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Abstract

An experimental investigation was carried out to study the effect of heater surface
preparation on pool boiling of nanofluids. The boiling surface was prepared using
different methods: (1) wusing a diamond turning machine, (2) a conventional lathe
machine, and (3) polished using emery sandpaper. The average surface roughness of the
diamond turning machined surface was 6 nm and 470 nm for the surfaces prepared using
the lathe and sandpaper. The boiling surfaces considered in this study are flat copper
surfaces with a diameter of 254 mm. Al,Os;-Water nanofluids prepared using
nanoparticles with an initial size of 10 nm and concentration of 0.05%wt were used
throughout the present study. In order to improve the nanofluids stability Sodium
dodecylbenzenesulfonate (SDBS) was added to the base fluid (water) with a
concentration of 0.1%wt. In order to understand the effect of the nanofluids and the
surfactant separately and together, pool boiling experiments using distilled water only,
nanofluids, distilled water plus the SDBS surfactant, and nanofluids mixed with SDBS
(nanosuspensions) were carried out on clean surfaces. The  nanofluids and
nanosuspensions boiling experiments were followed by distilled water boiling
experiments in order to assess the change of the surface characteristics due to any
nanoparticles deposition. The same set of boiling experiments was carried out on each of

the three prepared surfaces.

The experimental results indicated that for the smooth and rough machined
surfaces, the heat transfer coefficient was increased for the nanofluids and the
nanosuspensions with respect to distilled water. Distilled water boiling experiments on
the unclean (used) surfaces showed that the heat transfer behavior is almost similar to the
distilled water on the clean surface, which indicates that the deposition on the smooth



and rough machined surfaces was minimal and hence the enhancement in the heat
transfer was due to the change in the thermo-physical properties of the nanofluids and

not due to the change in the heater surface condition.

A similar trend was observed in the case of the polished surface in which case
nanofluids and nanosuspensions resulted in an enhancement in the rate of heat transfer.
However, distilled water boiled on unclean surfaces showed that the boiling curve has
shifted to the left compared with the curve of the distilled water on the clean surface.
Boiling of distilled water on unclean surfaces showed that the boiling curve was
enhanced, which can be attributed to the change in the surface condition and the change
in the thermo-physical properties of nanofluids. Photographs of the boiling surfaces and
surface measurements taken before and after the nanofluids and nanosuspensions
experiments showed that the machined surfaces had less nanoparticles deposition than the
sandpaper polished surface. These results indicate that the method of surface preparation
has a significant effect on nanoparticles deposition and consequently on the pool boiling
heat transfer in which the polished surface tends to have higher number of the active

nucleation sites.
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Chapter 1 Introduction

Boiling is a complex phenomenon involved in many industrial applications
because of its ability to remove high rates of heat. The process is represented by
the vapor bubbles formation that grow and detach from the heated surface
.Moreover, the dynamic of these vapor bubbles depend on the surface and liquid
temperature, surface characteristics, and the thermo-physical properties of the

liquid [1].

1.1 Pool Boiling

Boiling that occurs when the heating surface is submerged in a quiescent
liquid is referred to as Pool boiling [2]. Nukiyama [3] was the first to introduce
that boiling can be characterized by four regimes: natural convection, nucleate
boiling, transition boiling, and film boiling, as shown by the boiling curve

indicated in Figl.1.

1.1.1 Natural Convection

The natural convection regime or free convection is up to point A, the
surface superheat is low enough that nucleation sites are not active and heat at the
surface is removed by single phase natural convection to the fluid and there is no

bubble formation on the heated surface.
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Figure 1.1Boiling curve .[ http://www.thermalfluidscentral.org]

1.1.2 Nucleate Boiling

The Nucleate boiling regime spans between points A and C, in which the
surface superheat is high enough so that the nucleation sites are active, bubbles
form and detached from the heated surface independently (point A to point B).
Then, as the surface superheat rises beyond point B, more nucleation sites are
becoming active and bubbles start to interact and merge to form large bubbles
that release higher heat flux. Finally, at certain surface superheat, the heat flux
reaches a maximum value, called the critical heat flux (CHF), after which vapour
batches prevent the liquid from touching the heated surface, causing the heat flux

to decrease rapidly reaching its minimum value. In power controlled systems,
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enormous increase in the wall superheat leads to point E causing severe damage to

the heated surface.

The nucleate boiling regime is the favorable regime used in many industrial
applications because of its ability to remove high rates of heat. Applications are
too many such as cooling systems of nuclear reactors and cooling of modern

electronic devices.

1.1.3 Transition Boiling
Transition boiling can be observed clearly in the temperature controlled
boiling systems. It is between point C and point D in which case the heated

surface is covered by an unstable vapor layer.

1.1.4 Film Boiling
Film boiling occurs between points D and E in which case the heated surface
is totally covered by a stable vapor layer. Film boiling can be observed only in

temperature controlled boiling systems.

1.2 Nanofluids

Nanofluids are suspended solid nanoparticles in a base fluid. One well
known example of nanofluids that is used by many researchers is water based
alumina oxide nanofluids in which alumina oxide nanoparticles are dispersed in

water.
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The term “nanofluids” has been introduced first by Choi [4] in 1995
followed by many interests from researchers worldwide who studied the thermo-
physical properties of nanofluids as well as their ability to work as working fluids
in heat transfer applications. However, enhancing the thermal conductivity of a
liquid by dispersing solid particles was proposed by Maxwell in 1873 [5].
Settlement, erosion, clogging and pressure drop caused by large-sized solid

particles limited the use of such suspensions for a long time [6].

To understand the effect of nanofluids on the rate of heat transfer, many
theoretical and experimental studies have been carried out considering different
parameters such as: volume concentration [7, 8, 9], nanoparticles size and

material [9, 8], as well as type of base fluid [10, 11].

Studies on boiling of nanofluids have shown contradicting results. Some
investigations reported enhancement and others reported deterioration in the rate
of heat transfer with respect to pure water [12]. A number of experimental studies
of pool boiling of nanofluids, including the present one, have been carried out at
the Thermal Processing laboratory at McMaster University trying to understand

the possible reason(s) for these contradicting results.
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Chapter 2 Literature Review and Research Objectives and Plan
Section 2.1 of this chapter presents a literature review of the effect of heater
surface condition on boiling heat transfer of pure liquids. Section 2.2 includes a
review of the most important works that have been carried out on pool boiling of
nanofluids. Section 2.3 discusses the mechanism of nanoparticles deposition that
has been observed during pool boiling of nanofluids. The effect of particles
deposition is discussed in section 2.4. Section 2.5 provides a summary of the
experimental results of the investigations discussed in sections 2.2, 2.3 and 2.4.
Research objectives and plan and thesis structure are presented in sections 2.6

and 2.7, respectively.

2.1 Effect of Surface Condition on Boiling Heat Transfer of Pure Liquids

The effect of the surface roughness on the rate of heat transfer has been
investigated by many researchers. The average surface roughness (R,), root mean
square (rms), mean total roughness (R;) as well as the way of the surface
treatment are amongst the common parameters considered in those studies.
Generally speaking, the shape and size of the cavity with the surface wettability

are the main parameters that determine the number of active nucleation sites [13].

A well-known correlation that predicts the heat transfer coefficient (HTC) in
nucleate boiling regime is the one proposed by Rohsenow [1], which is given by

equation (2.1)
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1/2 3
g(pl - pv)l <Cp,l(Ts - Tsat)) (2.1)

144 — h
T = Wl gl o CsrhegPr"

Which q" is the heat flux, p is the liquid viscosity, he, is the latent heat of
vaporization, o is the surface tension ,g is the acceleration due to gravity,p; is the
liquid density, pgis the vapor density ,Cy, is the liquid specific heat, Ty — Tgy¢ is
the wall superheat, n is constant that depends on the fluid type, Pr; is the Prandtl
number for the liquid and Cg¢ is an arbitrary surface constant that depends of the

surface to liquid combination.

Kang [14] conducted an experimental study using a tubular heat exchanger to
determine the effect of surface roughness on saturated pool boiling heat transfer
of water at atmospheric pressure. Boiling curves have been experimentally
obtained using various combinations of tube diameters (D = 9.7, 19.05, and 25.4
mm), heating surface roughness (rms= 15.1 and 60.9 nm), tube orientations (6=0°,
45°, and 90?), and tube lengths (L = 100, 300, and 530 mm). He concluded that
for the horizontal tube, the increase in surface roughness gives no credible change
in heat transfer, particularly at high heat fluxes. On the other hand, the effect of
surface roughness was more pronounced as the orientation of the heater tube
changes from horizontal to vertical. . The author attributed his results to the
enhancement in liquid agitation and bubble coalescence associated with the

change in tube orientation from horizontal to vertical.
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Jones et. al. [15] experimentally investigated the influence of surface

roughness on nucleate pool boiling heat transfer of water and Fluorinert F-77 on

flat and horizontal aluminum surface. They considered a wide range of average

surface roughness values. They prepared their surfaces using emery paper

(polished) and electrical discharge machining (EDM). The surface roughness
ranged from R, = 0.027 um to 0.038 um for the polished surfaces and from 1.08
um to 10.0 um for the EDM surfaces. Their results showed that for the FC-77, the

heat transfer coefficient (HTC) was continually increasing with increasing the

surface roughness. For water, however, EDM surfaces of intermediate roughness
(Ra=1.08, 2.22, and 5.89 um) did not show a significant change in the HTC that
was higher than the polished surface of R, = 0.038 um. The roughest EDM

surface (R, = 10.0 um ) showed the highest heat transfer coefficient. Part of their

results is shown here in Fig.2.1.

L e b T Bl e e
o mf? ©  EDM1.08um
A B o g EDM 2.22 ym
gg O  EDM5.89um
a 9 le) . &0 A EDM 10.0 um |
—~ 300 |- - o e ~ 150 go denotes CHF _
E s o o E | &8 5
a g o =
i A g9 o i §§ 0°
o il a @ o | o B > o n
o 200 A @ P ] o 100 I § O ]
3 A @ o 2 C?)
= A @ o = §> o i
© A W@ 1 © - 1
g 2E E L B § »
100 - e S O Polished 0.038 50 7
+ A 9o o o EDM 1.08 um - 1
. ] S EDM 2.22 um i ]
i 5 20 o EDM 5.89 um
) 93 A EDM 10.0 um
o,“_‘ml?‘lo N ERTN BEE W R 0 Yok i IR RN E L
0 5 10 15 20 25 30 0 10 20 30 40
Wall Superheat, AT (K) (b) Wall Superheat, AT (K)

Figure 2.1 Boiling curves: (a) water, (b) F-77 [9].
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2.2 Investigations carried out on Pool Boiling of Nanofluids

Taylor et.al. [16] reviewed recent studies of pool boiling of nanofluids and
showed the reported contradicting trends about whether nanofluids can enhance
or deteriorate boiling heat transfer. Most studies reported fouling of the boiling
surface from the deposition of nanoparticles. They concluded that nanoparticles

deposition has a significant effect on the heat transfer performance of nanofluids.

Das et. Al. [17] conducted an experimental study of pool boiling of water—
Al,O3; nanofluids on a horizontal cartridge heater of 20 mm diameter. Using
emery sandpaper, they produced boiling surfaces with two different R, values, 0.4
um and 1.15 um. Nanoparticles volume concentration was varied between 1%
and 4%. They prepared their nanofluids from dry powder. They found that the
increase in the nanoparticles concentration results in more deterioration in the
HTC with respect to pure water. They concluded that the change of surface
characteristics during boiling due to the trapped nanoparticles is the reason of this
deterioration since the nanoparticles were an order or two orders of magnitude

smaller than that of the average surface roughness.

Bang and Chang [18] performed pool boiling of alumina-water nanofluids
with 0.5, 1 ,2, and 4% volume concentrations on a 4x100 mm rectangular heater
with a 1.9 mm thickness. The boiling surface has been prepared by using emery
sandpaper to produce a smooth surface of R, = 37 nm. It has been found that the

addition of alumina nanoparticles caused a decrease in the number of nucleation
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sites, and therefore a decrease in the heat transfer coefficient. However, the
critical heat flux (CHF) was enhanced for both the horizontal flat surface and
vertical flat surface by ~ 32% and ~ 13%, respectively. The authors concluded
that the nanoparticles reduced the number of nucleation sites and liquid was
trapped near the surface within the porous nanoparticles layer, which caused an

enhancement in the CHF.

Vassallo et. al. [12] conducted pool boiling experiments of silica-water
nanofluids of 0.5 % volume concentration on a 0.4 mm diameter and 75 mm long
NiCr wire with nanoparticles size of 15 and 50 nm. No enhancement was found
in the nucleate boiling regime, instead, an increase in the CHF was observed for
both nanoparticles sizes. Moreover, in the case of the larger particles size, the
heating wire did not fail and was able to work under the maximum power. A
coating layer was observed on the wire following the boiling experiments. To
examine the effect of the particles size, 3 um silica particles with a volume
concentration of 0.5 % were tested. Regardless of the low dispersion of the large

particles, a significant increase in the CHF was attained.

Narayan et. al. [9] carried out experiments by using stable water based
nanofluids containing alumina nanoparticles of average sizes of 47 and 150 nm.
They used a vertical tubular heater of various surface roughness (R, = 48, 98, and

524 nm) prepared by using emery sandpaper. They observed an enhancement in
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the HTC up 70% for the rough heater of R,=524 nm and 0.5 % mass
concentration. For the smooth heater with R;=48 nm, remarkable deterioration
and reduction in the HTC by nearly 45% was found at particle mass
concentration of 2 %. In order to explain their contradicting results, they proposed
a new parameter called the surface interaction parameter (SIP) defined as the ratio
of the average particle size to the average surface roughness of the heater. They
hypothesised that when the SIP is near unity, the heat transfer coefficient
decreases, as in the case of the smooth surface (R;=48 nm) and the 47 nm
nanoparticles, SIP = 1.02. However, if the SIP is far from unity, then the HTC
increases, as in the case of surface roughness R,= 524 nm and nanoparticles size

of 47 nm, SIP = 10.38, see Fig.2.2.
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Figure 2.2 Effect of surface roughness, particle size, and volume Concentration [14].
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Harish et. al. [7] studied the effect of surface particle interactions during pool
boiling of nanofluids on a 314 mm? aluminum disc. In this study, Alumina oxide
50 nm particles were dispersed in double distilled water at 0.5, 1, and 2 %
volume concentrations. The nanofluids were stabilised by making them slightly
acidic with pH at 4.5. The heater surface was polished by using emery sandpaper
and a lapping machine operating at 1300 rpm to produce a smooth surface with
R,=53+12.5 nm and a rough surface with R;=308 +5.7 nm. For the rough heater,
their results showed an enhancement in the boiling heat transfer with volume
concentration 1% and 2%. The results for the 0.5 %Vol. and 1 %Vol.
concentrations were nearly the same. For the smooth heater, on the other hand,
their results showed a deterioration of approximately 20%, 26% and 30% at
volume concentrations of 0.5%, 1% and 2%, respectively. They concluded that
nanoparticles at different values of the SIP can either split or plug of the surface
cavities, thereby enhancing or deteriorating the boiling heat transfer.

Wen et. al. [19] experimentally studied the effect of the heating surface
modification on pool boiling of alumina-water nanofluids. The boiling surfaces
were made of brass and have a rectangular shape with two values of average
surface roughness of R;=420 nm for the rough surface and R,= 25 nm for the
smooth one. They used only 0.001 % Vol. concentration with an initial particles
size of 20 — 150 nm. They measured the actual nanoparticles size using a dynamic
light scattering instrument and found it to be between 150 — 900 nm with an

average value of 405 nm. Their results are opposite to those reported in [9] in
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which case the smooth surface resulted in an enhancement in the HTC due to the
increase in the surface roughness. The rough surface showed no obvious change
in the heat transfer performance. They concluded that the performance of boiling
heat transfer of nanofluids is dependent upon the relative size between the actual
particles size and the heating surface geometry and their interaction.

Abdelhady [8] reported results of a set of experiments of pool boiling and jet
impingement boiling of Al,Os-water based nanofluids conducted using a flat
copper surface polished by using emery sandpaper. In the pool boiling
experiments, Abdelhady investigated the effect of surface roughness (R,= 20, 80,
and 420 nm ), particles concentration (0.005 and 0.01% Vol.), particles size (10,
and 50 nm) as well as nanoparticles material (Al,O; and CuO). The author
concluded that the SIP parameter that has been introduced by G. Prakash Narayan
[9] cannot be used to describe the discrepancy in the boiling heat transfer results.
However, Abdelhady attributed his results to the overall nanoparticles deposition
on the heater surface. He observed enhancements in the heat transfer coefficient
when the nanoparticles deposition pattern covered less than 90% of the heater
surface, while, deteriorations in the HTC were observed when the deposition

pattern covered than 90% of the heater surface.

2.3 The Mechanism of Nanoparticles Deposition
Nanoparticles deposition has been reported by many researchers [16]. The

mechanism responsible for the nanoparticles deposition has been discussed by

12
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Kim et. al. [20] that nanoparticles deposition is due to microlayer evaporation.
Kwark et. al. [21] confirmed this mechanism experimentally. They carried out
boiling experiment of alumina nanofluids at 1 g/l on a copper heater. They
increased the power to the heater until one bubble initiated and left it for 2
minutes under these conditions. After removing the heater from the setup, they
observed a deposition layer formed only at the active nucleation site, as shown in

Fig 2.3 .
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Figure 2.3 Images of nanoparticles layer forming on the heater surface from a single bubble
(top) and the mechanism of the particle deposition during the boiling process (microlayer
evaporation) [19].
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Moreover, microlayer evaporation increases the concentration of the
nanoparticles in the liquid microlayer region and decreases the distance between
the nanoparticles so that the possibility of collision, agglomeration and eventually

deposition of the nanoparticles on the heated surface increases [22].

2.4 Effect of Nanoparticles Deposition on the Boiling Surface

Pool boiling experiments performed by means of nanofluids as a working
fluid showed changes in the surface roughness due to nanoparticles deposition. It
has been reported that this coating layer is a contributing factor in changing the
heat transfer performance observed during nanofluids boiling [23]. Also, some
researchers hypothesized that the enhancement of the heat transfer coefficient that
could be achieved by nanofluids is due to the ability of the deposited
nanoparticles to settle in cavities and multiply the number of nucleation sites [9].

In a study performed by Coursey and Kim [24] to investigate the effect of
surface wettability of boiling nanofluids. The surface energy was measured by
measuring the advancing three-phase contact angle. They changed the alumina
oxide nanoparticle concentrations from 0.001 g/L to 10 g/L. Their results with the
0.5 g/L showed up to 37% enhancement in the CHF. They concluded that the
addition of nanoparticles to water improved surface wetting, but only when the
surface was fouled by the nanoparticles.

Ahmed and Hamed [25] conducted a set of pool boiling experiments of
alumina-water based nanofluids with initial particle size of 40-50 nm. They used a

horizontal flat copper surface. They used nanofluids at concentrations of 0.01, 0.1
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and 0.5 vol.%. Pure water experiments were performed on the nanoparticle-
deposited (NPD) surfaces. Their results showed that boiling of pure water on the
NPD surface produced by the highest concentration nanofluids experiments
resulted in the highest HTC. The authors proposed different values of the transient
surface factor in Rohsenow correlation(Csr) to account for the transient nature of
the nanoparticles deposition at different volume concentrations. Such deposition
could reduce the number of active nucleation sites as well as acts as an insulation
layer on the surface. They concluded that the deposited layer happened at a
slower rate in the case of low nanofluids concentration (0.01 vol.%) resulting in
an enhancement in the rate of heat transfer which was attributed to the effect of
the higher thermal conductivity of nanofluids being more dominant than the effect
of nanoparticles deposition on the surface. Also, nanoparticles deposition could
reduce the number of active nucleation sites and works as an insulation layer on

the surface .

2.5 Summary and Objectives of the Present Study

Fig. 2.4 presents the ratio of pool boiling HTC of nanofluids to the HTC of
pure water obtained at different nanofluids concentrations reported by various
researchers. One can easily note the clear contradiction in these findings. In
general, large volume (>2 % Vol.) concentrations of nanoparticles showed
deterioration as reported by [17, 18]. On the other hand, some researchers
reported enhancement and deterioration in the HTC of nanofluids , [9, 7], while

others reported no change [19, 21]. It should be noted that most of these
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researchers signified the importance of surfaces nanoparticles interaction during
nanofluids pool boiling experiments. Most of these experiments have been
conducted using different initial boiling surface conditions using surfaces that
were mostly prepared using sandpaper polishing. The effect of heater surface

preparation method has not been widely investigated.
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Figure 2.4 Results of various studies in terms of the ratio of HTC of nanofluids to HTC of pure
water obtained at different nanofluids concentrations.

As surfaces produced in the industry using various methods and at various levels
of smoothness, the focus of this study is to:
1. investigate the effect of surface smoothness at a level that has not been
investigated before, and
2. investigate the effect of the method heater surface preparation on the rate
of heat transfer during pool boiling of nanofluids
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Therefore, the experimental work in this study has been carried out in two
stages:-
Stage 1: A set of pool boiling experiments were carried out on an ultra-smooth
and consistent surface that had an average surface roughness of the same order of
magnitude as of the initial nanoparticles size.
Stage 2: investigate the effect of the method of heater surface preparation on the
pool boiling of nanofluids, while maintaining the same initial average surface
roughness of the heater surface. In this study, nanofluids have been prepared from
Al,O3 nanoparticles and pure distilled water. Nanoparticles deposition has been
observed to have a less effect at low concentrations, therefore, in this study, a low
concentration of 0.05% by mass (0.0012% Vol.) has been used and kept constant
throughout the present investigation. The boiling surface used in the present
study is a flat horizontal copper surface prepared by using three different

preparation methods. More details will be provided in the subsequent chapters.

2.7 Thesis Structure

Chapter 3 provides details of the experimental facilities and methodology.
Chapter 4 presents validation of the experimental setup, repeatability and all
experimental results. Chapter 5 includes the summary ,main conclusions and

recommendations for future work.
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Chapter 3 Experiments Setup and Methodology

This chapter presents the experimental setup and methodology used for the
experimental investigation. The details and specifications of the hardware are
provided in detail in section 3.1. Thermocouples calibration is presented in section
3.2. Section 3.3 presents surface roughness measurements followed by a detail of
the surface preparation methods used in the study in section 3.4. High speed
imaging setup is represented in section 3.5. The determination of surface heat flux
and surface temperature are discussed in section 3.6 followed by a detailed section
on uncertainty analysis in section 3.7. Nanofluids preparation method is
represented in section 3.8 followed by the experiment procedures in section 3.9.
Section 3.10 concludes with the parameters investigated throughout the

experiments.

3.1 Experimental Setup

The experimental setup used in this study is shown in Figure 3.1. A vessel
made of stainless steel with 20 cm diameter stainless steel is the main body of the
setup (13). A stainless steel skirt is fixed (16) to support the liquid within the
vessel. The boiling surface is a 25.4 mm diameter and 71 mm length copper block
(18) that is installed at the centre of the skirt. Three ¥4 inch diameter and 1 %
inch length cartridge heaters are fixed inside the bottom of the copper block to
heat up the copper block, referred to as the Main Heaters (8). The maximum

power of the main heaters is 750 W which is capable of providing a maximum
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heat flux of 1.48 kW/m?. Three 1.0 mm diameter type-E thermocouples (17) are
installed in the copper block at different axial distances from the top of the block

to determine the axial temperature profile of the copper block.

(1) water outlet (11) water inlet
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Figure 3.1 The experimental setup.

The locations of the thermocouples in the copper blocks are shown in Figure 3.2.
The copper block is wrapped in insulation (9) to reduce radial heat losses. Two
heaters are installed around the outside of the vessel wall with a combined power
of 3000 W to heat up the liquid to saturation temperature, referred to as Bulk
Fluid Heaters (4). Two 3.2 mm diameter type-E thermocouples were immersed in
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the bulk fluid to record its temperature (12). Another heater is installed around the
copper block to heat the surrounding air to reduce radial heat losses, referred to as

Air Heater (7).

: T
14.3 mm .
v 65 mm 22,15 rmm
 —f—f—
1 mm

41.0 mm

Figure 3.2 The copper block.

A support disc (10) is used to trap the air around the copper block to minimise
mixing with the air in the room. A thermocouple (19) is installed to monitor the
air temperature around the copper block. A condensing coil (2) is used to
minimise the loss of fluid and maintain a constant concentration throughout the
experiment time when boiling nanofluids. The water flow rate through the
condensing coil is regulated through a needle valve. A heater is installed in the
inlet condensing water pipe to heat up the inlet condensing water and prevent sub-

cooling to take place. A thermocouple is installed to monitor the temperature of
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the inlet condensing water, as well as a flow meter to measure its flow rate. A
sub-cooling coil (15) is used to lower the liquid temperature before it was drained
out of the vessel. Two opposing glass side windows (6) allow visual observation
of the boiling phenomenon on the surface from the side. A top window (5) also
allows visual observation of the boiling surface from above. The diameters of the
side windows are 2.5 cm and the top window is 4.5 cm. The whole vessel is
wrapped with an aluminium cover to protect the user from contacting the heaters.
Insulation (3) is attached between the cover and the vessel to reduce heat losses

from the vessel and conserve power.

3.1.1 Heaters Control

240
? 1 .
Main Solid- State PID
Heaters EEZ Relay Controlier ——> 1C
240V
ol 1
Bulk Fluid Solid- State PID — Bulk Fluid
Heaters EZ Relay Controller | TC
?_ 240V T
Air Heater § Solid- State | PID — x
‘ Relay i Controller ! oo

Figure 3.3 Heater control circuit.

The three heater were used in this study have been controlled by ON/OFF
PID controllers from Watlow as schematically shown in Fig 3.3. The air and bulk

fluid temperature, are measured using two thermocouples to feed the PID
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controllers to feed the Air Heater an Bulk Fluid Heater in order to achieve the
desired temperatures. For the Main Heater, it is desired to have a controlled heat
flux boiling experiments. Therefore, the Main Heater is controlled in the manual
mode Dby varying the input power to increase or decrease the heat flux.
Additionally, a dead thermocouple has been connected to the Main Heater to feed
the PID controller, otherwise an error will be displayed and the controller will not

work.

3.1 .2 Data Acquisition

The thermocouples are connected to a Kiethley Data Acquisition System
Model 2700 and then to a personal computer. Temperatures are recorded using
ExceLinx software that is installed into Microsoft Excel on the computer. The
temperatures are scanned once every 5 seconds for the following thermocouples:

e Three axial locations in the copper block

e two bulk liquid locations

e air around copper block

e water heater

e air heater

¢ inlet condensing water

3.2 Thermocouple Calibration
The thermocouples used in the experiments were calibrated against a high-

precision resistive temperature detector (RTD) probe (Omega DP251 precision
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RTD thermometer with PRP-3 probe). The accuracy in this system is 0.025°C in a
range of -50°C to 250°C. The sheathed thermocouple probes were submerged in a
well-insulated and heated oil bath with the temperature monitored by the RTD.
The power of the heater was controlled gradually and the RTD and thermocouple
temperature readings were recorded. The oil bath was assumed to be at a uniform
temperature because of its small volume. A least squares was used to fit each data
set (thermocouple reading versus RTD reading). The resulting relationship was

used to relate thermocouple measurements (y) to calibrated temperatures (x).

3.3 Surface Roughness Measurements

The surface measurements has been done optically using a Zygo NewView
5000 white-light interferometer. It is a microscope has a 20X internal
magnification mounted on a granite base and stable gantry column. Three
objective lens of 1X, 10X, and 50X can be used to have magnification from 0.4 to
2.0. The microscope is also equipped with a 4 axis stage with X and Y linear axes
with roll and pitch. This microscope is then connected to a personal computer that
has CCD camera having a resolution of 640x480 pixels. The Zygo Corporation
also provides the MetroPro software for analyzing the scanned surface.

In this study, the surface finish measurements was performed using 10X
objective lens to scan area of 0.36 mm*0.27mm for five locations of the surface
as seen is Fig.3.4. The following parameter can be measured using the Zygo

software :
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1- Average surface roughness (R,) : The arithmetic average of the absolute values

of the roughness profile. It can be calculated as :

1 L .
Re=- f 12() dx] (3
L 0

2- Root mean square (rms) : The average of the measured height deviations taken
within the evaluation length or area and measured from the mean linear surface. It

can be calculated as follow :

1t 3.2
rms = —f z2(x) dx (32)
LJ,

3- Ten points heights (R;) : The average absolute value of the five highest peaks
and the five lowest valleys over the evaluation length. It can calculated as follow :

R = (P1+ -+ P5)— (V1+--+V5) (3.3)
T 5

4- Maximum peak to valley height (PV) : The absolute value between the highest
and lowest peaks. It can be calculated as follow :

(3.4)
PV =R, +R,

3.4 Surface Preparation
3.4.1 The Ultra Smooth Surface, Prepared Using a Diamond Turning
Machine

A diamond turning machine, model 700G from Precitech Freeform, has been

used to produce an ultra-smooth surface ( mirror finish). This machine is a high
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performance, ultra- precision machine with a computer numerical control that

uses a single diamond crystal (SDC) tool. It is suitable for the production of

Figure 3.4 Location of the Zygo measurements of the boiling surface .

optical and mechanical components. The machine tool has three linear axes (X, Y,
Z) as well as one rotational axis. In order to produce a mirror surface with 63 nm
average roughness, the copper block was diamond turned at 1000 RPM with a
feed rate of 5 um/rev and a depth of cut of 2 um . The copper surface was scanned
using the Zygo as seen is Fig. 3.5 .
3.4.2 Rough Surface 1, Prepared using a Conventional Lathe Machine

The conventional lathe machine has been used to produce a rough surface
with an average surface roughness of 470£30 nm. In this case, the copper surface

was machined at 820 RPM with a feed rate of 3.6 thou/rev (91.44 um/rev) and
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depth of cut of 10 thou (254 um). The copper surface was then scanned using the

Zygo as shown in Fig.3.6.
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Figure 3.5 The profile of the boiling surface produced by diamond turning machine with
average surface roughness of 6 nm .
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Figure 3.6 The profile of the boiling surface produced by conventional lathe machine with
average surface roughness of 470 nm.
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3.4.3 Rough Surface 2 prepared using Emery Sandpaper

In order to investigate the effect of the method of heater surface preparation,
a polished surface has been produced using emery sandpaper. In this case, the
copper block was held by hand under the effect of its weight while the surface
was downward facing wet sandpaper. The copper block was then moved back and
forth under these conditions for 1 minute before it was turned 90° and polished
again for the same time. The same procedure was repeated using silicon carbide
emery sandpaper of grit P180 followed by grit P320 to achieve the desired
roughness. The surface roughness was then determined from the scanned surface

using the Zygo machine, as shown Fig.3.7.
furface Map Y
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Figure 3.7 The profile of the boiling surface produced by emery sandpaper with average
surface roughness of 470 nm.
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3.5 High Speed Imaging of the Boiling Process:

The boiling process was captured using high speed imaging. A Photron 1024
PCI high-speed camera fitted with a TV zoom lens 18-108 mm and F/2.5 to F/16
from Navitar® was fixed on a tripod to capture the boiling phenomenon through
one of the setup side windows. The other window was used for illumination
using a single 250 W halogen lamp. A photograph of the setup is provided in Fig.
3.8. High speed images were captured in greyscale at 3000 frames per second and
a resolution of 512 x 512. For the magnification purpose, the imaging spatial

resolution was approximately 39 pixels per mm (1000 pixels per in).

1|

Figure 3.8 the experimental setup with the high speed imaging .
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3.6 Determination of Heat Flux (q"") and Surface Temperature (T)

In order to determine the heater surface temperature and the heat flux through
the surface, the temperature distribution of the copper block need to be
established. Therefore, three thermocouples at axial distances 6.5, 14.3 and 22.15
mm from the surface of the copper block were installed at the radial centre of the
copper block. To determine the heat flux ¢ “and the surface temperature Ts, it is
assumed that the heat loss in radial direction in copper block is negligible so that

the temperature distribution in the copper block is linear and takes the form:

T=aX+b (3:3)
Where
_ nYxTi—2Xx2T (3.6)
DZXiZ —ZXiZ
And
b= ZTiZXiZ_ZTiXiZXi (3.7)

nyx?— (Ix;)*

In which ; n is the number of the reading , i is the reading .

The surface temperature can be calculated at X=0 using the recorded temperature.

Therefore, using (3.5)

(3.8)

or
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_ YT Yk — X Tix; XX (3.9)

Ts >
nYxf - (@x)

To calculate the heat flux from the experimental measurements , using the

conduction equation for 1D

q" = kdT/dx (3.10)

To find dT/dx , combine equations (3.6) , (3.7) with (3.5) and differentiate the

resultant equation with respect with x to get :

¢ =k nYxT—YXx2T (3.11)
nyxf - (Cx)*

In each scanned temperatures , equations (3.9) and (3.11) have been used to

calculate the surface temperature and the heat flux respectively .

The thermocouples were used in this study were calibrated against RTD has
error of £0.025 °C. Therefore, £0.025 °C was considered as the error limit in the
thermocouples. The embedded thermocouples were 1.0 mm in diameter, and the
drilled holes in the copper block were 1.1 mm diameter. Therefore, the limits of
the error in the thermocouple location were +0.05 mm. The locations of the
thermocouples are represented in Fig. 3.2. Examples of the calculated temperature

distributions with error bars are shown in Fig 3.9.
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Figure 3.9 Measured temperature distributions at different heat flux inputs.

3.7 Uncertainty Analysis
The error propagation for any calculated value that depends on experimental

measurements association with their error can by calculated by Eq. (3.3) [26] as follow :

2

1
_ <0R >2+(6R ) N +(0R )2 /2 (3.12)
Wr= x4 W1 9x, W2 dx, Wn

Where, wg is the uncertainty in R, R is any calculated parameter, and x, is the

parameters that R depends on, and w,, is the uncertainty in the independent parameters.
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3.7.1 Uncertainty in Calculating the Surface Temperature (Ts)

To calculate the surface temperature, three thermocouples axially embedded in the
copper block as shown in Fig.3.2 . The uncertainty is then calculated using Eq.(3.9) and
Eq. (3.12), which yields an uncertainty of + 0.18 °C. Considering an average surface
temperature of 110 °C, the uncertainty in the calculated surface temperatures is about

0.16 %.

3.7.2 Uncertainty in the Calculation of the Surface Heat Flux (q”)

The uncertainty in the calculated heat flux is due to the uncertainty in the
temperature profile in the copper block. Calculating the uncertainty in g" using Eqg. (3.11)
and Eq. (3.12) gives a maximum experimental uncertainty of + 4.5 kW/m% For an

average heat flux of 500 kW/m?, this gives an uncertainty of about 0.9 %.

3.7.3 Uncertainty in Bulk Fluid Liquid Saturation Temperature Tsy
The bulk fluid temperature was measured using two thermocouples. The saturation
temperature was then calculated using the average of the two reading using Eq. (3.13) :

T +T, (3.13)
sat = 2

The error in each thermocouple was +0.025 °C as they were calibrated against RTD
has this accuracy. A combined error of £0.02 °C in the liquid saturation temperature. For
an average liquid saturation temperature of 100 °C, the uncertainty in the calculated bulk

fluid temperature is about 0.02 %.
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3.7.4 Uncertainty in the Calculated Surface Superheat (Ts - Tsat)

The uncertainty in the surface superheat is due to the uncertainty in surface

temperature and liquid saturation temperature. Using Equation (3.12 ), the maximum

uncertainty in surface superheat is +0.181 ° C.

3.7.5 Uncertainty in Heat Transfer Coefficient (HTC)

Heat transfer Coefficient (h) was calculated using Newton’s law of cooling, which

takes the form:

CI” =h (Ts - Tsat)

(3.14)

Therefore, combining Eq.(3.12) and EQq.(3.14) leads a maximum error of +0.394

KW/m?°C. Summary for the calculated uncertainties in table 3.1.

Table 3.1 Summary for the calculated uncertainities.

Calculated Quantity

Mathematical Formula

Uncertainty

YT XX = XTix X

Surface Temperature (T) T. +0.18°C
S ’ n¥x? - (Cx)*
. nYyx;T;—Yx;2T;
Surface Heat Flux (q") = ‘ 21 ; > ‘ + 4.5 kW/m?
nYxi — (Xx)
Bulk Fluid Saturation
T, + T
= L2 £0.02°C
Temperature Ty 2
Surface Superheat
Ts - Teat +0.181 ° C.
(Ts - Tsat)
Heat Transfer Coefficient
q" = h (T, — Tgqt) +0.394 kw/m?°C

(HTC)
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3.8 Nanofluids Preparation

It is reported in the literature that Alumina oxide (Al,Os) was used by most of the
researchers. Therefore, it is used in this study. The initial particles size before mixing
with the base fluid was 10 nm, as provided by the manufacturer . Distilled water was
used as the based fluid for the prepared nanofluids. In order to enhance the stability of the
prepared nanofluids, a surfactant, Sodium dodecylbenzenesulfonate (SDBS) was used.
Wang et. al. [27] performed an investigation of the effect of surfactants on the stability of
nanofluids. They determined the optimum conditions to have stable nanofluid
suspensions. They reported that a 0.1% weight fraction of SDBS provided good stability
of aluimina-water based nanofluids of 0.05% by weight. Therefore, SDBS has been used
in this study. The desired mass of the SDBS was measured carefully and mixed with five
(5) liter of distilled water. Then, the Al,O3 nanoparticles of 0.05% by weight was added
to the solution and placed in an ultrasonic path. The sonication time was chosen to be 30
minutes as was recommended by Yousefi et. al. [28]. It should be noted that surfactants
have shown an influence on the heat transfer performance [29, 30].Therefore, another
nanofluids suspension was prepared without SDBS in order to assess the effect of SDBS
on the stability and heat transfer of the suspensions.

A Zetasizer Nano ZS by Malvern® has been used to measure the actual particles’
size of the solution using dynamic light scattering (DLS). This technique measures the
diffusion of particles moving under Brownian motion (the random motion of the
particles) in which a laser beam shines throw the suspension. A special light detector
measures the scattered light for a period of time and a mathematical analysis is performed
to correlate the light fluctuation. Finally, the data is processed to identify the particles

size and the number of particles in each size range.
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A sample of the DLS measurements of the nanofluids and the nanosuspensions (i.e.,
nanofluids plus SDBS) used in this study is shown in Fig. 3.10. It can be seen that in the

presence of the surfactant, nanosuspensions, the dominant particle size did not change
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Figure 3.10 Actual particles’ size using DLS: a) Nanofluids. B) Nanosuspensions .
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significantly. However, the distribution was a bet better than in the case of nanofluids
where two different peaks were observed. The large peak had an average particle size of
405.9+118 nm, with intensity of 85.3%. The second peak had an average particle size of
129.4 £+ 31 nm with intensity of 14.7%. The DLS measurements for the nanosuspensions
had only one peak at 371.4+58 nm. These results show that the surfactant enhanced the

agglomerated particle size distribution.

3.9 Experiment Procedures

Before each experiment, the boiling vessel was washed out thoroughly using
distilled water in order to remove any dust or residual of nanoparticles from the previous
experiment. The setup was then reassembled and the heaters and thermocouples were
reconnected. The vessel was filled with five liters of the required liquid, i.e., distilled
water, nanofluids, or nanosuspensions, based on the intended experiment. The bulk liquid
heater and the air heater were switched on and set at the automatic mode to heat up the
liquid and the air around the copper block to about 104°C and 110°C, respectively. The
controller was set to slightly higher temperatures to minimize any heat loss that might
occur. Once the temperature of the liquid reached the saturation temperature, the bulk
liquid heater was switched to the manual mode and set at 50% of its full input power.
The inlet valve of the condensing water was opened at a flow rate of about 300 cm®/min.
The heater of the condensing water was switched on to control the condensing water
temperature to about 49°C. These conditions were found appropriate to maintain the
liquid temperature at saturation and prevent any bulk liquid sub-cooling. The main
heater was switched on and set at the manual mode at about 2% of its power input for
about 15 minutes in order to remove any non-condensable gases within the liquid. After

15 minutes, the main heater was set at 1% of its power until the copper block reached
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steady-state and the first reading of the three temperatures within the copper block were
recorded. It should be noted here that the steady-state condition was assumed when the
change in the readings of the temperatures of the copper block were within 0.1°C for a
period of 30 seconds. The power input to the main heater was incrementally increased
and the same procedure was repeated.

After the experiment was completed, all heaters were switched off and the liquid
was allowed to cool down using the sub-cooling coil. The liquid was then drained out of

the vessel and the boiling surface was taken out for inspection.

3.10 Parameters Investigated and Experimental Conditions

As indicated before, three surfaces have been prepared and used to carry out pool
boiling experiments. The details of these surfaces are as follows:-

1) Ultra Smooth Machined Surface of R, =6 nm (Surface 1)
A number of pool boiling experiments has been performed on a very smooth and
consistent boiling surface prepared using an ultra-precision diamond turning. The
average surface roughness for the smooth boiling surface was maintained at 6+3 nm for
all experiments. The aim of this stage is to investigate nanofluids pool boiling using
nanoparticles with an average size of the same order of magnitude as of the average
surface roughness of the heater surface. It is worth noting here that a new machined
surface was used for each boiling experiment.

2) Rough Machined Surface of R, =470 nm (Surface 2)
A rough surface has been prepared by using a conventional lathe machine. The average

surface roughness was kept at 470+30 nm.
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3) Rough Polished Surface of R, = 470 nm (Surface 3)
A third surface was polished by using emery sandpaper to produce the same R,

obtained for surface 2, which was machined using a conventional lathe machine.

The set of experiments performed on the three prepared surfaces is provided in table 3.1.
The nanoparticles concentration was kept at 0.05% by weight for all experiments. The
SDBS was added at a concentration of 0.1% by mass . The range of the surface

temperature was up to 120° C while the maximum heat flux was up to 1050 KW/m?.
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Table 3.2 Details of the experiments performed using the three prepared surfaces

Surface Preparation

Average Surface

Fluid Type Initial Surface Condition
Method Roughness
Distilled water Clean surface 6+3 nm
Distilled water and
Clean surface 6+3 nm
SDBS only
Diamond turning Nanosuspensions Clean surface 63 nm
machine Nanoparticles’ suspension
Distilled water NA
deposited surface
Nanofluids Clean surface 6+3 nm
Distilled water Nanofluids deposited surface NA
Distilled water Clean surface 470+30 nm
Distilled water and
Clean surface 470+30 nm
SDBS only
Conventional lathe Nanosuspensions Clean surface 470430 nm
machine Nanoparticles’ suspension
Distilled water NA
deposited surface
Nanofluids Clean surface 470+30 nm
Distilled water Nanofluids deposited surface NA
Distilled water Clean surface 470+30 nm
Distilled water and
Clean surface 470+30 nm
SDBS only
Nanosuspensions Clean surface 470+30 nm
Emery sandpaper
Nanoparticles’ suspension
Distilled water NA
deposited surface
Nanofluids Clean surface 470£30 nm
Distilled water Nanofluids deposited surface NA
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Chapter 4 Results and Discussion

In this chapter, the validity of the experimental setup is presented in section 4.1. The
repeatability of the experiments is addressed in section 4.2 .The experimental results
obtained for the three surfaces are presented and discussed in section 4.3. The effect of
the surface preparation method and the effect of the transient nature of the nanoparticles

deposition are presented in sections 4.4 and 4.5, respectively.

4.1 Validation of the Experimental Setup

In order to validate the experimental setup, the boiling curve obtained for distilled
water using surface 1 (ultra-smoothed machined with R, = 6 nm) was obtained and

compared with Rohsenow’s pool boiling correlation [31] given by equation (4.1)

m
Cp-AT q" o Cpm\" (4.1)
T v - k
fg “eheg |g(p—pg)

Rohsenow suggested m=1/3 , n=1, and C4=0.0128 for the case of pool boiling

of water on a copper boiling surface. However, since the value of Cy mainly depends on
the fluid-surface combination and can be determined experimentally, the current data
were found to fit well with C4 =0.0105. The current experimental data and values
obtained from Rohsenow’s correlation are plotted in Fig.4.1. One can easily note that

Rohsenow’s correlation is in good agreement with the current experimental data.
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Figure 4.1 Comparison between experimental data of boiling distilled water on surface 1 and
data obtained using Rohsenow’s correlation.

4.2 Repeatability Test

In order to verify the consistency of the ultra-smooth surface (surface 1) and the
repeatability of the current experiments, three fresh surfaces have been used during three
distilled water and three nanosuspensions boiling experiments. Results of these

experiments are as shown in Figures 4.2 and 4.3, respectively.

It should be noted that all surfaces were clean and fresh and have been used only
once for each experiment. One can clearly see from Fig. 4.2 that almost identical water
boiling curves were produced. However, the data obtained for the nanosuspensions, Fig.
4.3 has a maximum surface temperature deviation of less than 1.5 °C. This might be
explained as the boiling of nanosuspensions is more sensitive to any change in the

experiment conditions since nanosuspensions have higher number of bubbles during the
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boiling process than the distilled water. These results shows reasonable repeatability of

the current experimental data.
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Figure 4.2 Repeatability test for distilled water boiling experiments using surface 1.

700

600 / -

500 ]
400 { .; "
*
300 |
]

200 }.
' o = 4= First Surface

Heat Flux kW/m?2

ety -

100
. —!’ ——k— Second Surface
0 ------.—— — - Third Surface
0 5 10
Ts - Tsat °C

Figure 4.3 Repeatability test for nanosuspensions boiling experiments using surface 1.
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4.3 Effect of the Boiling Fluid on the Rate of Boiling Heat Transfer

4.3.1 Results Obtained using Surface 1(Ra=6 nm)

Details of the experiments performed on surface 1 that prepared by diamond turning

machine are listed on Table (4.1). The pool boiling curves obtained for the boiling

experiments carried out for the different liquids on the ultra-smooth surface (surface 1)

are shown in Fig 4.4. The corresponding heat transfer coefficient versus heat flux is

shown in Fig 4.5. The boiling phenomenon is recorded using high speed imaging is

shown in Fig.4.6. One can see that at a certain heat flux, boiling of a certain fluid can give

higher or lower in the temperature of the surface superheat. In other words, when the

curve is shifted to the left, it is enhancement in the heat transfer. Similarly, when the

boiling curve is shifted to the right, it is deterioration in the heat transfer performance.

Table 4.1 Details of pool boiling experiments performed on surface 1 ( Ra=6 nm).

. ) . Onset of nucleate HTC @490 HTC
Designations Fluid type boilin kW/m ratio
g (kW,/m? °C)
Water Distilled water 9.8 31 1
NF Nanofluids 7.45 40.5 1.3
Water on Distilled water on nanofluids
NFDS deposited surface 95 32 103
SDBS Distilled water and SDBS 6.2 47 151
surfactant
NS Nanosuspensions 6.5 62 2
Water on Distilled water on
NSDS nanosuspensions deposited 10.5 30 0.96

surface
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It can be seen that from Figures 4.5 and 4.6 that the SDBS dispersed in distilled
water has the maximum enhancement with respect to the distilled water. This
enhancement can be attributed to the decreased surface tension as concluded by some
researchers [29, 30].This decrease in the surface tension leads to decrease in the bubble
size and increase in the number of bubbles as it can be clearly seen in the recorded
images Fig.4.6. The nanofluids HTC is enhanced about 1.3 times of the HTC of the base
fluid at 400 kW/m® The maximum enhancement is found for the nanosuspensions in
which the HTC is two times of that of the distilled water at 400 kW/m? heat flux. The
boiling curves for boiling experiment of distilled water on nanofluids deposited surface
(NFDS) and nanosuspensions deposited surface (NSDS) are almost identical with the
boiling curve of the same liquid on clean surface. This can explain that the effect of the
deposition layer in both cases ( nanofluids and nanosuspensions) is minimal and the HTC
enhancement is due the change in the thermo-physical properties. It is worth noting here
that the CHF has increased significantly in the case of nanofluids due to the enhanced
surface wettability, which is in agreement with observations reported in the literature

[20].

The observed enhancement in HTC could be attributed to the higher thermal
conductivity of nanofluids. Mikic and Rohsenow [32] discussed the basic mechanism of
the boiling process for pure liquids. As a bubble departures from the boiling surface , the
bubble removes with it a certain amount of superheated liquid layer and pump it away
from the surface. Following that, an amount of liquid at a temperature of T flows to the
heated surface and comes in contact with the heated surface. Then, the surface heat flux

is given by:
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Figure 4.4 Pool boiling curves obtained from boiling experiments performed using surface 1.

90

o 80

g - -

£ X =

< 70 ” F

E )g _ -

= 60 >/’ P a

£ 50 m” — =

s .

S X yeeotX _m”

@ 40 X X >

8 )Kx ‘/ —— \\/ater

% 30 = B= Nanofluids

@ [

E 20 4 - & =\Water on NFDS

§ eesXee SDBS

T 10 - ==>¢ + Nanosuspension
0 - - Q= \Water on NSDS

0 400 600 800 1000

Heat Flux, q" (kW/m?)

45

Figure 4.5 Heat transfer coefficient for different fluids using surface 1.




M. A. Sc. Thesis - Naief Almalki ; McMaster University — Mechanical Engineering

q kAT
1 (4.1)
A rat

Where ; q is the heat flux, A area of the boiling surface, k thermal conductivity of the

liquid, AT is degree of superheat, ris 3.14 ,o thermal emissivity , and t is time.

A similar process exists in the case of nanofluids, except that the thermal
conductivity of the superheated layer is associated with the change in the nanoparticles
concentration in that layer. Taking into account the deposition mechanism that discussed
by Kim et. al. [20] and Kwark et. al. [21] in which the microlayer evaporation is
responsible for the nanoparticles deposition, as the number of active nucleation sites
increases, the nanoparticles concentration increases in the superheated layer and therefore
; the thermal conductivity in the superheated layer increases, regardless of the thermal

conductivity of the bulk liquid.

Water Nanofluids Nanosuspensions

Figure 4.6 Images recorded during boiling experiments using surface 1, the heat flux for :
Water: 1) 53.87 kW/m?,2)411.3 kW/m’, 3) 1126 kW/m’ (CHF), Nanofluids: 1) 81.22 Kw/m?, 2)
405.5 kw/m’, 3) 940.6 kW/m’, Nanosuspensions: 1) 54.2 kW/m>, 2) 426.6 kW/m>,3) 640
kW/m’(CHF).
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This could explain how low concentration nanofluids could still enhance the heat
transfer, even though the measured thermal conductivity shows no difference with respect

to the thermal conductivity of the base fluid [21].

Fig.4.6 Shows that the bubble size in the case of distilled water and nanofluids are
almost the same which confirms that the effect of low nanoparticles concentration to
change surface tension of the liquid is minimal [33] . On the other hand, the presence of
SDBS surfactant decreases the surface tension and therefore decreases the bubble size

compare to the pure liquid.

4.3.2 Results Obtained using Surface 2 (Ra=470 nm)

Details of the experiments performed on surface 2 that prepared by conventional
lathe machine are listed on Table (4.2). The pool boiling curves and HTC versus heat flux
obtained using surface 2 are shown in Figs. 4.7 and 4.8. The boiling phenomenon is

recorded using high speed imaging is shown in Fig.4.9.

One can see from Figs. 4.8 and 4.9 that the boiling of the SDBS dispersed in
distilled water has the greatest enhancement in the heat transfer . The HTC is calculated
at 400 kW/m* and is found to be 1.8 times of that in the case of the base fluid. This
enhancement is attributed to the decrease of the surface tension that was resultant of
adding the surfactant as discussed before. Also, the nanofluids experiments shown
enhancement in the HTC about 1.37 of the HTC of the distilled water. Boiling of
nanosuspensions shows an HTC of 54 kW/m?°C which is 1.4 times the HTC of the

distilled water on clean surface.
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Table 4.2 Details of pool boiling experiments performed on surface 2 (Ra = 470 nm).

. . . Onset of nucleate HTC @490 HTC
Designations Fluid type boilin kW/m ratio
9 (kW/m’ °C)
Water Distilled water 9.02 32 1
NF Nanofluids 6.1 44 1.37
Water on Distilled water on nanofluids
NFDS deposited surface 8.3 34 1.06
SDBS Distilled water and SDBS 74 58 18
surfactant
NS Nanosuspensions 5.6 54 1.68
Water on Distilled water on
NSDS nanosuspensions deposited 8.5 34 1.06

surface

Experimental data have been obtained by performing boiling experiments on

nanoparticles deposited surfaces show no significant effect in the heat transfer

performance. Rather, they showed a delay in the onset of the nucleate boiling for both

cases, as shown in Table.4.2. Therefore, the change that occurred in the surface due to

nanoparticles deposition had a minimum effect and the thermo-physical properties of the

nanofluids and the nanosuspensions are responsible for the heat transfer improvement.

The similar observations were reported by Narayan [9] in which pool boiling of

nanofluids experiment performed on a rough surface could have enhancement in the heat

transfer with respect to the base fluid. Also, the onset of nucleate boiling has been

changed for each case as shown in Table 4.2.
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Figure 4.7 Pool boiling curves obtained from boiling experiments performed using surface 2.
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Figure 4.8 Heat transfer coefficient for boiling experiments of different fluids on surface 2.
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Water ‘ Nanofluids Nanosuspensions

Figure 4.9 Images recorded during boiling experiments using surface 2. the heat flux for :
Water: 1) 51 kW/m?2) 272.2 kW/m?, 3) 1322 kW/m’, Nanofluids: 1) 74.1 Kw/m?, 2) 280.8
kw/m?, 3) 807.8 kW/m?, Nanosuspensions: 1) 47.5 kW/m?, 2) 220.9 kW/m?3) 645 kW/m”.

Fig.4.9 shows that the bubble size in the nanofluids case is almost the same as it is in
the distilled water. This also confirms that adding low concentration of nanoparticles does
not change the surface tension of the base fluid as discussed before in 4.3.1. However, the
bubble size was decease in the case of the nanosuspensions as a result of the SDBS

surfactant that causes a decrease in the surface tension.

4.4.3 Results Obtained using Surface 3 (Ra=470 nm)

Details of the experimental data obtained on surface 3 that prepared by emery
sandpaper is represented and discussed in this section. The boiling curves are shown in
Fig.4.10. HTC versus heat flux are presented in Fig.4.11. The boiling phenomenon is
recorded using high speed imaging is shown in Fig.4.12.Compare to the base fluid,

boiling of the SDBS dispersed in distilled water shows improvement in the HTC and it is

50



M. A. Sc. Thesis - Naief Almalki ; McMaster University — Mechanical Engineering

1.67 time of the HTC of distilled water on clean surface at 400 kW/m? heat flux.

Similarly, the HTC is improved to 1.16 times of the base fluid in the case of the

nanofluids. On the other hand, boiling curves for the water on nanofluids and

nanosuspensions deposited surfaces show some changes

in the heat transfer

characteristics. Therefore, the improvement that occurred in the case of nanofluids and

nanosuspensions could be attributed to the change in the surface texture as well as the

thermo-physical properties of the fluids .

Fig.4.12 shows that the bubble size is smaller in the case of nanosuspensions with

compare to the base fluid while the nanofluids show almost the same bubble size as it is

in the base fluid case. This is also attributed to the decrease in the surface tension that

caused by the dispersing agency .

Table 4.3 Details of pool boiling experiments performed on surface 3 (Ra = 470 nm).

. . . Onset of nucleate HTC @4?0 HTC
Designations Fluid type boilin kW/m ratio
7 (kW/m’ °C)
Water Distilled water 8.5 36 1
NF Nanofluids 6.2 42 1.16
Water on Distilled water on nanofluids
NFDS deposited surface 8.3 33 0.92
SDBS SDBS surfactant 6.25 60 1.67
NS Nanosuspensions 5.4 70 1.94
Water on Distilled water on
NSDS nanosuspensions deposited 6.6 39 1.08

surface
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Figure 4.10 Pool boiling curves obtained from boiling experiments performed using surface 3.
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Figure 4.11 Heat transfer coefficient for boiling experiments of different fluids on surface 3.
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Water ‘ Nanofluids ‘ Nanosuspensions

Figure 4.12 Images recorded during boiling experiments using surface 3. the heat flux for :
Water: 1) 47.1 kW/m>,2) 391.1 kW/m?, 3) 938.7 kW/m’, Nanofluids: 1) 24.6 Kw/m’, 2) 267.9
kw/m?, 3) 384.9 kW/m?, Nanosuspensions: 1) 111 kW/m?, 2) 151 kW/m?,3) 739 kW/m>.

4.4 The Effect of Surface Preparation Method

The effect of the surface preparation method is discussed in this section considering
each type of liquid used in this study. The images for the heater surface before and after

boiling experiments using the three prepared surfaces are shown in Fig.4.13.

4.4.1 Effect of Surface Preparation Method Observed from Distilled water
Boling Experiments

The boiling curves obtained from the boiling experiments carried out using distilled
water and a clean surface using the three prepared surfaces are shown in Fig.4.14 The
corresponding HTCs versus the surface heat flux are shown in Fig.4.15. Details of the
surface measurements performed on the three surfaces after preparation are included in

Table.4.4. Images taken for the clean surfaces are shown in Fig.4.13.
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Surface 1 Surface 2 Surface 3

Clean

NFDS

NSDS

Figure 4.13 Images taken for the various boiling surfaces.

Surprisingly, the boiling curves for surface 1 and 2 are almost the same, even though
the two surfaces have different average surface roughness values. Moreover, the boiling
curves of surfaces 2 and 3 that have the same R, values and different preparation

methods are not similar. Fig.4.15 shows the HTC for distilled water on the three surfaces
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versus the heat flux. The onset of nucleate boiling for surface 1 was 9.8 °C followed by
9.02 °C for surface 2 and finally 8.5 °C for surface 3. The highest HTC was obtained for
the polished surface (surface 3), while the HTCs of the other two machined surfaces
(Surface 1 and 2) are almost the same. Pioro et. al. [13] pointed out that the average or the
RMS value of the surface roughness do not give a good indication of the expected
boiling behaviour of the surface. They indicated that for the same value of surface
roughness, two extreme cases of microstructures may exist on the surface, ‘‘a plateau
with peaks’” and “‘a plateau with valleys and cavities’’. Results shown in Fig 4.14 and
4.15 suggest that polishing produces surfaces having a larger number of active nucleation

sites than the case of the machining methods.

Table 4.4 Details of surface measurements performed on all three clean surfaces after
preparation.

Surface Preparation R, R, PV RMS
number Method (nm) (nm) (nm) (hm)
Diamond
Surface 1 Turning 5 33.6 46.25 6.33
Machine
Lathe
Surface 2 474.47 14476.18 16832.56 627.56
Machine
Surface 3 Polishing 457.99 8522.46 10764.32 601.9

Moreover, the current understanding of the boiling phenomenon, stable active

nucleation site can be only those micro cavities that are not filled with liquid after vapor
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bubble departure [13]. One might also assume that the cavities on the two machined
surfaces are less capable of entrapping air as in the case of the cavities on the polished
surface. These results clearly indicate that boiling heat transfer could very well depend on

the method of surface preparation.

4.4.2. Nanofluids

Fig.4.16 shows the boiling curves obtained for nanofluids using the three prepared
surfaces. Fig.4.17 shows the corresponding heat transfer coefficient versus the heat flux.
The nanofluids resulted into an enhancement in the heat transfer in all cases as compared
to the base fluid (pure water), as discussed before. The onset of nucleate boiling was at
surface superheat of 7.45, 6.1, and 6.2 °C for surfaces 1, 2, and 3, respectively. One can
easily note that the overall boiling curves are almost similar. The SIP that was proposed
by [9] was calculated here for each surface and found to be 0.5, 47.9 and 46.4 for the
three surfaces respectively. The results in the case of the polished surface are in
agreement with other studies that were conducted on rough surfaces prepared by
sandpaper that if the SIP far from unity, the nanofluids show enhancement [9]. However,
in the case of the smooth machined surface (surface 1), the present results showing
enhancement in the HTC are opposite to the results reported in [9]. As the SIP in this case
is close to unity, according to [9] nanofluids should have shown a deterioration in the
HTC. The current results show that the nature of the prepared surface depends on the

method of preparation and hence it has a significant effect on the pool boiling results.

The surface measurements listed on Table 4.5 show that there is insignificant

difference in the surface measurements before and after the nanofluids boiling
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Figure 4.16 Pool boiling curves obtained for nanofluids on the three clean surfaces.
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Table 4.5 Results of surface measurements performed before and after nanofluids boiling

experiments.

Surface Preparation
o e Rq R, PV RMS | SIP
Diamond | Before | 507 | 176.91 | 76823 | 12.23
1| Turni .
surface 1| Turning | e | NA NA NA Nna | 9°
Machine
Lathe | Before | 479.88 | 7021.77 | 8373.00 | 600.55
2 47.
surface 2.\ 1 achine | After | 462.07 | 5534.05 | 6955.23 | 560.95 ?
Before | 464.91 | 11458.12 | 13313.55 | 629.99
Polishi 46.4
surface 3 | Polishing 1= ¢ 1 624.08 | 12899.39 | 14912.18 | 845.69 |

experiments in the case of the machined surfaces, which suggests that nanoparticles
deposition was insignificant, which could be used to explain the observed enhancement in
the HTC for the three surfaces. Also, the insignificant deposition could also be used to

explain that irrelevance of the SIP to these results.

4.4.3 Distilled Water on Nanofluids Deposited Surfaces

In order to investigate the effect of nanoparticles deposition, boiling experiments
using distilled water were performed on the nanoparticles deposited surfaces obtained
after the nanofluids boiling experiments. The boiling curves of these experiments are
shown in Fig.4.18. The corresponding HTCs versus the surface heat flux are shown in
Fig.4.19. The HTCs of surfaces 2 and 3 are almost the same and about 50% higher than
the HTC obtained for surface 1 (the ultra-smooth surface). These results are consistent
with the observed level of nanoparticles deposition on the three surfaces. Surfaces 2 and 3
were almost the same, while the deposition on surface 1 was minimum as they are shown

in Fig.4.13.
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Figure 4.18 Pool boiling curves for distilled water on nanofluids deposited surfaces (NFDS) .
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Figure 4.19 Heat transfer coefficient for distilled water on nanofluids deposited surface(NFDS).
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The change in surface measurements shown in Table.4.5 suggests that this change is not
always the proper tool to predict the boiling performance of nanofluids. This is because
of the fact that the surface roughness measurements do not take into account the porous
nature of the deposition layer. The change in the boiling performance in the of the pure
base fluids in case of surface 2 and surface 3 is due to the increase in the porous
nanoparticles that is concise with the number of the active nucleation sites. In other
words, the more number of active nucleation sites are in the heater surface, the more
amount of the nanoparticles deposition. This can clearly shows that the boiling
performance is highly affected by the nature of the deposition pattern not by change in

the surface roughness.

4.4.4 Nanosuspensions

Boiling curves obtained from nanosuspensions boiling experiments on the three
clean surfaces are shown in Fig.4.20. The corresponding HTCs versus the surface heat
flux are shown in Fig.4.21. Results of the surface measurements performed before and
after the boiling experiments are shown in Table.4.6. Similar to what was mentioned
before in section 4.4.2, one can easily note that the polished surface (surface 3) seems to
have a larger number of active nucleation sites than the other two machined surfaces that
had almost the same boiling curves. The onset of nucleate boiling was 5.4°C for surface 3
,5.6 °C for surface 2, and 6.5 °C for surfacel. These results signify the surface papering

method which clearly affect the boiling performance.
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Table 4.6 Results of surface measurements performed before and after nanosuspensions

boiling experiments.

Sulilfglce Preparation method R, R, PV RMS SIP
Diamond | Before 5.09 176.91 768.23 12.23
1| Tumni .
surface urning | paer | 6127 | 107353 | 168839 | 9738 | O
Machine
Lathe | Before | 441.19 | 5194.09 | 6020.13 | 542.29
surface 2 | 1achine | After | 473.73 | 15452.62 | 18124.50 | 626.72 | 11
| Before | 464.91 | 11458.12 | 13313.55 | 629.99
Polish 46.4
surface 3 | Polishing 1= | 476.06 | 12031.81 | 16108.24 | 628.68 | °

4.4.5 Distilled Water on Nanosuspensions Deposited Surfaces

In order to investigate the effect of nanoparticles deposition, boiling experiments
using distilled water were performed on the nanosuspensions deposited surfaces obtained
after the nanosuspensions boiling experiments. The boiling curves of these experiments
are shown in Fig.4.22. The corresponding HTC versus the surface heat flux are shown in

Fig.4.23.

It can be clearly seen that the maximum HTC occurred in the case of surface 3 (the
polished surface), followed by surface 2 and surface 1 (the ultra-smooth surface) .The
surface measurements performed before and after these experiments are shown in
Table.4.6. The surface measurements for R, and PV show that there is a significant
change in the surface texture for all three surfaces. On the other hand, images for the
heater surface after boiling nanofluids and nanosuspensions indicate that the presence of

the SDBS decreased the nanoparticles deposition as shown in Fig.4.13.
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Figure 4.22 Pool boiling curves obtained using distilled water on the three nanosuspensions
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However, these changes in the surface measurements do not describe the boiling process
properly. For example, the surface roughness in the case of nanofluids deposited surface
on surface 3 increased from 464.91 nm to 624.08 nm and showed a deterioration with
respect to the base fluid on the clean surface, while the surface roughness in the case of
nanosuspension deposited surface condition did not change and showed enhancement.
This is opposite the what it is reported by many researchers that the rougher surface is,
the more heat transfer occurs. These results could be explained as the change in the
surface roughness is not reasonable method to quantify the nature nanoparticles porous

layer.

4.4.6 SDBS and Distilled Water on Clean Surface

In order to separate the effect of the SDBS in the nanosuspensions experiments, the
SDBS alone was dispersed in distilled water with the same concentration and investigated
experimentally. Pool boiling experiments were conducted using the three prepared
surfaces. Fig.4.24 shows the boiling curves of the SDBS on the three surfaces. The HTCs
versus the corresponding heat fluxes are represented in Fig.4.25. As it is expected, the
boiling curve using surface 3 has the highest HTC. Surface 1 and surface 2 have almost

the same heat transfer characteristics .
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4.4 The Effect of the Transient Nature of the Nanoparticles Deposition
Process

The effect of the transient nature of nanoparticles deposition process has been
investigated. A test was performed using a constant heat flux of 313 kW/m? (about 25%
of the maximum heat input). The constant heat flux was applied for 45 minutes. Changes
in the heater surface temperature T were recorded and examined. The test was performed
using surface 2 and nanosuspensions. The surface superheat versus time recorded during
the test is shown in Fig.4.26. The maximum fluctuation during the test, Fig. 4.26, is less
than 0.9 °C. Therefore, the duration time of the experiment is not the main factor that

control the nanoparticle deposition rate.
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Figure 4.26 Heater Surface fluctuations during the test.
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Chapter 5 Summary, Conclusion and Recommendations for
Future Work

5.1 Summary and Conclusion

An experimental investigation was carried out to study the effect of surface
preparation method on pool boiling of pure water and nanofluids. The boiling surface was
prepared using three different methods, namely, machining using a diamond turning
machine, machining using a conventional lathe, and polishing using emery sandpaper.
The average surface roughness of the first surface was 6 nm and 470 nm for the other two
surfaces. The boiling surface used in this study is a flat copper disc with a diameter of
25.4 mm. Nanoparticles with an initial particle diameter of 10 nm and constant
concentration of 0.05%wt was used throughout the present study. In order to enhance the
nanofluids stability and reduce particles deposition on the heater surface, [27, 28], a
surfactant (SDBS) was added to the nanofluids with a concentration of 0.1%wt. In this
study, distilled water, nanofluids, distilled water plus SDBS surfactant, and nanofluids
mixed with SDBS (nanosuspensions) were boiled on clean surfaces. Distilled water
boiling experiments were carried out after the nanofluids and nanosuspensions
experiments to assess the change of the surface characteristics due to nanoparticles

deposition. The same experiments were conducted on the three prepared surfaces.

The heat transfer coefficient on machined surfaces (the ultra-smooth and rough
surfaces) was enhanced in the case of nanofluids and nanosuspensions with respect to the
base fluid (pure water). The distilled water boiling experiments on the nanoparticles
deposited surface showed that the heat transfer behavior is almost similar to that of

distilled water on the clean surfaces, which means that nanoparticles deposition was
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minimal and the enhancement in the heat transfer rate was due to the change in the
thermo-physical properties of the nanofluids, and not due to the change in the surface

texture.

A similar trend was found in the case of surface 3 (polished surface), in such case,
the use of nanoparticles enhanced the rate of heat transfer. However, the boiling curves
obtained using distilled water boiled on unclean surfaces were shifted to the left
compared to the boiling curves of distilled water on the clean surfaces. These results are
due to nanoparticles deposition which was more pronounced in the case of surface 3.
Images of the boiling surfaces and surface measurements taken before and after the
nanofluids and nanosuspensions experiments showed that the heat transfer behaviour

depends significantly on boiling surface preparation method.

The use of SDBS surfactant as a dispersing agency has increased the heat transfer
dramatically. This could be explained as the surfactant decreases the surface tension

which is the main cause of such enhancement.

The measurements of the surfaces roughness before and after the nanofluids
experiments have shown that the difference in the measurements is not the proper tool to
describe the porous layer that forms on the heater surface. In other words, increase or
decrease the surface roughness due to the nanoparticles’ deposition does not predict the

boiling process on the coated surfaces as it is the case in clean surfaces.

The current results have shown that boiling surfaces prepared by using emery

sandpaper tend to have a larger number of active nucleation sites.
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5.2 Recommendation for Future Work

Since it is not clear whether the deposited nanoparticles multiply or deactivate the
nucleation site, boiling of nanofluids could be better understood by studying bubble
dynamics and the interaction of nanoparticles with active nucleation sites. This might be
possible by performing boiling experiments on transparent surfaces such as silicon wafer

so that the change in the number of nucleation sites can be detected.
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