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Abstract

Nanofluids are engineered colloidal suspensions of nanoparticles in water, and exhibit a very significant
enhancement (up to 200%) of the boiling Critical Heat Flux (CHF) at modest nanoparticle
concentrations (<0.1% by volume). Since CHF is the upper limit of nucleate boiling, such
enhancement offers the potential for major performance improvement in many practical applications
that use nucleate boiling as their prevalent heat transfer mode. The nuclear applications considered are
main reactor coolant for PWR, coolant for the Emergency Core Cooling System (ECCS) of both PWR
and BWR, and coolant for in-vessel retention of the molten core during severe accidents in high-power-
density LWR. To implement such applications it is necessary to understand the fundamental boiling
heat transfer characteristics of nanofluids. The nanofluids considered in this study are dilute
dispersions of alumina, zirconia, and silica nanoparticles in water. Several key parameters affecting
heat transfer (i.e., boiling point, viscosity, thermal conductivity, and surface tension) were measured and,
consistently with other nanofluid studies, were found to be similar to those of pure water. However,
pool boiling experiments showed significant enhancements of CHF in the nanofluids. Scanning

Electron Microscope (SEM) and Energy Dispersive Spectrometry (EDS) analyses revealed that buildup



of a porous layer of nanoparticles on the heater surface occurred during nucleate boiling. This layer
significantly improves the surface wettability, as shown by measured changes in the static contact angle
on the nanofluid-boiled surfaces compared with the pure-water-boiled surfaces. It is hypothesized that

surface wettability improvement may be responsible for the CHF enhancement.
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NOMENCLATURE

c Specific heat, J/kg-K

D Diameter, m

D, Mass self diffusion coefficient, m*/sec
Ei Exponential integral function

f Frequency, Hz

f Intermediate scattering function
g Acceleration of gravity, m/sec’
h Specific enthalpy, J/kg

! Current, A

J Superficial velocity, m/sec

k Thermal conductivity, W/m-K
k Boltzmann constant, 1.3803x10° J/K
L Wire length, m

n" Nucleation site density, m™

N Microcavity density, m™

q Scaling factor, m™

q' Linear power, W/m

q” Heat flux, W/m?

r Roughness factor

r Radius, m

R Radius of particle, m
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R Electrical resistance of wire, Q2

R, Electrical resistance of wire at 100 °C, Q
n Radius of curvature, m

S Thermal activity, J/(m-K-s"?)

t Time, sec

T Temperature, °C

T, Temperature of wire at saturation condition at 1 atm, 100 °C
14 Voltage, V

Greek symbols

a Temperature coefficient of resistivity, °C”
o Thermal diffusivity, my/sec

o Thickness, m

) Growth rate, m/s

Ar Displacement of particles, m

At Time, s

¥ Euler’s constant

4 Surface energy, N/m

17 Nanoparticle volumetric fraction

X Nanoparticle weight fraction

K Constant

A Wavelength of scattered light
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Subscripts

b

B

cr

Dynamic viscosity, kg/m'sec
Scattered light angle, rad
Contact angle, degree or rad
Density, kg/m’

Surface tension, N/m

Time, s

Bubble

Boltzmann

Cavity

Critical

Bubble departure
Macrolayer dryout
Equivalent

Liquid phase
Liquid-to-vapor transition
Vapor phase

Thermal conduction medium
Hovering, heater

Initial

Microlayer



sat

SL

N4

Nanofluid
Nanoparticle
Saturation
Solid-Liquid
Solid-Vapor

Water

Wall, bubble wait
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1 INTRODUCTION

Many important industrial applications rely on nucleate boiling, to remove high heat fluxes
from a heated surface. The practical applications considered in the nuclear field are main
reactor coolant for PWR, coolant for the Emergency Core Cooling System (ECCS) of both
PWR and BWR, and coolant for in-vessel retention of the molten core during severe accidents
in high-power-density LWR, respectively [3]. To implement such applications it is necessary
to understand the fundamental boiling heat transfer characteristics of nanofluids. Needless to
say, nucleate boiling is a very effective heat transfer mechanism. However it is well known
that there exists a critical value of the heat flux at which nucleate boiling transitions to film
boiling, a very poor heat transfer mechanism. Therefore, in most practical applications it is
imperative to maintain the operating heat flux below such critical value, which is called the
Critical Heat Flux (CHF). Obviously, a high value of the CHF is desirable, because,
everything else being the same, the allowable power density that can be handled by a cooling
system based on nucleate boiling is roughly proportional to the CHF. Therefore, an increase
of the CHF can result in more compact and efficient cooling systems for the practical

applications mentioned, with significant economic benefits in all these applications.

Addition of solid nanoparticles to common fluids such as water and refrigerants is an effective
way to increase the CHF. The resulting colloidal suspensions are known in the literature as
nanofluids [1]. Materials used for nanoparticles include chemically stable metals (e.g., gold,

silver, copper), metal oxides (e.g., alumina, zirconia, silica, titania) and carbon in various forms

14



(e.g., diamond, graphite, carbon nanotubes, fullerene). Nanoparticles are relatively close in
size to the molecules of the base fluid, and thus, if properly prepared, can realize very stable
suspensions with little erosion and gravitational deposition over long periods of time. As
such, nanofluids lend themselves well to ‘real world’ applications, contrary to the milli- and
micro-size particle slurries explored in the past, which quickly settle and often clog the flow

channels.

As of today (5/07), over ten studies of CHF and nucleate boiling in nanofluids have been

reported in the literature [4-16]. The findings can be summarized as follows:

Significant CHF enhancement (up to 200%) occurs with various nanoparticle materials,

including silicon, aluminum and titanium oxides.

o The CHF enhancement occurs at relatively low nanoparticle concentrations, typically
less than 0.1% by volume.

¢ During nucleate boiling some nanoparticles precipitate on the surface and form a layer
whose morphology depends on the nanoparticle materials.

e Some studies report no change of heat transfer in the nucleate boiling regime [4,6],

some report heat transfer deterioration [5,10,15] and others heat transfer enhancement

[7,12,16].

Researchers have carefully reported the experimental data, but they have made few attempts at

and little progress in explaining the CHF enhancement mechanism. The main objective of

15



this study is to start developing an insight of the CHF enhancement mechanism in nanofluids.
The structure of the thesis is as follows. Preparation and characterization of nanofluids used
in this study are described in Section 2. Description of CHF experiments with wire heaters
and surface wettability experiment with flat heaters are presented in Section 3. The
interpretation of the measured CHF data and wettability change in terms of the contact angle is
discussed in light of the CHF theories in Section 4. The conclusion and future work are

provided in Section 5.

16



17



2 PARATION AND CHARACTERIZATION OF NANOFLUIDS

2.1 PREPARATION OF DIFFERENT CONCENTRATIONS OF NANOFLUIDS

The specifications of the tested nanofluids were obtained from vendors and are shown in Table
1. Four nanofluids have been tested in the current study, in which the alumina, zirconia, and
silica nanoparticles were dispersed well in the base water. Since the diamond nanoparticles
were purchased in the form of powder, however, they were not dispersed perfectly. Thus, the
nanofluid with diamond nanoparticles had to be ultrasonicated enough to maintain the particles

dispersed before each test.

Table 1 Specifications of the tested nanofluids

Nanoparticles materials AlLO; 7rO, Si0, C (diamond)*
Vendor Sigma-Aldrich | Sigma-Aldrich | Applied Nanoworks | Sigma-Aldrich
As-purchased  weight 10 10 10 99 5
percent (wt%)

Particle size (nm) <20 nm <20 nm <10 nm 3.2nm
Particle density (g/mL) 3.90 5.75 3.20 3.52
Transparency Opaque Opaque Transparent Opaque

* Obtained as nanoparticle powder.

The nanofluids were purchased from several vendors and were rated by weight percent (wt%).
Thus, it is necessary to prepare the nanofluids to obtain different concentrations of
nanoparticles in volume percent (v%). Since very dilute nanofluids are expected to be

implemented in the nuclear applications, it is necessary to add a suitable amount of de-ionized

18




(DI) water into the initial high-concentration nanofluids. For example, in order to make ¢ v%
nanofluid from a mL of y wt% nanofluid, one needs to determine how much DI water should
be added. When the a mL of y wt% nanofluid is said to contain b mL of nanopowder of
density p, g/mL and ¢ mL of DI water of density p; g/mL, the required amount of DI water, d

mL, to make ¢ v% nanofluid can be calculated by means of the following equations:

a=b+c (2-1)
b
W% = —Lr 100 2-2)
bp,+cep,
V% = -x 100 2-3
ovze b+c+d (2-3)

Because the quantity of b and ¢ are not usually known, those variables need to be eliminated.
Finally the required amount of water d can be expressed in terms of a, ¥, ¢, p,, and p;, and an

expression obtained which may be applied to the preparation of any nanofluid.

I=p 1-% P
d=a-2 1 )_[ppf (2-4)
1+-—%.2e
X Py

Based on the Eq. (2-4), in order to make 0.1 v% alumina from 1 mL of 10 wt% alumina, 26.7

19



mL of DI water has to be added, in which the alumina nanoparticles is assumed to have the

density of 3.9 g/mL. The DI water density is 1.0 g/mL at room temperature.

It is also necessary to investigate the density change of nanofluid compared to that of DI water
because any change in the thermal and transport properties can affect the overall boiling heat
transfer characteristics.  Since this study is mostly focused on the use of very low
concentrations of nanoparticles dispersed in base water, the density is also expected to differ
negligibly from that of water. In fact, the volume-averaged nanofluid density becomes very
useful when it is used in any heat transfer calculation. The nanofluid density can be
calculated as p,p+ pr (I-p), where ¢ 1s the nanoparticle volume fraction. For example, for ¢
~0.1 v%, p, ~ 4 g/em’ and pr~1 g/em’ the nanofluid density deviation from DI water is
expected to be only 0.3 %. Assuming that the nanoparticles are as volatile as the water
molecules, the density of the nanofluid vapor can be calculated as pg/p,90 + pA(1-0)] / [pep +
pA1-9)], which gives deviations from the pure water vapor density of the order of 0.4 % at the
conditions of interest. In reality the deviation will be even smaller because the nanoparticles

are less volatile than the water molecules.
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2.2  ACIDITY (PH) MEASUREMENT

The as-purchased nanofluids of alumina and zirconia are acidic while the silica nanofluids are
basic. After dilution with DI water the pH was measured using both paper and digital pH
meters. This measurement is important in verifying the stability of the nanofluids because
the particles can agglomerate depending on the particle surface charge. The agglomeration

can be controlled by the chemical state of nanofluid, especially pH.

It 1s necessary to mention the effect of carbon dioxide dissolution into the nanofluids. The pH
measurement is very sensitive when it comes to the measurement of water due to the fact that it
contains abundant interchangeable cations and anions. The sensitivity increases when the
fluid is exposed to carbon dioxide, naturally present in the air. In essence, an appropriate
calibration of electrodes with different buffer solutions that can cover up the expected values of
test fluids is essential to guarantee the right values. Also, careful cleaning of the electrodes

after each test plays an important role in improving the accuracy of the results.

The results of the acidity measurement are reported in Table 2. The result shows that the pH
of DI water used for dilution in the current study is identical to the nominal equilibrium pH of
5.7, which is known to be the value at normal atmospheric conditions with the presence of
carbonic acid. This result seems to be reasonable in that the DI water may get slightly acidic

when it is exposed to the ambient air.
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Table 2 Acidity (pH) of fluids measured at 1 atm 21 °C

DI water | Tap water Al O, Zr0, Si0,
Nanoparticle
concentration (v%) 0 0 0.1 10.01 {0001 0.1 [ 001 {0.001 | 0.1 | 0.01 |[0.001
Paper pH meter 5-6 8-9 4-5 | 4-5 5 34 4-5 4-5 | 9-10 8 7
pH meter-PH212 5.7 8.9 44| 45 | 52 |345| 412 | 5.16 | 928 | 83 | 7.08
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2.3 BOILING POINT MEASUREMENT

The boiling point of nanofluids was investigated experimentally, because the addition of
nanoparticles might affect the vapor pressure, which would change the boiling point. From
the molecular point of view, the boiling point can be defined in terms of the vapor pressure of
the solvent. It is the temperature that at which the vapor pressure of the liquid or solvent in a
solution is equal to the external pressure. Raoult’s Law [17] suggests that increasing the
solute in a solution will depress the vapor pressure. This would result in having the
temperature to increase even higher so that the depressed vapor pressure might become equal to
the external pressure. Thus, the boiling point might be expected to be elevated when solute is

increased in a solution.

At this point, it is useful to look into the nature of boiling point. The boiling point is
thermodynamically related to the evaporation and condensation rate associated with the
osmotic pressure generated by the solute. Whenever molecules evaporate from a liquid, the
boundary layer between the liquid and vapor will move. When the liquid contains a non-
volatile solute, the moving boundary layer will transfer energy to the solute molecules. This
energy is included in the evaporation process, and hence, it will affect the vapor pressure and
boiling temperature of a solution. In this case, the moving boundary layer works against the

osmotic pressure generated by the solute.

What is addressed so far stems from the molecular size of the solute. Thus, it may be
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worthwhile to question whether the nano-size solute in the pure water solvent can affect the
boiling point. The first insight in using the nanofluids was that the water-based nanofluids
provided by commercial vendors may exhibit the different boiling points because the vendors
are likely to put certain additives to get the nanoparticles dispersed in the fluids. For example,
an electrolytic solution of nitric acid can be added in the nanofluid to prevent the nanoparticles
from settling down. This may lead to the elevation of boiling point. Because the effect of
nanoparticles on boiling point is hard to predict a priori, the boiling point of promising

nanofluids was determined experimentally.

The primary objective is to compare the boiling point of nanofluids to that of pure water. The
experimental schematic is shown in Fig. 2-1. A 50 mL beaker containing the test fluid is
placed onto the stirring hot plate. A K-type thermocouple is immersed in the test fluid until
the sheath end reaches the middle of the fluid. After each test, the sheath end was cleaned out
by acetone to remove any possible deposition of nanoparticles. The stirring plate is heated
up gradually with a rotating magnet stick. The temperature is read throughout the
thermocouples in conjunction with HP3852 data acquisition system. The boiling point was
determined as the temperature at which the slope of temperature vs time curve goes to zero.
The uncertainty of the thermocouple provided by vendor is within £1.1 °C. The K-type
thermocouple could work in the current measurement because the main interest is to see the

relative change of the boiling point, not the absolute temperature.
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Ktype
Thermocouple «——m

50 mL
Beaker

Dell Dimension 4700

Nanofiuids agnet stick

Figure 2-1 A schematic of boiling point measurement

The test results are summarized in Table 3, where it can be seen that the boiling temperatures
do not vary significantly. This leads to the conclusion that the presence of nanoparticles does
not affect the vapor pressure of nanofluids. This result is sensible as the Materials Safety
Data Sheet (MSDS) provided by the vendors reports only nanoparticles and water as the

constituents of the nanofluids.
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Table 3 Boiling point of nanofluids at 1 atm

Fluid Nanoparticle Boiling point (°C) Tea-Tew (°C)
concentration (v%)

DI water 0 100.6 0.0
Al,04 1.0 100.7 0.1
0.1 100.8 0.2
0.01 100.8 0.2
Zr0, 1.0 100.7 0.1
0.1 100.1 -0.5
0.01 100.4 -0.2
SiO, 1.0 100.9 0.3
0.1 100.9 0.3
0.01 101.0 0.4
C (diamond) 1.0 101.1 0.5
0.1 101.0 0.4
0.01 101.0 0.4

In summary, vapor pressure information is of importance for two-phase heat transfer studies.
The vapor pressure change for our nanofluids (i.e., alumina, zirconia, silica, and diamond
dispersed in water) has been studied via measurement of the relative boiling point change.

The main findings are as follows:

e The boiling point of dilute nanofluids (<1.0 v%) shows no significant change relative to
that of water. This, in turn, shows that the existence of nano-size particles does not
affect the vapor pressure change.

e In purchasing nanofluids from vendors, it is of importance to ascertain the possible

addition of surface agents to stabilize the nanoparticles suspension. Without the
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addition of specific surfactants, the vapor pressure effect could be insignificant.
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2.4 SURFACE TENSION MEASUREMENT

Surface tension is defined as the force acting over the surface of the liquid per unit length of
the surface perpendicular to the force. Surface tension is an effect within the surface sublayer
of a liquid that causes that layer to behave as an elastic sheet. This is the property of a liquid
in contact with ambient vapor/air or liquid, respectively. Thus, it changes as the interfacial
components change. The surface tension measured in this study is that of the liquid
membrane of the nanofluids at the equilibrium state with ambient air. The molecules inside
the liquid interact equally with other molecules, from all sides, whereas the molecules at the
surface interact only with the molecules inside the liquid. Therefore the molecules exposed to

the air behave differently and try to contract to the smallest possible area.

The measurement device adopted in the current study is a digital tensiometer, Sigma 703
provided by KSV Instruments LTD. A schematic diagram of measurement apparatus is given
in Fig. 2-2. The measurable range is from 0 to 200 mN/m with 0.1 mN/m of accuracy, or less
than 1 % at full range. Additional uncertainty can be generated by the experimental procedure,
as described next. The Wilhelmy Plate method measures the force exerted by the liquid
drawn when a plate is lifted through the surface of a liquid. The force is proportional to the
surface tension of the liquid. In the Wilhelmy Plate method the plate is first completely
immersed into the liquid and then pulled out. Hereafter, the prewetted plate is lowered to the
surface until its lower edge just touches the surface. At this point the liquid “jumps” onto the

edge and sides of the plate. The liquid wets the plate perimeter and exerts a force to some
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maximum point which is proportional to the surface tension of the liquid. Since the procedure
is entirely manual, the results may be affected by it. Following the procedure strictly is

important to ensure reliable/repeatable results.

1: Wilhelmy Plate
2: Precision Thumb Wheel

3: Beaker
4: OnJOSF Switch

§: Mode Selector for Plate or
Ring Method
8: Taring/Zeroing Knob

7: Digital Readout

Figure 2-2 A schematic of surface tension measurement

The surface tension of various nanofluids, a;y, was measured and summarized in Table 4 and
Fig. 2-3. This measurement confirms that the change of surface tension of low concentration

of nanofluid compared to that of water is not significant.

29



Table 4 Surface tension of pure water nanofluids measured in unit of mN/m at 1 atm and 22 °C

Nanoparticle
concentration (v%) Test1 | Test2 | Test3 | Average
DI Water 0 72.6 72.8 72.1 72.5
Al O4 0.1 74.5 75.1 74.8 74.8

0.01 73.5 73.5 73.3 73.4
0.001 733 73.2 73.1 73.2
ZrO, 0.1 73.7 73.8 73.7 73.7

0.01 73.4 73.4 733 73.4
0.001 73.4 73.4 73.4 73.4
Si0, 0.1 72.4 72.2 72.6 72.4

0.01 72.7 73.0 73.1 72.9
0.001 73.0 72.9 73.0 73.0

76 Y T T
- ~ M~ D! water ]
i —8— A0,
75 L ~A-z00, ]
i —w—Si0, 1
=5 74 N .
.~
% 3 ,MI
£ I !
£ — 1
e M G -
I
& 5 \\\ <
Q —
q, -
g 72 -
i | Surface tension of Dl watsr
5 at 1 atm 22°C -72.4 mNim ]
73] i A
nl ]
]
70 [ 1 1 1 ]
1E-4 1E-3 0.01 0.1 0.5

Nanoparticle concentration (Vol. %)

Figure 2-3 Variation of surface tension of tested nanofluids
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2.5 THERMAL CONDUCTIVITY MEASURMENT

The thermal conductivity of nanofluids was measured with a KD2 handheld meter, a schematic
diagram of which is given in Fig. 2-4. The range of the measurement is from 0.02 to 2.00
W/mK with an accuracy of 0.01 W/mXK, or about 5% at full range. The operating
temperature is from -20 to 60 °C. The KD2 probe uses the single-needle heat pulse technique
to measure the thermal conductivity and thermal diffusivity of solid and fluid media. With
this technique, a 30-second heat pulse is applied to the needle, and the temperature response
with time is monitored. The temperature vs time response depends on the thermal properties
of the material. To facilitate the understanding of the measurement, the theory is explained

next.

1: Heat Pulse Probe
2: KD2 Hendheld Meter
3: Temperature Controller

4: Temperature Display
5: Heat Exchanger

2k 6: DI Water

h 7: Test Fluid

8: isothermal Bath

Figure 2-4 A schematic of thermal conductivity measurement
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First the transient heat conduction equation for cylindrical coordinate in a homogeneous and

isotropic medium is considered as the governing equation:

2
a—T=ae a{+l§£ 2-5)
ot or® ror

Where T is temperature (°C), ¢ is time (second), a is thermal diffusivity (m%s), and r is the
radial distance (m) from the axis of the probe. Eq. (2-5) assumes negligible axial conduction
and no convection effects. When a long, electrically heated probe is inserted into a medium,

the temperature rise from an initial temperature, 7}, at some radial distance from the probe is

T-T = (4:; ]Ei(-— Z’;—) (2-6)

Where g’ is the heat rate supplied per unit length (W/m) and Ei is the exponential integral

function given by

- Ei(-a)=[ G)exp(— u)du =~y - 1n(:;)+ :;t —(8’;]+ @-7)

Where a=r/4at and y is Euler’s constant (0.5772). When ¢ is large, the higher order terms

can be ignored, thus combining Egs. (2-6) and (2-7) yields
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1 2
AT =T-T, Ezgk—[lnt—y—ln(—%t—ﬂ (2-8)
h

Where £, is the thermal conductivity of the medium (W/m-K).

It is apparent from the relationship between thermal conductivity and 47=T-T;, shown in Eq.
(2-8), that AT and In(?) are linearly related with a slope m=q/4nk;. Linearly regressing AT on

In(¢) yields a slope that, after arranging, gives the thermal conductivity as

q
bk, =—2— 2-9
L (2-9)

Where ¢’ is known from power supplied to the probe. The diffusivity can also be obtained

from Eq. (2-8). The intersection of regression line with the ¢ axis (47=0) gives

In(,)= [}/ + h{%ﬂ (2-10)

From the calculated ¢, (from the intercept of AT vs. In(f)) and finite », Eq. (2-10) gives

diffusivity, a.

Because the higher order terms of Eq. (2-7) have been neglected, Eq. (2-8) is not exact.
However, if the slope of intercept are computed only for 47 and In(¢) values, where ¢ is large

enough to ignore the higher order terms, Egs. (2-9) and (2-10) give correct values for k; and a.
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From a physical view point, thermal conductivity of a material is a measure of how well the
material conducts heat from one point to another in response to a temperature difference
between two points. Conduction is defined as the heat transfer by means of molecular
agitation within a material without any motion of the bulk material. Therefore it is important
to eliminate any free convective heat transfer condition during the entire measurement. This
is done by eliminating large thermal gradients within the system. That is, the test fluid sample
is maintained at constant temperature by an isothermal bath, and the duration of the heat pulse

in the probe is kept relatively short (a few seconds).

Thermal conductivity was measured at 0.1 MPa and 22.3°C using an isothermal bath. The
results are given in Table 5. The thermal conductivity of dilute nanofluids does not show
significant change compared to that of water. The measurement error is estimated to be about
2.2 %. The measured values for water are in good agreement with the value in NIST database

(0.6025 W/m-K) for water at 0.1 MPa and 22.3 °C.
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Table 5 Thermal conductivity of DI water and nanofluids measured with KD2

Nanoparticle
concentration (v%) Test1 | Test2 | Test3 | Test4 | Test5 | Average
DI Water 0 0.58 0.59 0.57 0.59 0.60 0.59
AL Os 0.1 0.58 0.59 0.57 0.60 0.59 0.59
0.01 0.57 0.59 0.59 0.60 0.59 0.59
0.001 0.57 0.59 0.59 0.59 0.55 0.58
Zr0O, 0.1 0.60 0.60 0.59 0.58 0.59 0.59

0.01 0.60 0.59 0.59 0.59 0.59 0.59

0.001 0.58 0.58 0.59 0.59 0.59 0.59

Si0, 0.1 0.59 0.59 0.59 0.59 0.59 0.59

0.01 0.58 0.58 0.59 0.59 0.59 0.59

0.001 0.58 0.59 0.57 0.59 0.61 0.59
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2.6 KINEMATIC VISCOSITY MEASUREMENT

A reverse-flow type Cannon-Fenske capillary viscometer for both opaque and transparent
liquids was used to measure the kinematic viscosity of DI water as well as nanofluids. The
measurable range is from 8x107 to 4x10 m%/sec. The viscosity of pure water is 9.566x107
m%/sec at 22 °C according to the NIST database. The uncertainty of the measurement, 0.16%
was provided with 95% confidence of the calibration measurements relative to the primary
standard, water at 20 °C and 1 atm. The viscosity measurement of all tested fluids was
conducted at 22 °C and atmospheric pressure. Since the viscosity has a high dependence on
temperature, the viscometer was housed in a plastic cylinder filled with an air, effectively
constituting an isothermal vessel. The viscometer is shown in Fig. 2-5. The measurement

consists of the following steps:

1) Clean the viscometer using suitable solvents, and dry by passing clean, dry filtered air
through the instrument to remove the final traces of solvents. Periodically, traces of
organic deposits should be removed with chromic acid or non-chromium cleaning
solution.

2) Charge the sample into the viscometer, invert the instrument and apply suction to tube
arm F, immersing tube E in the liquid sample, and draw liquid to mark G Wipe clean
arm E, and turn the instrument to its normal vertical position.

3) Place the viscometer into the holder, and insert it into the constant temperature bath.

Align the viscometer vertically in the bath by means of a small plumb bob in tube F, if a
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self-aligning holder has not been used.

4) Allow sample to flow through capillary tube H and approximately half-fill bulb B,
stopping the meniscus in bulb B by placing a rubber stopper in tube E.

5) Allow approximately 10 minutes for the sample to come to bath temperature at 40 °C
and 15 minutes at 100 °C. Make sure the meniscus in bulb B does not reach line K.

6) Remove the rubber stopper and allow the meniscus to travel upwards into bulbs C and
D, using two clocks to measure the efflux times for the meniscus to pass from mark K
to mark J, and from mark J to mark L.

7) Calculate the kinematic viscosity of the sample by multiplying the efflux time in
seconds for each bulb by the viscometer constant for each bulb.

8) Repeat the measurement by evacuating the sample and start over the steps (1) to (7).

Figure 2-5 Cannon-Fenske capillary viscometer
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The kinematic viscosity of DI water and nanofluids measured is tabulated in Table 6. In

addition, its plots are given in Fig. 2-6. The results show that the viscosity of diluted

nanofluids is not significantly different from that of DI water.

The maximum fractional

increases were observed for volumetric concentrations of 0.1% alumina, 0.01% zirconia, and

0.1% silica nanofluids, and were up to 2.2%, 1.0%, and 0.83%, respectively. This result

reinforces the idea that transport properties do not change significantly in low concentrations of

nanofluids.

Table 6 Kinematic viscosity of DI water and nanofluids measured at 22 °C and 1 atm

Fluid Nanoparticle Viscosity (m*/sec) | Viscosity (m%/sec) Average viscosity (m”/sec)
concentration (v%) | test 1 (x107) test 2 (x107) (x107)

DI water 0 9.28144 9.21552 9.24848
ALO; 0.001 9.30354 9.23174 9.26764
0.01 9.32564 9.24797 9.28680

0.1 9.45823 9.44266 9.45044

ZrO, 0.001 9.28144 9.37776 9.32960
0.01 9.36983 9.31286 9.34135

0.1 9.28144 9.31286 9.29715

SiO, 0.001 9.28144 9.18307 9.23225
0.01 9.32564 9.19929 9.26246

0.1 9.36983 9.28041 9.32512
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Figure 2-6 Kinematic viscosity of pure water and nanofluids

39



2.7 NANOPARTICLE SIZE MEASUREMENT

Nanoparticle size distribution in nanofluids is measured using Dynamic light scattering (DLS).
DLS is a well established technique for measuring particle size over the range from a few
nanometers to a few microns. The concept uses the idea that small particles in a suspension
move in a random pattern. A microbiologist by the name of Brown first discovered this effect
while observing objects thought to be living organisms, by light microscopy. Later it was
determined that the “organisms” were actually particles, but the term has endured. Thus, the
movement of small particles in a resting fluid is termed “Brownian Motion” and can easily be
observed for particles of approximately 0.5 to 1.0 microns with a microscope at a
magnification of 200 to 400X [35,36]. Observation of larger particles compared to smaller
particles will show that the larger particles move more slowly than the smaller ones given the
same temperature. According to Einstein’s developments in his Kinetic Molecular Theory,
molecules that are much smaller than the particles can impart a change to the direction of the
particle and its velocity. Thus water molecules (0.00033 microns) can move polystyrene
particles as large as a couple of microns. The combination of these effects is observed as an

overall random motion of the particle.

A detailed technical description will help to understand the DLS measurement better. When a
coherent source of light such as a laser having a known frequency is directed at the moving
particles, the light is scattered, but at a different frequency. The change in the frequency is

quite similar to the change in frequency or pitch one hears when an ambulance with its wailing
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siren approaches and finally passes. The shift is termed a Doppler shift or broadening, and
the concept is the same for light when it interacts with small moving particles. For the
purposes of particle measurement, the shift in light frequency is related to the size of the
particles causing the shift. Due to their average velocity, smaller particles cause a greater shift
in the light frequency than larger particles. Thus, the difference in the frequency of the
scattered light among particles of different sizes is used to determine the sizes of the particles

present.

The DLS equipment used for this study consists of mainly three components. A laser
provided by Spectra-Physics emits a 514 nm wavelength of argon. A goniometer from
Brookhaven preserves any scattering between the incident laser and present nano-size particle,
which is placed onto a bath. Finally, a detector from Brookhaven detects a laser scattered in
90 degrees from the incident laser since the angle between the goniometer and detector is fixed
as 90 degrees. This configuration is well reflected in the Fig. 2-7. It is of importance to
clarify the physical situation upon this scattering measurement. Since the expected particle
size will be smaller than the wavelength of the incident laser, this type of scattering can be
categorized as the Rayleigh scattering, which is defined as the scattering of light, or other

electromagnetic radiation, by particles much smaller than the wavelength of the light.
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L Apertures

Figure 2-7 A schematic of light scattering measurement with a dynamic mode

In addition, an alternative mode of light scattering measurement, static light scattering, is also
viable if the configuration allows the goniometer to rotate automatically. In such a case,
scattered lasers will be detected according to the angle change, which gives the angular
distribution of particle size. In either modes of dynamic or static, hydrodynamic or gyration

particle sizes can be obtained, respectively.

When measuring a particle size, it is necessary to start with several assumptions. First the
particles can be assumed to be in Brownian motion. Second, it assumed that the particle do

not interact with each other. In a practical measurement, the second assumption can be valid
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when the fluid contains a small number of particles. With those assumptions, the average
motion of a particle can be described by using an intermediate scattering function, f(q,7)

expressed as:

fla.7)=(exp{-ig-[r(0) - (z)]}) = (expliq - Ar(r)) (2-11)

Where g=(4n/4)sin(6/2) is a scattering factor, 4 is a wavelength of scattered light, 6 is an angle
between incident and scattered lights, 7 is the time scale during the scattering, and 4r(z)=r(1)-

r(0) is displacement of particle in time 7.

For particle in Brownian motion, 4r(t) is a real 3-D Gaussian variable and therefore f{g, ) and

the mean square displacement <4r’(t)> becomes:
q 2
f(q,r): exp[—-é—<Ar2(r)>:| (2-12)

(Ar*(c))=6D,7 (2-13)
Combining Egs. (2-12) and (2-13) yields:
f(g.7)=expl-q’D,7] (2-14)

Where D, is a mass self-diffusion coefficient defined by Stokes-Einstein theory as:
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b kT
°  6anR

(2-15)

Where &z is the Boltzmann constant, 7 is the temperature, # is viscosity, and R is a radius of the

particle that is measured.

In the measurement, the measured quantity indeed is the diffusion constant D, based on the
known scaling factor ¢ and time 7 in the Eq. (2-14). Using the obtained f{g,7), the diffusion
constant is found from Eq. (2-14). Finally, the radius of particle size R is determined from Eq.

(2-15),.

The results of the DLS particle size measurements are reported in Table 7 and the spectra are
shown in Figs. 2-8 to 2-14. Interestingly, the particle size of silica dispersed in the DI water
shows the similar number as described in the specification provided by the vendor, Applied
Nanoworks. However, the particle sizes of alumina and zirconia dispersed in the water seem
to be at least 5 times the particle size specified by the vendor. It is believed that particles
suspended in the fluid can agglomerate and the process is exacerbated by changes in pH. This
agglomeration effect becomes another subject of nanofluids research due to the fact that the

nanofluid itself can lose its identity in terms of nature of “nano-scale”.



Table 7 Particle size measured by DLS technique (n/a denotes that particle size detection was
not viable because the nanofluids were diluted too much)

ALOs ZrO, Si0,

Nanoparticle
concentration (v%) 0.1 | 001 |0.001| 0.1 | 0.01 [0.001 | 0.1 | 0.01 |0.001

Mean diameter (nm) 132.6 | 133.6 | 113.7 | 136.5 | 496.1 | 226.6 | 21.5 | n/a | n/a

Effective diameter (nm) | 207.1 | 208.4 | 185.4 | 115.4 | 255.0 | 255.2 | 35.7 | n/a | n/a

9.1235e-04 500.0
8.1 Diameter(nm)

AL

Semple ID Al 0.001 100
| Operator ID Etic
Elapsed Time 00:02:m /
| Me iam. 113.7 (nm)
1 Rel. var. 0147
1.438 o/ .rrl-h'h-.
| Rm: 50.0

d  G(d) C(d) o G(d) Cd) d  G(d) C{d)

6241 100 25| 17835 26 66
g7.58 43| 18028 17 93
93.44 58 | 202868 12 9B
99 58 67 | 21652 8 98
106.34 73| 2308F B 99
113.44 77 | 24640 4 100
121.0 77
128.09 77
137.71 7
145.91 78
156.72 80
167.18 62

i fna

v% A1203)

h A

Figure 2-8 DLS measurement (0.001
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L |
Sample ID Al 0.001
Operator ID Etic
Elepsed Time 00:.02Mm
Mean Diam. 133.6 (nm)
Rel. Var. 017

; Skewy 1.762

|| RmsErrar 8.8528e-04

d  G(d) Cd) d  G(d) Cd) d  6d) C(d)
9524 85 21| 2244 2N &7
10405 100 42| 22760 16 B8O
11020 83 B1 | 24383 13 83
116.71 2| 2122 11 85
12360 . 79| 2re8B5 10 98
130.31 81 | 20981 N
140.51 81
150.54 81
161.27 81
17278 81
18510 B2
188.30 B2

Figure 2-9 DLS measurement (0.01 v% AL, O;)

Semple ID AlDA
Operetor ID Eric
Elapsed Time 00:01:32
Mean Diam. 132.6 (nm)
Rel. Ver. 0.377
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.| RmsErrar 1.6717e-03
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R R S EEE
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Figure 2-10 DLS measurement (0.1 v% Al,05)
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Figure 2-12 DLS measurement (0.01 v% ZrO,)
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Figure 2-13 DLS

measurement (0.1 v% ZrO,)
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Figure 2-14 DLS measurement (0.1 v% SiO;)
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3 POOL BOILING WIRE AND FLAT HEATER EXPERIMENT

3.1 CHF EXPERIMENTS WITH WIRE

The CHF of deionized pure water and nanofluids was measured in the apparatus shown in Fig.
3-1, which consists of a wire heater horizontally submerged in the test fluid at atmospheric
pressure, surrounded by an isothermal bath. The wire is made of stainless steel grade 316, has
a 0.381-mm diameter and 12-cm length. The wire is soft soldered with a silver-lead solder to
the copper electrodes and heated by resistance heating with a DC power supply of 20-V and
120-A capacity. Voltage and current are measured with Keithley and Hewlett-Packard
multimeters. The wire temperature is estimated using an electrical resistance-temperature
relation, R=R,[1+a(T-T,)], where the resistances R and R, are measured as the current
increases and at the saturation temperature of water before the wire heater is heated up,
respectively. The reference temperature, 7, is assumed to be the saturation temperature of
water at atmospheric pressure. Therefore, with the known average temperature coefficient of
resistivity, a of 0.0006, the wire temperature T can be obtained. It should be noted that the
temperature coefficient of resistivity, a, is known to have a relatively large uncertainty in its
value because the wire heater is made of stainless steel grade 316, which is an alloy of various
materials of iron, chromium, nickel, molybdenum, and carbon etc. The fluid bulk temperature
is measured with a K-type thermocouple (nominal uncertainty +1.1°C, as specified by the

manufacturer).
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Figure 3-1 A schematic of resistance heating wire pool boiling facility

The experimental procedure is as follows. First, the isothermal bath and the test fluids are
taken to the desired temperature by the preheaters. The wire is heated up at low heat flux to
remove any noncondensable gas bubbles sticking to the surface. After the gas is removed, the
power is increased in small steps of ~0.2 V until CHF occurs. CHEF is detected visually (i.e.,
the wire glows) and/or electrically (i.e., the electric resistance suddenly increases), thus

terminating the experiment. Heat fluxes are calculated from the following equation:

, IV
nL.D

(3-1)
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The uncertainties on the current, voltage, heated length and wire diameter values are less than
3%, 4%, 3% and 1%, respectively, resulting in an uncertainty of less than 6% on the heat flux.

Measured CHF values are shown in Fig. 3-2. Significant CHF enhancement is observed for
all nanofluids, up to 52% with alumina nanofluids, up to 75% with zirconia nanofluids and up
to 80% for silica nanofluids. The CHF dependence on nanoparticle concentration is a bit

erratic, but not unprecedented for nanofluids [10].
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Figure 3-2 CHF data for DI water and alumina, zirconia and silica nanofluids
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The boiling regimes of pure water and a nanofluid are compared in Fig. 3-3. At the low heat
flux (Fig. 3-3a and 3-3b), both fluids are in the nucleate boiling regime. At the high heat flux,
pure water has exceeded CHF and thus a stable vapor film blankets the wire (film boiling),
which is glowing red (Fig. 3-3c). However, the nanofluid (Fig. 3-3d) is still well within the

nucleate boiling regime.

(c) Pure water (1 MW/m?) (d) Nanofluid (1 MW/m?)

Figure 3-3 Pool boiling of pure water and 0.01 v% alumina nanofluid at the same heat flux on
the wire heater

Typical boiling curves for pure water and three nanofluids are shown in Fig. 3-4. Note that

the nanofluids have higher CHF, but lower nucleate boiling heat transfer coefficient. The
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deterioration of nucleate boiling suggests that a surface effect may be at work. This result is

consistent with the experimental results reported in ref. [5,10,5].

Controversially, however,

some studies report enhancement of heat transfer coefficient [7,12,16].

Heat flux (W/m*2)

1.0E+07
1.0E+06 gy
1.0E+05 4@ QPure water
m 0.01 %v Si02
-"A- A 0.01 %v AI203
[ | A-
A m 0.01 %v ZrO2
1.0E+04 i N i
60 70 80 90
Twire-Tsat (C)

Figure 3-4 Boiling curves for wire heater'

Scanning Electron Microscopy (SEM) analysis of the wire surface reveals that the surface is

clean during pure water boiling (Fig. 3-5a), but a porous layer builds up during nanofluid

boiling (Fig. 3-5b).

It is believed that this layer is due to nanoparticle precipitation caused by

nucleate boiling. EDS analysis of the layer confirms that it is made of nanoparticle material.

The presence of a porous layer on the surface undoubtedly has an impact on boiling heat

! Uncertainties in the slope of the resistivity-temperature curve for stainless steel and the non-negligible

temperature drop within the wire contribute to the unusually high values of the superheat in this boiling curve.
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transfer through changes in surface area, roughness, and wettability, as explained in the

following sections.

(a) Pure water (b) Nanofluid

Figure 3-5 SEM images of wire heaters taken after boiling pure water and 0.01 v% alumina

nanofluid
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3.2 WETTABILITY EXPERIMENTS WITH FLAT HEATER

3.2.1 Experimental Apparatus

Use of a thin wire heater is convenient for CHF experiments, but its high curvature makes it
inconvenient for surface analysis, such as required to study the porous layer. For this purpose,
flat plates of 5 mm wide, 45 mm long, 0.05 mm thick, made of stainless steel grade 316 were
introduced, whose schematics are given in Fig. 3-6.  Using the apparatus of Figs. (3-1) and (3-
6b), several flat heaters were boiled in nanofluids for a period of 5 minutes and at a heat flux of

500 kW/m®. A new (clean) heater was used for each experimental run.

sealing lid

K-type
thermocouple

0.051 mm
== ¢ —
1 flat heater - front view

54'“'" heated area

o =1 Jd
) 45 mm -
flat heater - top view | instlation bed

(a) ()

Figure 3-6 Schematics of (a) flat heater and (b) heater assembly
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Another significant investigation consistent with the primary goal of the current study is to
measure the contact angle to confirm any improvement in wettability of the fouled surfaces.
The degree of wettability is traditionally related to the contact angle. As the contact angle
becomes lower, it is expected that better surface wettability can be obtained. An increase in
surface wettability can be an important factor in explaining the remarkable enhancement of

CHF with nanofluids.

In order to find such a clue, wetting experiments using a sessile drop technique were performed
in which pictures of the contact angle are taken and its numeric value is estimated. A state-of-
the-art contact angle goniometer, EasyDrop Contact Angle Instrument by Kriiss, was used with
a resolution of 0.1 degree in the measuring range of 1 to 180 degree. The picture of the
apparatus is given in Fig. 3-7. A monochrome interline CCD camera with 25/30 fps helps to
obtain accurate results when the drop is fitted automatically. Fitting the angle, width-height
associated with contour fitting is used to get a numeric value of the contact angle. It is
recommended to use a consistent volume of sessile drop during each test. The volume was
kept below 5 pl throughout the entire tests. Also, the time duration of the measurement was
kept short enough less than 30 seconds to minimize droplet evaporation. The measurement
was carried out at 22 °C in air by depositing each nanofluid drop on a surface fouled with the
same nanofluid. For example, a drop of 0.1 v% of AL,O; nanofluid was deposited on the

fouled surface boiled in the 0.1 v% of Al;O3 nanofluid.
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Figure 3-7 Contact angle measurement (EasyDrop Contact Angle Instrumentation by Kriiss)
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3.2.2 Contact Angle Measurement

The static contact angle, 0, was measured for sessile droplets of DI water and nanofluids at
22°C in air on the clean and nanoparticle-fouled surfaces boiled in nanofluids. A typical
schematic of the static contact of liquid in the vapor/solid interface is given in Fig. 3-8. The
uncertainty on such measurements is estimated to be £10°. Low values of the contact angle

correspond to high surface wettability.

Figure 3-8 A schematic of static contact angle of liquid

Several representative cases are shown in Figs. 3-9 through 18. In addition, the complete
contact angle database is reported in Table 8. A rather dramatic decrease of the contact angle
on the fouled surfaces is evident. Such decrease occurs with DI water as well as nanofluid
droplets, and thus suggests that wettability is enhanced by the porous layer on the surface, not
the nanoparticles in the fluid. In another research, Wasan and Nikolov [19] found that

ordering of nanoparticles near the liquid/solid contact line can improve the spreading of
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nanofluids.

Table 8 Static contact angles for DI water and nanofluids on clean and fouled surfaces

Fluid DI water AlL,O; nanofluid ZrO, nanofluid SiO; nanofluid
Nanoparticle 0 0.001 | 0.01 | 0.1 | 0.001 | 0.01 | 0.1 |0.0010.01|0.1
concentration (v%)

Clean surface 79° 80° 73° | 71° | 80° | 80° | 79° | 71° | 80° | 75°
Nanofluid 8°-36°* 14° 23° 40° | 43° 26° | 30° 11° | 15° | 21°
boiled surface

#22°-30° on surfaces boiled in alumina nanofluids, 16°-36° on surfaces boiled in zirconia nanofluids, 8°-18° on

surfaces boiled in silica nanofluids.

(a) 79°

(b) 72°

59

() 65.4°

Figure 3-9 Contact angle of (a) DI water and (b) 0.1 v% of Al,O; on the flat heater boiled in
the DI water; (c) 0.001 v% of ZrO, on the bare flat heater




(a) 39.6° (b) 41.1°
Figure 3-10 Contact angle of 0.1v% of Al,Os on the flat heater boiled in the 0.1 v % Al,O;

(a) 18° (b) 27.8°
Figure 3-11 Contact angle of 0.01 v% of AL,Oj; on the flat heater boiled in the 0.01 v % Al Os
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(a) 16.7° (b) 11.7°

Figure 3-12 Contact angle of 0.001 v% of Al,Os on the flat heater boiled in the 0.001 v%
Al Os

(a) 34° (b) 25.5°
Figure 3-13 Contact angle of 0.1 v% of ZrO, on the flat heater boiled in the 0.1 v% ZrO,
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(a) 26.8° (b) 25°
Figure 3-14 Contact angle of 0.01 v% of ZrO, on the flat heater boiled in the 0.01 v% ZrO,

(2) 38.8° (b) 48°
Figure 3-15 Contact angle of 0.001 v% of ZrO, on the flat heater boiled in the 0.001 v% ZrO,

62



(a) 21.6° (b) 20°
Figure 3-16 Contact angle of 0.1 v% of SiO; on the flat heater boiled in the 0.1 v% SiO,

(a) 5.2°

Figure 3-17 Contact angle of 0.01 v% of SiO, on the flat heater boiled in the 0.01 v% SiO,
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(a) 12.5° (b) 8.7°
Figure 3-18 Contact angle of 0.01 v% of SiO; on the flat heater boiled in the 0.01 v% SiO,
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3.2.3 Scanning Electron Microscopy Results

The metal surfaces of stainless steel 316 were prepared and boiled in the nanofluids such as
alumina, zirconia, and silica dispersed in water. The SEM and EDS analyses again reveal that
some nanoparticles precipitate on the heater surface and form irregular porous structures,
which do not appear during boiling of DI water (Figs. 3-19 through 29). Therefore, with this
measurement it is confirmed that morphology of the metal surface is altered by the
precipitation of the nanoparticles. When the surface experiences a vigorous boiling condition,
the degree of the precipitation becomes more pronounced. This is of significance because
nucleate boiling heat transfer is highly affected by the surface configuration. For example, the
nucleation site density can change and thus lead to either degradation or enhancement of the
nucleate boiling heat transfer coefficient. On the other hand, the nanoparticle layer can alter
the wettability, thus affecting CHF significantly. As mentioned earlier, the change of

wettability can be quantified by measuring the change of contact angle.

According to the SEM and EDS results, some clear differences in the morphology of the
nanoparticle deposition layer are evident among the various nanofluids, as shown in Figs. 3-19
through 3-29. Such differences may depend on the kind of nanoparticles contained in the
nanofluids. These differences result in changes of surface energy and/or roughness of the

solid surface, which in turn affect the contact angle, as will be explained in Section 4....
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Figure 3-19 SEM picture of bare flat heater before boiling
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Figure 3-22 SEM picture and EDS spectrum of flat heater boiled in the 0.01 v% AlL,Os
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Figure 3-24 SEM picture of flat heater boiled in the 0.1 v% ZrO,
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Figure 3-25 SEM picture and EDS spectrum of flat heater boiled in the 0.01 v% ZrO,
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Figure 3-26 SEM picture of flat heater boiled in the 0.001 v% ZrO,
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Figure 3-27 SEM picture of flat heater boiled in the 0.1 v% SiO,
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Figure 3-28 SEM picture and EDS spectrum of flat heater boiled in the 0.01 v% SiO,
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Figure 3-29 SEM picture of flat heater boiled in the 0.001 v% SiO,
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3.2.4 Surface Profilometer Results

The porous layer was analyzed more quantitatively with a Tencor P-10 surface profilometer,
which gave the images shown in Fig. 3-30. The P-10 is a stylus profilometer, which uses a
sharp stylus (2 um tip radius) to quantitatively measure surface topography. The stylus is held
at a fixed position, and the sample is scanned on a precision translation stage to do the
measurement. This system is very commonly used for measuring the thickness of thin films
using a patterned step, wafer bow for film stress analysis, and for quantitative surface

roughness across large areas.

The surface boiled in DI water is very smooth, while the surface boiled in the nanofluid
presents irregular peak-and-valley structures, which are consistent with the SEM images of Fig.
3-5 and 3-19 to 3-29. The roughness and total area of the surface boiled in nanofluid are
about twenty times and five times higher than those of the surface boiled in DI water,
respectively. The effects of such changes on the contact angle are discussed in the next

section.
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(c)

Figure 3-30 Profilometer images of the flat heater surface after boiling (a) DI water, (b) 0.01
v% alumina nanofluid and (c) 0.01 v% zirconia nanofluid. The RMS roughness values are

~0.1 and ~2 pm, respectively. Similar results were obtained with the other nanofluids.
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4 DATA INTERPRETATION

The experiments presented in the previous Section 3 have shown that nanofluids exhibit
enhanced CHF at low nanoparticle concentrations. During nanofluid boiling the heater
surface becomes coated with a porous layer of nanoparticles, and such layer significantly
increases surface wettability. Some questions related to the above observations naturally
arise:

1) Why do nanoparticles deposit on the surface during nucleate boiling?

2) Why does the nanoparticle layer enhance wettability?

3) What effect does the nanoparticle layer have on CHF?

Questions 1 and 3 have been discussed in some detail in a separate paper [35], and only the
essential conclusions are reported here. Briefly, no significant deposition of nanoparticles
was observed while handling nanofluids or measuring their properties or even in single-phase
convective heat transfer experiments, which are being run at MIT. Thus, it is concluded that
nanoparticle deposition is a direct consequence of nucleate boiling. It is well known that a
thin liquid microlayer develops underneath a vapor bubble growing at a solid surface [20].
Therefore, it is postulated that microlayer evaporation with subsequent settlement of the
nanoparticles initially contained in it could be the reason for the formation of the porous layer.
In ref. [35] it is shown that the layer growth rate predicted on the basis of this hypothesis is
consistent with the layer thickness and experiment duration observed in our experiments. As
far as the link between wettability and CHF enhancement is concerned (Question 3), most CHF

mechanisms proposed in the literature, e.g., liquid macrolayer dryout [26,27] and hot spot
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expansion [29-31], suggest that an increase in surface wettability will delay CHF. A semi-
quantitative assessment of such effect was conducted in ref. [35] and it was found that the
magnitude of the CHF enhancements reported in Fig. 3-2 is consistent with the magnitude of
the contact angle reduction reported in Table 8. Therefore, it would seem plausible to

conclude that the nanoparticles do affect CHF via a change in wettability of the boiling surface.

As part of this thesis work, the mechanism of wettability improvement (Question 2) was
analyzed carefully. To that end, Young’s equation is introduced,

cosd = v " Vs (4-3)

which relates the static contact angle to the surface tension, o, and the so-called adhesion
tension, ysv-ys.. The adhesion tension of water on clean steel is ~10 mN/m and its surface
tension is ~72 mN/m, so Young’s equation yields a contact angle of about 82°, which is in good
agreement with the measured angle of 79° (Fig. 3-9a). If the surface is not smooth, the
effective solid-liquid contact area differs from the smooth contact area. Wenzel [22] defines a
roughness factor, r, as the ratio of the effective contact area to the smooth contact area. The
free energy of the solid-liquid interface on a rough surface is then r times the free energy of a
perfectly smooth surface with the same apparent contact area. Therefore, Young’s equation

needs to be modified as follows [22]:
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cosh = M r (4_4)
o

Equation (4-4) suggests that the contact angle on a rough surface depends on three parameters,
i.e., the surface tension, the adhesion tension and the roughness factor. The surface tension of
nanofluids tested in the current study was found to minimally differ from that of pure water
(Table 4 and Fig. 2-3). On the other hand the adhesion tension of water increases significantly
in going from a clean metal to an oxide, e.g., from ~10 mN/m (stainless steel) to ~60 mN/m
(alumina). Such change in adhesion tension alone reduces the contact angle to ~34°, as
calculated from Eq. (4-4) assuming r=1. This is consistent with other studies showing that
surface oxidation decreases the contact angle [23]. The porous layer also increases the
effective contact area. Thus the roughness factor, r, is greater than unity, which also
contributes to the contact angle reduction in this study. To evaluate r, it is necessary to use the
information obtained with the profilometer. For the situation of Fig. 3-30 (a) and (b) the
estimated surface areas are about 84,000 um® (clean surface) and 470,000 um? (alumina-fouled
surface), respectively, resulting in r~5.6. For r~5.6 the contact angle decreases to ~39°, as
calculated from Eq. (4-4) with nominal adhesion tension (~10 mN/m) and surface tension (~72
mN/m). In summary, a simple analysis of the modified Young’s equation suggests that the
enhancement in wettability (decrease in contact angle) is caused by a combination of two
effects, i.e. an increase of adhesion tension and an increase of surface roughness. Both effects

are at work and large enough to cause a pronounced reduction of the contact angle.
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5 CONCLUSION AND FUTURE WORK

The pool boiling characteristics of three water-based nanofluids (silica, alumina and zirconia)

were studied experimentally. The main findings are as follows.

e Transport and thermodynamic properties of the low concentrations of nanoparticles
dispersed in water differ negligibly from those of DI water.

e Dilute dispersions of alumina, zirconia and silica nanoparticles in water exhibit
significant CHF enhancement in boiling experiments with wire heaters, up to 52 % for
alumina, 80 % for silica and up to 75 % for zirconia.

e During nucleate boiling some nanoparticles deposit on the heater surface to form a
porous layer.

e This layer improves the wettability of the surface considerably, as measured by a
marked reduction of the static contact angle. The wettability improvement is due to a

change in surface energy and roughness.

The first three findings are in agreement with other results previously reported in the nanofluid
literature. However, it is believed that this study provides an important new clue in
understanding the mechanism of CHF enhancement in nanofluids, i.e., surface wettability
changes caused by nanoparticle deposition. To elucidate such mechanism more definitively,
additional work is needed, including a thorough characterization of the layer growth during

boiling and direct measurement of the time-dependent temperature distribution on the heater
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surface, which will shed light upon the effect of the porous layer on the nucleation site density
and dynamics. This should be tested in the future in order to expand the existing knowledge
base. It is also necessary to resolve the discrepancy between opposite results on the nucleate

boiling heat transfer coefficient.
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