-water nanofluid
respectively.

7.4.2 Bubble Density

The bubble density for nanofluids is less than the bubble density for water

at constant heat flux and pressure.

The bubble density for distilled water and selected nanofluids decreases
with external pressure. The bubble density for nanofluids increases with increase
in concentration of nanoparticles in water. Results also show that bubble density
for distilled water and selected nanofluids increases with increase in heat flux. The
bubble density decreases for distilled water and the selected nanofluids with

increase in external pressure.
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The maximum bubble density was 2,90,198 1/m? at 140 kW/m? for
distilled water, 1,96,605 1/m? at 235 kW/m? for 0.0001% Al,Os-water nanofluid,
3,04,493 1/m* at 220 kW/m? for 0.0001% TiO,-water nanofluid, 3,12,384 1/m” at
295 kW/m? for 0.0001% ZnO-water nanofluid and 1,28,492 1/m? at 165 kW/m?
for 0.0001% MWCNT-water nanofluid respectively.

7.4.3 Void Fraction

The void fraction for distilled water and selected nanofluids decreases with
external pressure. Further, void fraction for distilled water and selected nanofluid

increases with increase in heat flux.

The void fraction also increases with increase in concentration of the
nanofluids due to larger area covered by increased bubble diameter in the image
area of Al,Os-water nanofluid and TiOz-water nanofluid. While the void fraction
for ZnO-water nanofluid and MWCNT-water nanofluid was observed, less than

that of water.

The maximum void fraction was 0.1677 at 140 kW/m? for distilled water,
0.2873 at 180 kW/m’ for 0.0001% Al,Os-water nanofluid, 0.2611 at 220 kW/m?
for 0.0001% TiO,-water nanofluid, 0.2233 at 290 kwW/m? for 0.0001% ZnO-water
nanofluid and 0.1237 at 165 kW/m? and 0.0001% MWCNT-water nanofluid
respectively.

7.5 Surface Roughness

The surface roughness, Ra (um), of heater rod for the nanofluids used in
the experiment increases monotonically with increase in concentration of

nanoparticles in the nanofluid.

The maximum surface roughness of heater rod, after the boiling of
working fluids was 0.06 pum for distilled water, 0.88 um for 0.1% Al,Oz-water
nanofluid, 0.64 pm for 0.1% TiO,-water nanofluid, 0.61 pum for 0.1% ZnO-water
nanofluid and 0.72 for um for 0.1% MWCNT-water nanofluid respectively.



7.6 Overall Conclusion

Heat transfer coefficient, pressure drop and the visualization study for flow
boiling of nanofluids have not been studied before. The same have been

investigated in this study.

It was found that heat transfer coefficient of nanofluids studied, increases
with increase in concentration of nanoparticles, pressure and heat flux by about

135% as compared to water.

It was also found that pressure drop increases with increase in
concentration of nanoparticles and with increase in heat flux in the flow boiling by

about 28% as compared to water. However it decreases with increase in pressure.

The bubble diameter and void fraction increase with increase in
concentration of nanoparticles and heat flux. The bubble density decreases with
increase in concentration of nanoparticles however, it increases with increase in

heat flux. Bubble parameters decrease with increase in pressure.

Thus, while there is a significant increase in HTC of the nanofluids
selected, there is also some increase in pressure drop and coating on the surfaces.
The pressure drop and coating with increase in concentration of nanoparticles and
depend on type of nanoparticle. Apart from this, stability of a nanofluid is also an
important issue which has not been studied here. A judicious choice for a fluid

with high heat transfer coefficient shall be made based on above considerations.

7.7 Future Work

It has been observed during this study that and the effect of all the
parameters on heat transfer coefficient, pressure drop bubble parameters is
significant. Based on the experience gained during this study, following

suggestions are given for future work.

The major fields of future research are as following:-

229



230

. The stability of nanofluids and their heat transfer applications for higher

concentrations of nanofluids needs to be investigated in more detail.

. The chemical properties of selected nanofluids and their relation with

boiling need to be studied in detail.

Effect of type, size and shape of nanoparticles on heat transfer
characteristics of nanofluids need to be studied in more detail.

Effect of degree of sub cooling, flow regimes on boiling process needs to
be investigated in more detail.

Effect of nanofluids on CHF can be investigated for flow boiling

condition.
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APPENDIX A: Specification of the Test Section

APPENDICES

Table A-A: The specifications of the test section.

S. No. Characteristics Size
1 Glass tube inner diameter (mm) 21.8
2 Heater rod outer diameter (mm) 12.7
3 Cross-sectional Area (mm®) 246.56
4 Glass tube length (mm) 780
5 Heater length (mm) 500
6 Entrance length (mm) 230
7 Exit length (mm) 50
8 Hydraulic Diameter (mm) 9.1
9 Heated Perimeter (mm) 39.89
10 Wetted perimeter (mm) 108.39
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APPENDIX B: Specifications of UVM *“Deep Drawn Tanks Model SW 24”.

Table A-B: The specifications of UVM.

Overall dimensions (mm) L 590 W 390 H 410
Tank size (mm) L 500 W 300 H 150
Liquid Level (mm) 130
Tank Volume (liter) 24
Ultrasonic Capacity (Watt) 300

Drain valve available with

fabricated tanks only 0.5 inch
Main Supply 220V AC, 50 Hz
Ultrasonic Frequency 27+3 KHz

264



APPENDIX C: Uncertainty Analysis

The experimental uncertainty of the present work was determined by
following ASME guidelines on reporting uncertainties in experimental

measurements in multiphase flow. [2]
1. Uncertainties in the dimensions of the test section:

Inner diameter of the annulus, di= 12.7 X 10°m

_ 3
Absolute error, ‘Ad" =0.1d40"m

Ad, =0.78%

Uncertainty,

Outer diameter of the annulus, d, = 21.8 x 103 m
|Ad,|=01x10°m

Ad

°=0.45%

9

Length of the heater, L =500 x 10° m
ALl =1x10"m

‘ 0.2%

Flow area of the annulus,

(o -a)
:%(21.82 ~12.7%) x 10°m”

=246.58 x 10°m?
|AA | = %(\/(Zdo |ad, )" +(2d, |ad, )’ j

=%[\/(2 x 218 x 10°0.1 % 10‘3\)2 +(2x12.7x10°[0.1 10‘3\)2 J

AA
=1.64 x10°m? :>‘ " =0.66%

f
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Heated surface area,
An=ndiL=nx12.7x 103 x500 x 103
=19949.11 x 10° m?

2 2

AA AL
Al L

=+/0.787 +0.2°

=0.81%

Ad;
di

Hydraulic Diameter,
dn = do-di = 21.8 x103-12.7 x10° = 9.1 x 10°m

|ad, | = y|ad, [ +|ad,[ = 0.14x107° =

L
dh

2. Uncertainty in the measurement of flow rate:
The total uncertainty in measuring volumetric flow rate is obtained as the

quadratic sum of the following three components:

(i). The maximum uncertainty claimed by manufacturer is 1 %. Maximum
flow, V, is 18 Ipm

AV,

=1%=> |AV,| =0.18 Ipm

Pl

Therefore,
(if). Maximum uncertainty in the calibration of turbine flow meter along

with DAQ = 3 x standard deviation of calibration curve fit

|AV,|, =3 x 0.0626 = 0.1878 Ipm

(iif) Maximum uncertainty in estimation of average of 10 readings

‘Avp‘3 = 3 x standard deviation of the mean = 3 x 0.021 = 0.063 Ipm

Total uncertainty in measuring the volumetric flow rate

\Avp\:J\AvpmAvpzrqupg i

= /(0.18) +(0.1878)* + (0.063)?
=0.28 Ipm

=1.6%

_P

Therefore, I P



3. Uncertainty in measurement of Pressure

(i) Maximum uncertainty claimed by manufacturer = 1%

Ap

=1%=>|Ap,|=0.01 bar

Therefore,

(if) Maximum uncertainty in the calibration of pressure sensor along with

DAQ = 3 x standard deviation of calibration curve fit

Therefore, \Apz\ = 3 x0.04844 = 0.14532 bar

(ili) Maximum uncertainty in estimation of average of 10 readings
‘Apg‘ = 3 x standard deviation of the mean = 3 x 0.02 = 0.06 bar

Total uncertainty in measuring pressure

(80| = y|an," +|ap, [ +[ap,

= /(0.01)? +(0.14532)? + (0.06)?
= 0.158 bar

Ap

P

=1.58%

Therefore,

4. Uncertainty in measurement of Temperature

(i) Maximum uncertainty claimed by manufacturer = 0.1%

AT,

=0.1%=>|AT,|=0473

Therefore, K

(if) Maximum uncertainty in the calibration of Thermocouple

= 3 x standard deviation of calibration curve fit

Therefore, ‘ATZ‘ =3x0.6434=193 K

(ili) Maximum uncertainty in estimation of average of 10 readings
‘ATE,‘ = 3 x Standard deviation of mean= 3 x 0.01=0.03 K

Total uncertainty in measuring temperature

[AT| = |AT, +[AT, +[aT,

—/0.473? +1.932 +0.03?
~1.98 K
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ATl o.a%

Therefore,

5. Uncertainty in the measurement of Power:
Maximum Power,
P=VxlI
P = 32 x 2000/1000 = 64 kW

As per the suppliers claim,

‘AV‘ =02 Volts and ‘AI‘ =10 amp

AP = \/(|AV F)+(jatf)

‘ﬁ_ AV ) []e2 |- 08w
Pl LIV IREE o
Uncertainty in the measurement of heat flux (qg):
[aa|_ [[|ap[[an,[
Lal yUPT A

=+/0.8* +0.81°

=114 %

2

Al
T

2

10
2000

+ ‘
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APPENDIX D: Specifications of (KD2 Pro)

Table A-D: The specifications of the thermal property analyzer (KD2 Pro).

S. No. Parameters KD2 Pro
1. Measurement Time 1 minute
5% specific heat
2. | Accuracy 5% Thermal conductivity/Resistivity
10% Thermal Diffusivity
K:0.02t0 2 Wm’lZCl’l
D:0.1to 1.0 mm*s
3. Range of Measurement R: 0.5 to 50 mC W™
C:05t04MIm3C?
4. Operating Environment - 50°Cto 150°C
5. | Weight 0.95 kg
6. Power 4 x 'AA' batteries
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APPENDIX E: Specifications of the KS-1 Sensor of KD2 Pro.

Table A-E: The specifications of the KS-1 Sensor of KD2 Pro.

S. No. Parameters KS-1
1. Diameter 1.3 mm
2. Length 60 mm
3. Thermal conductivity range 0.02 to 2.00 (W/mK)
4. Thermal Resistivity range 0.50 to 50 (MK/W)
5. | Accuracy (Conductivity) +5%
6. Cable length 0.8m
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APPENDIX F: Properties of Nanoparticles

Aluminum Oxide (Alumina, alpha-Al,O3)

White nanopowder

Purity: 99.0+%

Average Particle Size (APS): 40 nm
Specific Surface Area (SSA): ~ 60 m°/g

Applications: Ceramic, catalyst, polishing, phosphor....

Titanium Oxide (TiOg, rutile)
Purity: 99.5%

Appearance: white nanopowder
D50: 10-30 nm

SSA: ~50 m%g

Zinc Oxide (ZnO)
Purity: 99.8%

Appearance: white ~ light yellow nanopowder

D50: 10-30 nm
SSA: 30-50 m?/g

Multi Walled Carbon Nanotubes (MWCNT)

Purity: > 95 wt%

Outside diameter: 10-20 nm

Inside diameter: 3-5 nm

Length: 5-30um

SSA: > 350 m’/g

Ash: < 1.0 wt%

Amorphous carbon: < 3.0%
Electrical conductivity: > 100 s/cm
Bulk density: 0.27g/cm?

True density: ~2.1 g/cm®
Manufacturing method: Catalytic CVD
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APPENDIX G: Thermal Properties of Water.

« Maximum density at 4°C - 1,000 kg/m?, 1.940 slugs/ft®
« Specific Weight at 4°C - 9.807 kN/m®, 62.43 Lbs./Cu.Ft, 8.33 Lbs./Gal.,
0.1337 Cu.Ft./Gal.

« Freezing temperature - 0°C (lce at 0°C)
« Boiling temperature - 100°C
o Latent heat of melting - 334 ki/kg
o Latent heat of evaporation - 2,270 kJ/kg
o Critical temperature - 380°C - 386°C
o Critical pressure - 221.2 bar, 22.1 MPa (MN/mZ)
o Specific heat capacity water - 4.187 kJ/kgK
« Specific heat capacity ice - 2.108 kJ/kgK
o Specific heat capacity water vapor - 1.996 kJ/kgK
« Thermal expansion from 4°C to 100°C - 4.2x107
« Bulk modulus elasticity - 2.15 x 10° (Pa, N/m?)
Table A-G: Thermal properties of water
Absolute . Specific | Specific | Specific
Temp_)etr_ature pressure D?ns[ty volume Heat | entropy
-p- p -V- -Cp- -e-
(°C) (kN/m?) (kg/m®) 10 (m3kg) | (kI/kgK) | (kd/kgK)
0 (Ice) 916.8
4 (maximum density) 0.9 1000.0
25 3.2 997.1 1.00 4.181 0.367
80 47.5 972 1.03 4.198 1.076
100 101.33 958 1.04 4.219 1.307
Temperature Absolute D.y”am'c Kl_nem{:ltlc Expansion | Specific |Prandtl’s
pressure | viscosity viscosity L
-t- “p- - - coefficient enthalpy | no.
(°C) (kN/m®) | (Centipoise) | 10° (m%s) | 10°(I/K) | (kJ/kg)
4 0.9 1.52 0.160 21.0
25 3.2 0.890 0.257 104.8
80 47.5 0.355 0.365 0.643 335.3 2.23
100 101.33 0.281 0.295 0.752 419.1 1.75

272



APPENDIX H: Thermal Conductivity of Nanoparticles.

Thermal conductivity of some common materials and products are
indicated in the table below.

1 W/(mK) = 1 W/(m°C) = 0.85984 kcal/(hr m°C) = 0.5779 Btu/(ft hr °F)

Table A-H: Thermal conductivity of some common materials

Thermal Conductivity - k - (W/mK)

: Temperature (°C)
Material/Substance

25 125 225
Aluminum Oxide ~30
Titanium Oxide ~ 10
Zinc Oxide ~ 60
MWCNT >500
Steel, Carbon 1% ~43
Stainless Steel ~16 ~ 17 ~19
Water 0.58
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APPENDIX I: ANOVA Method

The results of an ANOVA are presented in tabular form. The components of

results of an ANOVA are presented as following:

1.

Source: It indicates the source of variation, either from the factor, the
interaction, or the error. The total is a sum of all the sources.

DF: It is degrees of freedom from each source. It indicates the number of
independent elements in the sum of squares. The degrees of freedom for
each component of the model are:

DF (Factor) =r—-1
DF (Error) =ng—r
Total =ny—1

where n, = the total number of observations and r = the number of factor

levels.

SS: It is sum of squares between groups (factor) and the sum of squares
within groups (error). SS Total is the total variation in the data. SS (Factor)
is the deviation of the estimated factor level mean around the overall mean.
Itis also known as the sum of squares between treatments. SS Error is the
deviation of an observation from its corresponding factor level mean. It is
also known as error within treatments. Its calculations can be done by:

SS (Factor)  =Y(Y — Y)?
SS Error =y(Y - {()2
SS Total =¥ - )2+ 3(Y- {()2 = Y (Y - )2

where Y = value of the observation, Y = mean of the observations, ¥ =

fitted response for n (no. of observations).

Minitab breaks down the SS Regression or Treatments component of
variance into the adjusted sum of squares (Adj SS) for the main effects,
interactions, blocks, and each covariate. The adjusted sum of squares does
not depend on the order the factors are entered into the model. It is the
unique portion of SS Regression explained by a factor, given all other
factors in the model, regardless of the order they were entered into the

model.



For example, in our case the model has three factors: C, P, and g. The
adjusted sum of squares for P shows how much of the remaining variation
P explains, given that C and q are also in the model. The calculations for

the adjusted sum of squares for three factors are:

SSR (q|C, P) =SSE (C, P) - SSE (C, P, q) or

SSR(q|C,P)=SSR (C, P,q) -SSR (C, P)

where SSR (q | C, P) is the adjusted sum of squares for g, given that C and
P are also in the model.

SSR (P, q|C) =SSE (C) - SSE (C, P, q) or

SSR (P, q|C) =SSR (C, P,q) — SSR (C)

where SSR(P, q | C) is the adjusted sum of squares for P and q, given that

C is also in the model.

MS: These are mean of squares values, found by dividing the sum of
squares by the degrees of freedom. The calculations for the mean square

for the factor and error can be done by:
SS (Factor)

MS (Fact = ——
(Factor) DF (Factor)
SS (Error)
MS (E = ———
(Error) DF (Error)

The adjusted mean of squared (Adj MS) values is calculated as:
) Adj (SS)

Adj MS = —DF
F-value: It is calculated by dividing the factor MS by the error MS. An F-
test evaluates whether the observed statistic exceeds a critical value from
the distribution. If the observed F-statistic exceeds the critical value, reject
the null hypothesis. For example, in one-way analysis of variance, the F-
statistic is a ratio of the mean square of the factor and the mean square
error. An F-statistic that is larger than the critical value from the F-
distribution, using the appropriate confidence level and degrees of
freedom, supports rejecting the null hypothesis that the means are equal.

F- test is a test to determine whether the factor means are equal or not. The

formula of F value is:

275



276

10.

_ MS (Factor)
~ MS (Error)

The degrees of freedom for the numerator are (r — 1) and for the
denominator are (ny — r). Larger values of F support rejecting the null

hypothesis that the means are equal.

P-value: It is used to determine whether a factor is significant or not;
typically compare against an alpha value of 0.05. If the p-value is lower
than 0.05, then the factor is significant.

S: - It is the standard error of the regression in Analysis of Variance
method for Al,Oz-water nanofluid. It represents the average distance that
the observed values fall from the regression line. It is calculated as:

S= MS(Error)
The S provides important information that R-squared does not. S is

2.10459 for Al,Os-water nanofluids, which defines that the average
distance of the data points from the fitted line is about 2.1% HTC.

R-square (R?): These values are higher than 0.95. It indicates that model
representation is significant. When R?is closer to the 1, the better the
estimation of regression equation fits the sample data. In general, the R
measures percentage of the variation of Y around Y that is explained by the
regression equation. Its formula is:
R2 = SS (Factor) _ .S (Error) o (Y — S:()Z

SS (Total) SS (Total) (Y —Y)?

Adjusted R?: accounts for the number of predictors in ANOVA model and
is useful for comparing models with different numbers of predictors. While
the calculations for adjusted R? can produce negative values, Minitab
displays zero for these cases. The formula for adjusted R? is:

MS (Error)

SS (Total
(Tota )/DF (Total)

R? (Adj) = 1—

Predicted R?: Indicates how well the model predicts responses for new
observations, whereas R? indicates how well the model fits the data. The
formula for predicted R? is:



PRESS 5o’

RZ(Pred.) = 1 ~ S5 (Total) =1- 4 SI= Ty

e; = it residual
hi = i diagonal element of X (X' X)™ X'
X = predictor matrix

where PRESS = prediction sum of squares and SS (Total) = total sum of

squares.

Predicted R? can prevent over-fitting the model, means it fits the model too closely
to the data in the current data set, so it is not useful for predicting new data.
Predicted R? can be more useful than adjusted R? for comparing models because it
is calculated with observations that are not included in model calculation.
Predicted R? values lie between 0 and 1; larger values of predicted R? suggest
models of greater predictive ability. While the calculations for predicted R® can

produce negative values, Minitab displays zero for these cases.

The results of analysis of variance and model summary are presented in

Appendix-J for all the nanofluids.
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APPENDIX J: Results of ANOVA and Summery Reports

1 Analysis of Variance for Al,Oz-water nanofluid:

Source DF AdjSS Adj MS F-Value
Model 9 21777.3 2419.70 546.29
Linear 3 7246.9 2415.63 545.37
C 1 2438.5 2438.54 550.55
P 1 952.5 952.48 215.04
q 1 2322.3 2322.32 524.31
Square 3 1768.8 589.61 133.12
C*C 1 166.1 166.12 37.51
P*p 1 11.0 11.02 2.49
g*q 1 1558.9 1558.89 351.95
2-Way Interaction 3 818.3 272.75 61.58
C*P 1 1.7 1.71 0.39
C*q 1 411.4 411.43 92.89
P*q 1 325.3 325.29 73.44
Error 211 9346 443

Total 220 227119

The summery for Al,Oz-water nanofluids the model:
S R? R?(adj)  R*(pred)
2.10459 95.89% 95.71% 95.37%

P-Value
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.116
0.000

0.000
0.535
0.000
0.000



2. Analysis of Variance for TiO,-water nanofluid

Source
Model

Linear
C
P

q

Square
C*C
p*p
q*q

2-Way Interaction
C*P

C*q

P*q

Error
Total

DF
9

N Y N = )

N Y

189
198

Adj SS
22378.6

10030.7
1081.2
1895.5
4229.7

1541.5
217.3
8.4
1336.9

817.3
13.1

2221
568.6

433.1
22811.7

Model Summary for TiO,-water nanofluid

S R-sq
1.51386

98.10%

R-sq(adj)

98.01%

Adj MS F-Value P-Value
2486.51 1084.97 0.000
3343.58 1458.95 0.000
1081.16 471.76  0.000
1895.48 827.08  0.000
4229.67 1845.59 0.000
513.85 22421  0.000
217.28 94.81 0.000
8.38 3.66 0.057
1336.86 583.33  0.000
272.44 118.88  0.000
13.10 571 0.018
222.11 96.92 0.000
568.61 248.11  0.000
2.29

R-sq(pred)

97.88%
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3. Analysis of Variance for ZnO-water nanofluid

Source
Model

Linear
C
P

q

Square
C*C
P*p
q*q

2-Way Interaction
C*P

C*q

P*q

Error
Total

DF
9

N Y N = )

N Y

224
233

Adj SS
20831.4

11084.2
1660.3
1638.8
6785.0

1219.1
201.0
5.8
1049.5

746.6
9.5

414.4
383.4

537.8
21369.2

Model Summary for ZnO-water nanofluid

S R-sq

1.54942 97.48%

R-sq(adj)

97.38%

Adj MS F-Value
2314.60 964.13
3694.73 1539.02
1660.30 691.59
1638.79 682.63
6784.96 2826.23
406.38 169.27
200.99 83.72
5.79 241
1049.53 437.17
248.87 103.67
9.48 3.95
414.37 172.60
383.42 159.71
2.40

R-sq(pred)

97.26%

P-Value
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.122
0.000

0.000
0.048
0.000
0.000



4, Analysis of Variance for MWCNT-water nanofluid

Source
Model

Linear
C
P

q

Square
C*C
P*P
a*q

2-Way Interaction
C*P

C*q

P*q

Error
Total

DF
9

I = S S V)

185
194

Adj SS
13455.5

1274.4
767.2
399.6
103.7

5568.7
2846.4
6.1
3463.1

363.5
191.2
6.4

173.9

8664.5
22120.1

Modd Summary for MWCNT-water nanofluid

S R-sq

6.84362 60.83%

R-sq(ad))

58.92%

Adj MS F-Value
1495.06 1.92
424.79 07.
767.22 8.3
399.55 8.53
103.66 2.21

1856.22 39.6
2846.35 60.7
6.06 0.13
3463.14 73.94
121.18 59.
191.22 4.08
6.39 0.1
173.88 3.71

46.84

R-sq(pred)
55.70%

P-Value
0.000

0.000
0.000
0.004
0.139

0.000
0.000
0.719
0.000

0.054
0.045
0.712
0.056
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