


THERMAL TRANSPORT OF NANOFLUIDS IN A MINICHANNEL

A Dissertation

Presented to
the Faculty of the Department of Mechanical Engineering

University of Houston

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy

in Mechanical Engineering

by

Leyuan Yu

August 2012



THERMAL TRANSPORT OF NANOFLUIDS IN A MINICHANNEL

Leyuan Yu

Approved:

Chair of Committee
Dong Liu, Assistant Professor,
Mechanical Engineering

Committee Members:

Larry C. Witte, Professor,
Mechanical Engineering

Ralph Metcalfe, Professor,
Mechanical Engineering

Ashutosh Agrawal, Assistant Professor,
Mechanical Engineering

Manolis Doxastakis, Assistant Professor,
Chemical and Biomolecular Engineering

Suresh K. Khator, Associate Dean, Pradeep Sharma, Professor and Chair,
Cullen College of Engineering Mechanical Engineering



ACKNOWLEDGEMENTS

| gratefully acknowledge the financial support from the University of Houston, the
Cooling Technologies Research Center (a National Science Foundation Industry/University
Cooperative Research Center) at Purdue University and the National Science Foundation (Grant
No. 0927340).

I would like to thank the members of my advisory committee, Professor Larry C. Witte,
Professor Ralph Metcalfe, Professor Ashutosh Agrawal and Professor Manolis Doxastakis for
their time and contributions. Also, | would like to thank Dr. Hollingsworth for his advice and
help.

I would like to thank my dear friends and fellow graduate colleagues for their friendship
and help. | want to thank Aritra Sur, Guoliang He, Shuanggi Song, Mircea lonescu, and Holley
Love with whom | have had the pleasure of working with during my stay at the University of
Houston.

I would like to express my sincere gratitude to my advisor, Dr. Dong Liu, for his great
guidance and constant encouragement during my graduate study. He has been such a dedicated
mentor, and his professionalism will play a very important role in my future career.

Finally, | am especially grateful to my family, my parents, and parents in law for their
support and dedication. In particular, | would like to thank my wife, Jing, for her tremendous

love, companionship, encouragement and support over these years.



THERMAL TRANSPORT OF NANOFLUIDS IN A MINICHANNEL

An Abstract
of a
Dissertation
Presented to
the Faculty of the Department of Mechanical Engineering

University of Houston

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy

in Mechanical Engineering

by
Leyuan Yu

August 2012



ABSTRACT

Nanofluids have been proposed as a promising candidate for advanced heat
transfer fluids in a variety of important engineering applications ranging from energy
storage, electronics cooling to thermal processing of materials. However, the thermal
transport mechanisms for nanofluids are far from being well understood. In particular, a
consensus is lacking on if and how the dispersed nanoparticles alter the single-phase and
two-phase heat transfer mechanisms of nanofluids in forced convective flows, and the
applicability of established fluid mechanics and heat transfer theories for predicting
thermal transport of nanofluids has also been called into question.

The present research aims at conducting a systematic study of single-phase
convective heat transfer and two-phase flow boiling of nanofluids in a circular
minichannel. The goals are to experimentally characterize the effective thermophysical
properties, pressure drop and heat transfer behaviors of nanofluids with respect to their
constituent base fluids, and to explore the effects of the particle-fluid interactions on the
convective transport physics in nanofluids.

In this work, both aqueous Al,Os-water and non-aqueous Al,Os-Polyalphaolefin
(PAO) nanofluids were synthesized. The effective thermophysical properties of the
nanofluids, especially the viscosity and thermal conductivity, were first measured and
compared to predictions from the effective medium theories (EMTSs). Special attention
was given to the effects of the nanoparticle size and aspect ratio, the aggregation and the
dispersion state of the nanoparticles. Once these effects were considered properly, no
abnormal changes were found in the effective thermophysical properties of nanofluids.

Then, an experimental investigation was conducted to study the single-phase forced
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convective heat transfer of the nanofluids through a circular minichannel. The friction
factor and convective heat transfer coefficient were measured for the nanofluids over a
wide range of Reynolds number, covering the laminar, transition and early stage of fully
developed turbulent flows. Some interesting phenomena were observed, such as the
developing flow behaviors and delayed transition to turbulence for Al,Os-water
nanofluids, and the abnormal heat transfer characteristics of Al,03-PAO nanofluids,
which can be attributed to the nanoparticle-fluid interaction and the shear-induced
alignment and orientational motion of nanoparticles. Based on the convective heat
transfer experimental data, the thermal performance and effectiveness of nanofluids for
practical cooling applications were critically evaluated using different figures of merit
(FOM), and it was found the nanofluids do not offer any enhanced thermal performance
when the increased pumping power consumption and the negative effect of reduced
specific heat on heat transfer are taken into account. And lastly, convective flow boiling
and two-phase flow of Al,Os-water nanofluids were studied with an emphasis on the
effect of nanoparticle deposition on two-phase flow instabilities. It was discovered the

onset of flow instabilities can be suppressed by the nanofluids.
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CHAPTER 1. INTRODUCTION

Nanofluids are engineered colloids that are formulated by stably dispersing solid
nanoparticles (of 1 to 100 nm diameter) into a base fluid. The early discovery that
thermal conductivity of nanofluids can be enhanced disproportionately even at very low
nanoparticle concentrations [1-6] has generated great interests in nanofluids due to the
implications for basic research and engineering applications [7]. Nanofluids have thus
been considered as a promising example of advanced heat transfer fluids that can be
tailored to possess desired thermophysical properties. However, thermal transport
processes in nanofluids have not been well understood. In particular, a consensus is
lacking on if and how the dispersed nanoparticles alter the single-phase and two-phase
heat transfer mechanisms of nanofluids in forced convective flows, and the applicability
of established fluid mechanics and heat transfer theories for predicting thermal transport
of nanofluids has been called into question.

The present research aims at conducting a systematic study of single-phase
convective heat transfer and two-phase flow boiling of nanofluids in a circular
minichannel. The goals are to experimentally characterize the pressure drop and heat
transfer behaviors of nanofluids with respect to their constituent base fluids, and to
explore the effects of the particle-fluid interactions on the convective transport physics in
nanofluids.

In this work, both aqueous water-based and non-aqueous Polyalphaolefin (PAO)-
based nanofluids were synthesized using both spherical and rod-like Al,O3; nanoparticles
as the filler particles. The effective thermophysical properties of the Al,Osz-water and

Al,O3-PAO nanofluids, especially the viscosity and thermal conductivity, were first



characterized and compared to predictions from various effective medium theories
(EMTs). Special attention was given to the effects of the nanoparticle size and aspect
ratio, the aggregation and the dispersion state of nanoparticles. Then, an experimental
investigation was conducted to study the single-phase forced convective heat transfer of
the nanofluids through a circular minichannel. The friction factor and convective heat
transfer coefficient were measured for the nanofluids over a wide range of Reynolds
numbers, covering the laminar, transition and early stage of fully developed turbulent
flows. Some interesting observations were made and discussed, such as the developing
flow behaviors and delayed transition to turbulence for Al,Os-water nanofluids, and the
effect of shear-induced alignment and orientational motion of nanoparticles on the
transport phenomena of Al,O3-PAO nanofluids. Based on the convective heat transfer
experimental data, the thermal performance and effectiveness of nanofluids for practical
cooling applications were critically evaluated using different figures of merit (FOM). At
last, convective flow boiling and two-phase flow of Al,Os-water nanofluids were studied
experimentally with an emphasis on the effect of nanoparticle deposition on two-phase
flow instabilities.

This dissertation is organized as follows. An overview of the literature relevant to
each chapter is covered in the beginning of the chapter. Chapter 2 describes the synthesis
of nanofluids and the experimental characterization of their effective thermophysical
properties. Chapter 3 details the single-phase convective heat transfer and flow behavior
of AlLOs-water nanofluids in a minichannel over the laminar, transition and turbulent
flow regimes. Chapter 4 presents the single-phase thermal transport of Al,O3-PAO

nanofluids containing both spherical and non-spherical nanoparticles in the laminar



region. Chapter 5 discusses the critical evaluation of thermal performance and
effectiveness of nanofluids for cooling applications. Chapter 6 describes the flow boiling
heat transfer and two-phase flow of Al,Os;-water nanofluids. Finally, the conclusions of

the present study and recommendations for future work are summarized in Chapter 7.



CHAPTER 2. NANOFLUIDS SYNTHESIS AND CHARACTERIZATION

Nanofluids are engineered colloids that are formulated by dispersing solid
nanoparticles of 1 to 100 nm diameters into a base fluid. Commonly used base fluids
include water, organic fluids (e.g., ethanol and ethylene glycol), oils, and lubricants.
Materials for the solid nanoparticles include metals (e.g., gold and copper), and oxides
(e.g., alumina, silica, zirconia, titania and copper oxide). Other materials such as carbon
nanotubes and functionalized nanoparticles have also been used to prepare nanofluids.
Since the early work of Choi in 1995 [8], extensive research efforts have been devoted to
exploring the thermophysical properties. The most dramatic discovery of nanofluids has
been the disproportionate enhancement of thermal conductivity at very low particle
concentrations. Consequently, they have been generally considered as a promising

candidate for advanced heat transfer fluids.

2.1 NANOFLUIDS SYNTHESIS

Nanofluids can be synthesized using either a one-step or two-step approach. In
the first approach, which is also termed the direct evaporation-condensation (DEC)
method, nanoparticles are simultaneously formed and dispersed in a fluid in a single
process where the source material is vaporized and condensed directly into a flowing
fluid under vacuum conditions [9-12]. The DEC method is preferred for producing
nanofluids containing high-conductivity metal nanoparticles since it avoids oxidation of
the nanoparticles. While it offers highly uniform and stable suspensions by minimizing
particle agglomeration, the DEC method is only applicable to low-vapor-pressure fluids

as a result of the need for processing in a vacuum. The two-step approach is the most



popular technique in preparing nanofluids, particularly for metal oxide nanoparticles [13],
where the nanoparticles are first synthesized by either physical synthesis techniques such
as the inert-gas-condensation (IGC) process [14] or chemical synthesis methods such as
chemical vapor deposition[15], and then dispersed into a fluid in a second processing step.
The two-step approach is advantageous for mass production of nanofluids because
nanoparticles can now be economically produced in bulk. The biggest challenge in
synthesizing nanofluids is the agglomeration of individual nanoparticles due to the
attractive van der Waals forces between particles, which cause nanoparticles to aggregate
and rapidly settle out of the base fluid. Physical or chemical dispersion techniques must
be employed to overcome particle agglomeration and to improve the stability of
nanofluids. In physical techniques, ultrasonic agitation, or ultrasonication, is widely used
to break down nanoparticle aggregates by means of the addition of sonic energy.
Chemical methods have long been used to stabilize colloidal suspensions by creating
repulsive interaction between nanoparticles. This can be accomplished by the addition of
surfactants, or by adjusting the pH value of the nanofluids via the introduction of an acid
or alkali. In addition, surface functionalization of the nanoparticles has also been used to
improve the dispersion behavior of nanofluids [16, 17].

In this work, two types of nanofluids were studied, including the aqueous Al,Os-
water nanofluids and the non-aqueous AlOs-Polyalphaolefin (PAO) nanofluids. The
aqueous Al,Os-water nanofluids were prepared by dispersing commercial y-phase Al,O;
nanoparticles of 40 nm nominal diameter (Alfa Aesar) in deionized water. The volume
concentrations investigated for single phase heat transfer were 1 and 2, 3.5 and 5 v%,

respectively. The volume concentrations studied for flow boiling heat transfer were 0.01



v% and 0.1 v%. To stabilize the nanofluids, both physical and chemical dispersion
techniques were employed. The normal procedures are as follows. The powder-like
nanoparticles were first dispersed in the base fluid with a magnetic stirrer. A trace
amount of nitric acid was then added to adjust the pH value of the suspension to 3.0,
which creates repulsive electrostatic interaction between nanoparticles that alleviates the
particle aggregation. Following that, the nanofluid sample was homogenized with a high-
shear homogenizer (Barnant Model 700-5400) for 3 hours. As the last step, an
ultrasonicator (Biologics 150 VT) was used to further break down the finer nanoparticle
aggregates for 2 hours.

Polyalphaolefin (PAO) based nanofluids were formulated by dispersing boehmite
alumina nanoparticles in 2 centiStokes (cSt) PAO under ultrasonication. Two types of
Al,O3-PAO nanofluids were prepared. The first type (referred to as NF1) contains
spherical nanoparticles, and the second type (referred to as NF2) contains nanorods. Due
to the hydrophobic nature of PAO, special dispersants of minuscule amount were added
to alleviate the aggregation of nanoparticles to stabilize the nanofluids. All the
nanofluids samples were found stable without visible sedimentation for at least 7 days

during the experiment period.

2.2 GEOMETRICAL CHARACTERIZATION OF NANOFLUIDS

To assess the efficacy of ultrasonication, the dependence of effective particle size
on the sonication duration was examined using validated DLS instrument (Malvern
NanoZS). Figure 2.1 shows the effective particle size for Al,Os-water nanofluids
measured at 15-minute intervals over a period of 2 hours. It shows the particle size

decreases rapidly from, initially, 186 nm to 146 nm within the first 30 minutes, and



reaches a constant value of 135 nm at the end of ultrasonication. The size distribution of
nanoparticles is shown in Figure 2.2. The effective particle size was found to be 135 nm,
considerably larger than the nominal diameter (40 nm) specified by the vendor (Alfa
Aesar). It indicates that the particle agglomeration cannot be entirely broken even after
intensive mechanical and chemical dispersing. Strictly speaking, the effective particle
size is slightly outside the upper bound of nanoparticles used in nanofluids (particle size
from 1 to 100 nm), however, it is still well within the typical particle size range reported
in the nanofluid literature. Similarly, the diameter of the spherical nanoparticles
contained in Al,O3-PAO nanofluid NF1 was also measured using the DLS technique and
was found to be about 60 nm.

The diameter and length of the non-spherical nanorods contained in Al,O3;-PAO
nanofluid NF2 were measured using transmission electron microscopy (TEM) (JEOL
1230 HC TEM). Before the TEM measurement, the sample was prepared by diluting the
nanofluid containing 0.65 v% nanorods with pure 2 ¢St PAO at a ratio of 1:10 and
sonicating the mixture for 4 hours. The measured diameters of the individual nanorods (d)
range from 5 nm to 11 nm, and the lengths (L) range from 80 nm to 106 nm. Taking the
average measurements from 10 TEM images, the mean diameter and length of the
nanorods were d = 7.0 nm and L = 85 nm, respectively, which correspond to an average

aspect ratio of r = L/d ~ 12 (Figure 2.3).
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Figure 2. 3. TEM of Al,O3 nanorods.

2.3 THERMOPHYSICAL PROPERTIES OF NANOFLUIDS
Thermophysical properties that are crucial to convective heat transfer include
density p, specific heat Cp, viscosity 4, and thermal conductivity K. In this work, the

effective density and the effective specific heat of a nanofluid are estimated as

p=¢-p,M+1-@-p; (1) 2.1
o, 1AM, M]+a-9{p M, ] 22)
P(T)

where ¢ is the particle volume concentration, p the density of the nanofluids, p, the
nanoparticle density, o, the density of base fluid,C, the specific heat of nanofluids, ¢, |

the nanoparticle specific heat, and C, ; is the specific heat of base fluid.



2.3.1ViscosITy

2.3.1.1 THEORY
For suspensions of spherical particles, the relative viscosity can be expressed by

the Batchelor equation [18] as a function of nanoparticle volume fraction

t === 14 [u]g+k# +0(4) 23)

Hy
where the intrinsic viscosity is [x#] = 2.5 and the Huggins coefficient is ky = 6.2 [19, 20].
The first two terms at the RHS of Eq. (2.3) are related to the particle diffusion; the third
term arises in concentrated suspensions, and the coefficient ky is very sensitive to the
rheological structure of the suspension [21]. At infinite dilution, Eq. (2.3) reduces to the

well-known Einstein equation, x =1+ 2.54.

Addition of particles, particularly anisotropic particles such as spheroids, rods or
discs, into a base fluid results in an effective viscosity that is higher than the viscosity of
the base fluid. This is due to the Brownian and hydrodynamic motions of the dispersant
particles. In suspensions of rod-like particles, the impact of translational Brownian
motion of the particles is negligible on the viscosity, as compared to that due to the
rotational Brownian motion. As such, the effective viscosity is mainly affected by the
competition between the shear force and the rotational Brownian motion, represented by

the rotational Peclet number

/4
Pe =5 (2.4)

where y is the shear rate, and Dy is the rotational diffusion constant of the particles. It is

easy to see the low shear limit (as encountered under the static conditions) corresponds to
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Perot << 1. If the particle concentration is sufficiently high, the particles will overlap and

interact hydrodynamically, and the rotational freedom is restricted. Recasting the particle

volume concentration in terms of the number density v, it yields v=¢/ (%dzL) for a

dispersion of rod-like particles with a diameter d and a length L. The minimum overlap

concentration is given by [22]
VvV =—. (2.5)

If the particle dispersion is infinitely dilute (v < 0.1 V'), each particle can rotate

freely and the relative viscosity of the nanofluid is
uo=1+[ulg, (26)

where [1] can be calculated from one of the following equations [23, 24]

[y]zir—z, for r >>1 2.7)
15Inr
or
r’ 1 1
[u]=— +1.6, forr>15. (2.8)

+
5 3(ln2r —1.5) In2r-0.5

At higher shear rate, i.e., Perot > r’, the orientation distribution of the particles due
to shear forces dominates over the Brownian motion, and [x] can be estimated by the
equation by Hinch and Leal [25]

r

=0.315
[,u] Inr

2.9)

If v > 0.1 Vv, the rod-rod hydrodynamic interaction starts to contribute to the
effective viscosity of the suspension. For instance, 0.1v" corresponds to a particle volume

concentration of 0.055% for nanorods with L = 85 nm and d = 7 nm in this work. When
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the particle concentration falls in the range of 0.1v" < v <V, the suspension can still be
considered dilute. The relative viscosity at low shear limit (Pero; << 1) is estimated from

the Berry-Russel equation [26]

= 1+[ulg+ ke [u] 6 (2.10)

where ki, =§(1—0.00142Pe2

rot

) and [#] can be found from Eqgs. (2.7) or (2.8). At higher

particle concentrations, v < v < (dL?)", or equivalently, 0.55 % < ¢ < 6.5% for the PAO-
nanofluids in the present study, the particle suspension is considered semi-dilute. In this
concentration range, the rotational volumes of adjacent rods will overlap and the rods are

entangled. The low-shear viscosity of such particle suspensions is given by [22]

r’ 36r°
+ +
15Inr " 57°Blnr

=1 , 2.11)

where £ is a numerical factor (8= 10° — 10%). When the particle concentration further
increases to the maximum packing fraction, ¢y, the Krieger-Dougherty correlation [27]

can be used to estimate the relative viscosity

w=[1-(p/ )], 2.12)
where ¢, = 5.4/r for r >>1 [28, 29].

In addition to the hydrodynamic interaction between particles, two more effects
must be considered in the study of the effective viscosity of nanofluids: the particle
aggregation and the shear flow. Most nanoparticles naturally adhere to each other,
although the aggregation can be suppressed to some degree with stabilizing agents. As a
consequence, the particle volume fraction, ¢, should be replaced by an effective volume

fraction, ¢@,, as suggested by Chen et al. [30, 31]
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4, =¢($j , (2.13)
a

where a is the primary nanoparticle size, a, is the effective size of the aggregates; and M
is the fractal index. The value of M varies between 1.6 and 2.3, and is approximately 1.8
for spherical nanoparticles. Since (as/a) > 1, the particle aggregation results in ¢, that is
higher than ¢, which, in turn, leads to a higher viscosity of the nanofluids. On the other
hand, when a shear flow is applied, the rod-like particles tend to align spontaneously with
the flow field. Thus the impact of the rotational motion of nanoparticles on viscosity will
diminish as the shear rate increases. In fact, the shear thinning behavior was observed in
nanofluids at high particle volume fraction under high shear conditions [30, 31].
Therefore, the effective viscosity of nanofluids in forced convective flow is expected to

be lower than the values measured at the static conditions.

2.3.1.2 EXPERIMENTAL RESULTS

The effective viscosity of Al,Os-water nanofluids was measured at 25°C using a
capillary viscometer (Cannon-Ubbelohde 9721-R53). The normalized results with
reference to the viscosity of pure water are presented in Figure 2. 4. It is seen that the
effective viscosity exceeds that of water and increases with the nanoparticle volume
concentration. Nonetheless, the viscosity increment is moderate and can be well

predicted by the Batchelor correlation[18]

o= (T)(1+2.5¢+6.2¢2). (2.14)
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Figure 2. 4. Effective viscosity of nanofluid at various volume concentrations at 25°C.

The viscosity of Al,O3-PAO nanofluids was measured at 25°C using the same
capillary viscometer under static conditions, which correspond to the low shear limit, for
particle volume fractions of 0.33, 0.49, 0.65, and 1.3 v%, respectively. Figure 2. 5(a)
shows the measured data of NF1 as well as the comparison with theoretical predictions.
The viscosity of nanofluids clearly increases with the nanoparticle volume fraction. The
original Batchelor equation (Eq. (2.3) underpredicts the experimental data, but it can be
used in combination with the effective volume fraction calculated from Eq. (2.13) to
better correlate the viscosity data of nanofluids. In doing so, the actual value of as/a
needs to be determined as a priori, however, here it is employed as a fitting parameter. It
is found that the selection of a;/a = 4.12 and M = 1.8 yields a good agreement between

the predictions and the measured data with a coefficient of determination of R* = 0.9843.
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For simplicity, an empirical correlation was proposed for the relative viscosity of

nanofluids containing spherical nanoparticles
. =1+13.674+185.42¢4*,  for NF1. (2.15)

Figure 2. 5(b) illustrates the measured relative viscosity of NF2 as a variation of
the nanoparticle volume fraction. As compared to the results for NF1 in Figure 2. 5(a),
the viscosity of NF2 is distinctly higher at the same particle concentration, and the
difference widens as the concentration increases. Similar observations were reported by
Chen et al. [32] and Zhou et al. [33]. The results suggest the important role played by the
particle geometry and aspect ratio in affecting the rheological properties of nanofluids.
Also shown in Figure 2. 5(b) are the predictions from the theoretical models developed
for suspensions of rod-like particles. Unfortunately, they all underestimate the
measurement data. Considering again the aggregation effect, the effective volume
fraction of rod-like particles can be estimated from Eq. (2.13), where a,/a=1.48 and M =
1.95 were chosen. Using the effective volume fraction, the modified theoretical
predictions are compared again with the experimental data in Figure 2. 5(c). It is seen the
dilute suspension model yields the best overall prediction (R* = 0.9920) of the relative

viscosity of nanofluids.
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Figure 2. 5. The effective viscosity of nanofluids at various nanoparticle
volume fractions.
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An empirical correlation similar to Eq. (2.15) was proposed for the relative viscosity of

nanofluids containing nanorods
1, =1+27.294+296.92¢4°, for NF2. (2.16)
It is noted that Egs. (2.15) and (2.16) are valid for ¢ < 1.3 v%.

The viscosities of nanofluids at elevated temperatures were not investigated in

this work. Instead, they were estimated by

w(T)=p - p, (T). (2.17)
2.3.2 THERMAL CONDUCTIVITY

2.3.2.1THEORY
The Hamilton-Crosser model [34] is one of the most widely-cited correlations to

predict effective thermal conductivity of solid-liquid mixtures,

kr:L:kp+(n—l)kf —(n—l)(kf—kp)¢’ 2.18)
K, k, +(n—Dk; +(k; —k,)¢

where the shape factor is n = 3/y,  is the sphericity defined as the ratio of the surface
area of a sphere (with the same volume as the given particle) to the surface area of the

particle. For spherical particles, =1, Eq. (2.18) reduces to the classical Maxwell model

K =259 (2.19)
1- B¢

where ,B:(kp—kf) / (kp+2kf). To account for the interfacial thermal resistance, the

Maxwell-Garnett model [35] yields

17



o (LH20) +2¢(1-a)
" (+2a)-d(l-a)

(2.20)

where a = 2Ry ki/D and Ry, is the interfacial resistance. While Ry, is difficult to measure
directly, molecular dynamics simulations suggest it is typically of the order of 10°®* ~107
m’K/W [15].

For dilute suspensions containing randomly dispersed spheroidal particles, Nan et

al. [35] developed an effective thermal conductivity model

=10 2R ) (2.21)
T 3428k + Bks)
where
Bi = (ki =k )/ [ K + L (i =Ko ) ] (2.22)
The depolarization factors for prolate spheroids are
Lo " oshroand L—1-2L,, (2.23)
2(r 1) o(rr-1)”
and the equivalent thermal conductivities along the two spheroidal axes are
K, nd k L (2.24)

k“:—a 33 = .
l+2kpr/D 1+2kpr/L

2.3.2.2 EXPERIMENTAL RESULTS
The effective thermal conductivity of nanofluids was measured using a thermal
property analyzer (KD2 Pro), which is based on the transient hot wire method [10, 36] .
A sample measurement for Al,Os-water nanofluids in Figure 2. 6 shows that the

thermal conductivity of nanofluid is enhanced as compared to that of water and can be
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reasonably correlated by the Buongiono model (Eq. (2.25)) [37] over the temperature

range measured

k =k, (T)(1+4.5503¢). (2.25)
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Figure 2. 6. Effective thermal conductivity of nanofluid at

various temperatures (error bar £+ 5%).

It is noted that, in Eq. (2.25), the temperature dependence has been considered in the
thermophysical properties of the nanofluids[38, 39].

Figure 2. 7 illustrates the comparison of the measured effective thermal
conductivity of Al,O3-PAO nanofluid NF1 with the predictions from Egs. (2.18) and
(2.20). In their original forms, both the Hamilton-Crosser model and the Maxwell-
Garnett model significantly under-predict the experimental data, as manifested in Figure
2. 7(a). If the particle aggregation effect is considered, the effective volume fraction of

NF1 used in the viscosity calculation (with a,/a = 4.12 and M = 1.8) can be applied in
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estimating the effective thermal conductivity. The new results are plotted in Figure 2.
7(b). The Hamilton-Crosser model is seen to overestimate the thermal conductivity. The
accuracy of the Maxwell-Garnett model is affected by the choice of Ry, which is used
here as a fitting parameter. By using regression analysis, it is found that for Rp= 6.5 x
10® m?K/W, the Maxwell-Garnett model can offer the best match with the experimental
data with R* = 0.9962. For simplicity, the experimental data are correlated by a linear
function of the nanoparticle volume fraction

k/k, =1+7.6661¢, for NF1. (2.26)

Figure 2. 7 shows the comparison of the measured thermal conductivity of Al,Os-
PAO nanofluid NF2 with predictions from the Nan et al. model [40]. Clearly, this model
fails to predict the experimental data satisfactorily. However, when the effective volume
fraction (with a;/a = 1.48 and M = 1.95) and R, = 1.24 x 10® m*’K/W are used, the
modified model offers a much better prediction of the experimental data (R* = 0.9582).
In light of the complexity of the Nan et al. model (Egs. (2.21) through (2.24)), a simple
correlation was proposed to predict the effective thermal conductivity of nanofluids
containing nanorods

k/k, =1+9.45394, for NF2. (2.27)

2.3.2.3 FURTHER DISCUSSION

In the above discussions, the nanofluids are regarded as a matrix-based composite
material, whose effective thermal conductivity depends on the constituent materials, the
volume fraction and the size/shape of the filler nanoparticles. On the other hand, as a
heat transfer parameter, the thermal conductivity of nanofluids is also critically affected

by the distribution and the relative orientation of nanoparticles with respect to the
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temperature field [40]. As depicted in Figure 2.9, there are four possible particle
configurations in the particle-fluid suspension, namely, the parallel, series, Hashin-

Shtrikman (or H-S) and EMT configurations.
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Figure 2. 7. The effective thermal conductivity of NF1 as a function of

nanoparticle volume fraction.
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Figure 2. 9. Four possible particle configurations in particle suspensions.

In each representative cell, the heat flux is applied from the bottom boundary to the top
boundary.  When the particles are continuously configured in parallel with or
perpendicular to the direction of the temperature gradient, the effective thermal

conductivity can be described by the parallel or the series model [41, 42]

Parallel model k=(1-¢)k, + Pk, (2.28)
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Series model k= ! (2.29)

(1-¢) /K, +p/k,

The parallel and series models represent the upper and lower bounds over all possible
structures of a heterogeneous material, respectively. In the H-S configuration, the
discrete particles are uniformly distributed without direct contact with each other. The

corresponding effective thermal conductivity is given by [43]

_ 1-¢
ke = kp '|'1—¢ . (230)

+
k,—k, 3k

m p p

In real particle suspensions, the particle distribution is neither continuous nor
uniform. More likely, it takes the form of the EMT structure, i.e., a random distribution.
For such kind of particle dispersion, the effective thermal conductivity is predicted by the

EMT model [44, 45],

k=1{(3¢-1)k, +[3(1-¢)-1]k, Jr\/[(3¢—1)kp +[3(1-¢)-1]k, ]2 +8k,k,}/4. (2.31)
For the four particle configurations of the A1,O3-PAO nanofluids (Ky/ks = 348), the
theoretical predictions of the effective thermal conductivity are plotted in Fig. 7 over the
full range of volume fraction (0 < #< 1). At any given composition, the highest possible
thermal conductivity is obtained in the parallel structure, where heat is conducted through
the parallel pathways formed by the aligned particles. In contrast, the lowest possible
thermal conductivity occurs in the series structure.
In almost all heat transfer experiments of nanofluids (including the present one),
the effective thermal conductivity was measured under static conditions, where the
nanoparticles were assumed to disperse either randomly or uniformly in the base fluid.

However, the measured thermal conductivity data of NF2, presented as the inset in
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Figure 2. 10. Effective thermal conductivity for various particle configurations.

Figure 2. 10, lie between the predictions of the parallel model and the EMT/H-S model,
suggesting the actual distribution of the nanorods is neither completely orderly nor
completely random. Furthermore, when the nanofluid is flowing through a circular
channel, a velocity gradient exists along the radial direction, and therefore, the resulting
shear stress will strongly align the non-spherical particles with the flow direction, as
schematically depicted in Figure 2. 11 [21]. After the flow becomes hydrodynamically
fully developed, a particle-fluid structure similar to the series configuration in

Figure 2. 10 will be formed. Consequently, it is reasonable to expect that the actual
thermal conductivity of nanofluids containing rod-like particles in the convective flow

would be less than that is measured under static conditions. The reduced effective
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thermal conductivity will adversely affect the convective heat transfer performance of the

nanofluids.

: Hydrodynamic entrance region : Fully developed reglon

Figure 2. 11. Shear-induced alignment of rod-like nanoparticles in convective

flow through a channel.

2.4 SUMMARY

An experimental study was conducted to investigate the thermophysical
properties of Al,Os-water and Al,O3-PAO nanofluids containing both spherical and rod-
like nanoparticles. The effective viscosity and effective thermal conductivity of the
nanofluids were measured, and were compared to predictions from several existing
theories in the literature. It was found that the presence of nanoparticles alters the
effective thermophysical properties of nanofluids, and the particle size and aspect ratio
are the important influencing factors. Additionally, the effective viscosity and thermal
conductivity of nanofluids in the shear flow are also affected by the dispersion state, the

aggregation of nanoparticles as well as the interaction particles between and fluid.
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CHAPTER 3. SINGLE-PHASE THERMAL TRANSPORT OF
AQUEOUS NANOFLUIDS INA MINICHANNEL

Single-phase forced convection of nanofluids has drawn particular interest due to
its direct engineering relevance in a variety of applications ranging from energy storage,
electronics cooling to thermal processing of materials [32, 37, 46-61]. It was found that,
in both laminar and turbulent flows, convective heat transfer is enhanced in nanofluids
compared to the base fluids. Most studies showed that the heat transfer enhancement
increases with increasing nanoparticle concentration and Re. Moreover, the enhancement
generally surpasses what can be expected from the thermal conductivity enhancement
alone. Thus the applicability of the established heat transfer correlations for predicting
the thermal transport of nanofluids has been called into question. This chapter presents a
thorough experimental investigation of single-phase convection of Al,Os-water
nanofluids in a circular minichannel. The objectives are 1) to characterize the pressure
drop and heat transfer behaviors of nanofluids with respect to their constituent base fluid,
2) to validate the applicability of established conventional correlations in predicting the
flow and heat transfer of nanofluids; and 3) to explore the fundamental mechanisms

underlying the convective transport in nanofluids.

3.1 LITERATURE SURVEY

Single-phase convective heat transfer of nanofluids has been studied due to its direct
relevance to various engineering applications. While the effective thermal conductivity
of a nanofluid may be higher relative to the base fluid, the convective heat transfer

coefficient also depends on other properties, such as the density, viscosity and specific
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heat of the nanofluids. Table 3. 1(a) to (c) provide a compilation of the data collected for
single-phase convective heat transfer of nanofluids from experimental, numerical and
theoretical studies in the literature [32, 37, 46-54, 56-67]. Convective heat transfer in
nanofluids has been found to be improved under both laminar and turbulent flow
conditions, with the enhancement increasing as the particle volume concentration or the
particle thermal conductivity increases. However, the heat transfer enhancement
observed has usually exceeded the thermal conductivity enhancement, indicating that
additional mechanisms of heat transfer enhancement are present in convection beyond
those corresponding to increased thermal conductivity alone. In addition, the
applicability of established heat transfer correlations, even with the effective
thermophysical properties of nanofluids factored in, has been called into question in some
studies[17]. Considering the limited experimental data available in the literature, firm
conclusions are yet to be drawn regarding the transport mechanisms in convective heat

transfer with nanofluids.
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Table 3. 1. (a) Single-Phase Heat Transfer with Nanofluids (Experiments).

Particle Size

Experimental

Reference Nanofluid and o Key Findings Mechanisms and Models
. Conditions
Concentration
Liand Xuan  Cu-water <100 nm Forced convection Heat transfer with nanofluids (2 v%) is o Heat transfer enhancement is attributed
[46, 47] 0.3-2v% Re = 800-25000 60% higher than for pure water. to increased thermal conductivity and
Heat transfer coefficient and Nusselt intensified energy exchange due to
Tube dimensions number increase with increasing chaotic motion of nanoparticles.
not reported nanoparticle concentration. e Proposed correlations:
Dittus-Boelter correlation does not predict  Laminar
Nusselt number even with effective Ny, =04328(1.0+11.2850 ™ P& )Re; ™ Py
thermal properties of nanofluids used. Turbulent
Measured friction factor is almost identical N, =0.005%(1.0+7.62864 S Pel ™ )R i
to that of pure water.
Yang et al. Graphite-ATF~ d =1-2 um Forced convection Nanofluids of 2.5 wt% loading increase o Weaker heat transfer enhancement with
[48] Graphite-oils | = 20-40 nm Re = 10-100 heat transfer coefficient h by 22% at 50°C 2% nanofluids is attributed to lack of
2, 2.5 wt% and 15% at 70°C; nanofluids of 2 wt% percolation of nanoparticles at lower
Tube dimensions loading have no appreciable impact on h. concentrations.
(Iis the length)  not reported Experimental measurements of h exhibit e Nanofluids enhance heat transfer
the same 1/3-power dependence on Re coefficient via increased thermal
as in the Seider-Tate correlation. conductivity and movement of
However, the correlation overpredicts h if nanoparticle relative to the fluid.
enhanced effective thermal conductivity is e Temperature-dependence of heat
used. transfer enhancement is caused by
Correlations by Oliver [39] and Eubank- disruption of particle-particle interactions
Proctor [40] bracket the measured Nu due to reduced shear force at elevated
data. temperatures.
Wen and yAl,Oz-water 27-56 nm Forced convection Nanofluids improve heat transfer by 47%. e Nanoparticle migration causes non-
Ding[49] (SDBS added) 0.6-1.6 v% Re =500-2100 Heat transfer enhancement increases uniform distribution of particle
with Re and nanoparticle concentration concentration and reduces thermal
Circular tube and is more pronounced in the entrance boundary layer thickness.
(copper) region. o Heat transfer enhancement in entrance
D =6.4mm Heat transfer enhancement cannot be region is mainly due to decreased

explained by the higher effective thermal
conductivity.

Shah correlation [68] cannot predict
measured Nusselt number.

thermal boundary layer thickness rather
than increased thermal conductivity.




Particle Size

Experimental

Reference Nanofluid and I Key Findings Mechanisms and Models
. Conditions
Concentration
Ding et CNT-water Size not Forced convection Convective heat transfer is enhanced by ¢ Heat transfer enhancement attributed to:
al.[50] (with 0.25 wt%  reported Re = 800-1200 over 350% with 0.5% CNT concentration o enhanced thermal conductivity both at
gum-Arabic) 0-0.5% wt% at Re = 800. static and dynamic conditions;
Circular tube Heat transfer enhancement increases o reduced boundary layer thickness due
(stainless steel) with Re and nanoparticle concentration, to particle migration caused by non-
D=4.5mm and is more pronounced in the entrance uniform shear rate; and
L =970 mm region. o high aspect ratio of CNTs.
He etal.[51]  TiOz-water 95,145,210 nm  Forced convection Thermal conductivity increases with e Convective heat transfer is affected by
1.0-4.9 wt% Re =900-5900 increasing particle concentration and the viscosity and the particle migration.
(0.24-1.18 v%) decreasing particle size.
Circular tube Nanofluids exhibit shear thinning at high
(copper) shear rate. Viscosity increases with
D =3.97 mm particle concentration and particle size.
L =1834 mm Heat transfer is enhanced with increasing
particle concentration. Enhancement in
laminar regime (12% at Re = 1500) is
@ less than that in turbulent flow (40% at Re
= 5900).
Pressure drop can be predicted by
conventional theory only at low Re.
Heris et yAl,O3-water 20 nm Forced convection Convective heat transfer is enhanced with
al.[52] 0.2-2.5% v% Re = 500-2000 increase in nanoparticle concentration.

Annular tube

(copper)
D=6mm,L=1m

The maximum enhancement is 41% at Pe
= 6000 for 2.5 v% nanofluid.
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Particle Size

Experimental

Reference Nanofluid and I Key Findings Mechanisms and Models
. Conditions
Concentration
Chen et Titanate 260 nm Forced convection Convective heat transfer enhancement Thermal conductivity accounts for a
al.[32] nanotubes- 0.5,1,25wt% Re =1100-2300 increases with nanotube concentration small portion of observed heat transfer
water and Re. enhancement.
Circular tube Heat transfer enhancement is more Nanofluids improve surface wettability
(copper) appreciable in the entrance region and which may help to enhance heat
D =3.97 mm decreases with axial distance. transfer.
L=2m Nanoparticles with larger aspect ratios Particle migration and non-uniform
lead to higher heat transfer enhancement. shear may lead to particle depletion and
shear thinning which reduce the
effective viscosity near the wall and
enhance heat transfer.
Williams et Al,Os-water Al;O3 - 46 nm Forced convection The Maxwell-Garnett model [42] brackets Conventional theory can reliably predict
al.[37] Zr O,-water 0.9,1.8,3.6 Re = 9000-6300 the measured thermal conductivity. thermal transport with nanofluids as long
V% The Dittus-Boelter correlation predicts the as the effective properties of nanofluids
Circular tube measured Nu within £10% if temperature- are used.
ZrO; - 60 nm (stainless steel) and concentration-dependent properties
0.2, 05, 0.9 D =9.4 mm are used.
V% L =2.819m The Blasius correlation predicts the
measured pressure drop data to within
+20%.
Putra et Al,Os-water Al,O3-131.2 Natural convection Nanofluids behave as Newtonian fluids
al.[53] CuO-water nm between 1% and 4% particle
CuO-87.3 nm concentration.
1-4 v% Heat transfer decreases with increasing

particle concentration. The deterioration
increases with aspect ratio of the flow
cavity.

Decrease in convective heat transfer is
worse for CuO-water than Al,Os-water.
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Particle Size

Experimental

Reference Nanofluid and I Key Findings Mechanisms and Models
Concentration Conditions
Duangthong  TiO,-water 21 nm Forced convection Thermal properties (specific heat,
suk and 0.2v% Re = 5000-17000 viscosity and thermal conductivity) are
\5/\‘/10”9""'395[ calculated from various models and are
] Circular tube found to be drastically different.
(copper) The selection of property model has little —
D =8.13mm effect on predicted Nusselt number and
L=15m heat transfer coefficient. The reason is
attributed to low nanoparticle
concentration.
Jung et AlL,Os-water 170 nm Forced convection Convective heat transfer coefficient o A modified Dittus-Boelter correlation is
al.[62] Al,03-(50% 0.6,1.8,2.4 Re = 5-300 increases with nanoparticle concentration proposed.
water + 50% v% and Re. e Nu=0.014¢"" Re"* Pr’°
ethylene Rectangular Entrance effect is more pronounced at
glycol) microchannels (Si) high Re.
50 x 50 pm? Nusselt number in microchannels is no
100 x 100 pmz longer constant in laminar flow regime
and is considerably less than theoretical
predictions.
Pressure drop can be predicted by the
Blasius correlation.
Wen and TiO,-water 170 nm Natural convection Nusselt number decreases with e Reasons for heat transfer deterioration
Ding[55] (HNO3 and 0.19-0.57 v% GrPr = 20,000- increasing nanoparticle concentration, o Increase in viscosity
NaOH added, 200,000 suggesting a different heat transfer w; =13.47 7%,
pH =3) mechanism for natural convection of . L .
Circular discs nanofluids. o Lack of inter-particle interaction due to
(Aluminum) low pH value needed to stabilize
D = 240 mm nanofluids; and

separated by a 10-
mm gap

0 Sedimentation of nanoparticle
aggregates on heating surface
creating extra thermal resistance.




Particle Size .
Experimental

Reference Nanofluid and I Key Findings Mechanisms and Models
. Conditions
Concentration
Nnanna[56]  Al,Os-water 22 nm Natural convection e Thermal response of nanofluids shows e A correlation for effective Nu is
0.002-0.079 Ra =10"-3 x10’ similar temporal and spatial evolution of proposed
V% temperature profile to that of the base ,Ral(e—m)
35 mm x 40.32 mm fluid. Nu=TI%e
x 215 mm ¢ Rayleigh number decreases with
aluminum cavity increasing particle concentration, due to

reduction in volumetric expansion
coefficient and increase of viscosity.

o Effective Nu increases at small particle
concentration (0.2 < ¢ <2%), and
decreases for higher particle
concentrations (¢ = 2%).

[43
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Table 3. 1 (b) Single-Phase Convective Heat Transfer with Nanofluids (Numerical Studies).

Reference Problem Settings Assumptions Thermal Properties Key Findings
Khanafer Natural ¢ Newtonian, incompressible and e Viscosity computed using e Temperature and velocity profiles show that nanofluids
[57] convection in a 2D laminar flow Brinkman model behave more like a single-phase fluid than a solid-fluid
enclosure ¢ Nanofluids treated as a single- o Effective thermal conductivity two-phase mixture.
phase fluid taken as sum of effective e Natural convective heat transfer is enhanced at all
¢ Boussinesq approximation stagnant thermal conductivity Grashof numbers and increases with increasing particle
used for thermal properties and enhancement due to concentration.
thermal dispersion o Nanoparticles change flow structure dramatically.
e Selection of thermal-property models substantially
impact simulation of nanofluids heat transfer.
o Heat transfer correlation proposed for natural
convection of nanofluids in 2D cavity:
Nu =0.5163(0.4436 +¢'"")Gr'*™ (10° <Gr <10°,0< $ <25%)
Santra et Natural e Steady, incompressible and e Shear stress and shear rate o Natural convective heat transfer decreases
al.[63, 69] convectionina2D  laminar flow calculated from Ostwald-de considerably for increase in nanoparticle concentration
square enclosure  ® Non-Newtonian Waele model [43] for all Rayleigh numbers simulated.
¢ Boussinesq approximation for e Thermal conductivity
thermal properties determined from Patel model
« Nanofluids treated as a single- [44] and treated as
phase fluid temperature-dependent
Abu-Nada Natural e Same as in [28] e Thermal conductivity is ¢ Heat transfer is enhanced by nanoparticles with high
etal. [64]] convection in a 2D calculated using Hamilton- thermal conductivity at high Rayleigh number.
concentric Crosser model [48] » Heat transfer deteriorates with nanoparticles of low

annulus

thermal conductivity at intermediate Rayleigh number.
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Reference Problem Settings Assumptions Thermal Properties Key Findings
Maiga etal.  Forced convective e Nanofluids treated as a single- ¢ Density and specific heat o Convective heat transfer is enhanced in both laminar
[65] flow in a circular phase fluid averaged over concentration and turbulent flows and the enhancement increases
tube ¢ Steady state and e Viscosity and thermal along the streamwise direction at high particle
incompressible conductivity obtained by concentration.
¢ k-¢ model used for turbulent curve-fitting experimental o Wall shear stress increases with increasing particle
flow data in the literature concentration, but the increment becomes independent
Boundary of Re for turbulent flow.
condition: Uniform * Al,O3-ethylene glycol offers much better heat transfer
' enhancement than Al,Os-water.
heat flux
Maiga etal.  Forced convective e Same as in [65] e Same as in [65] e Convective heat transfer increases with particle
[66] flows in a circular e Only laminar flow considered concentration and the enhancement decreases along
tube and a radial the streamwise direction.
channel (two ¢ Wall shear stress increases with increasing particle
. concentration.
pgrallel coaxial » Al,Os-ethylene glycol offers much better heat transfer
disks) enhancement than Al,Os-water.
Maigaetal. ~ Same as in [65] e Same as in [65] e Same as in [65] e Convective heat transfer is enhanced by nanofluids,
[67] and the enhancement increases along the streamwise

direction.
» A heat transfer correlation proposed for fully developed
turbulent flow

Nu,, = 0.085Re"" Pr®*s
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Table 3. 1 (c) Single-Phase Convective Heat Transfer with Nanofluids (Theoretical Studies).

Reference Subject Assumptions Procedures Key Findings
Wen and Effect of particle « Steady-state fully o Total flux of nanoparticle migration in e Relative importance of shear/viscosity-induced
Ding [58] migration on convective developed pressure radial direction consists of the fluxes heterogenization to Brownian diffusion-induced
heat transfer of driven flow due to viscosity gradient, non-uniform homogenization determines particle migration.
nanofluids in * Constant temperature  shear rate, and Brownian motion, all « Non-uniform distribution of particles occurs over
minichannels or heat flux boundary related to volume concentration. pipe cross-section for high Pe with particle
conditions ¢ Viscosity and thermal conductivity concentration decreasing outwards from the
dependent on volume concentration. center.
* Non-uniform effective thermal conductivity
distribution occurs due to concentration profile.
*Nu increases with increasing Pe and particle
concentration.
Mansour et Effect of assessment of e Steady-state fully e Thermal properties assessed using e Calculation of operational conditions (required
al. [59] nanofluid properties on developed pressure models in the literature. pumping power for given heat transfer rate) or
thermohydraulic driven flow ¢ Pumping power and temperature design parameters (required channel length for
performance of ¢ Constant heat flux difference between wall and bulk fluid given flow rate and bulk temperature rise)
convective heat transfer boundary condition calculated and compared for different strongly depends on the selection of thermal
thermal property models selected. property models.
Kim et al. Natural convection ¢ Neglect Marangoni o A correction factor used to characterize e Natural convective heat transfer enhanced in
[60] instability and heat and Soret effects effects of nanofluid concentration and nanofluids at all particle concentrations.

transfer characteristics
of nanofluids

thermal properties on Rayleigh number
and heat transfer coefficient.
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Hwang et al.
[61]

Natural convection
instability and heat
transfer characteristics
of nanofluids in a
rectangular cavity
heated from below

¢ Nanofluids follow
Newtonian behavior

¢ Rayleigh number and
Nu calculated using
same functional form
as that of the base
fluid but with effective
thermal properties

e Thermal properties of nanofluids are
assessed using various models in the
literature.

e Rayleigh number and Nusselt numbers
calculated and compared based on
different selections of viscosity and
thermal conductivity models.

¢ Rayleigh number of nanofluids is lower than that
of the base fluid for given temperature condition,
making nanofluids more stable than the base
fluid.

o Ra decreases with increasing particle
concentration due to increase of effective
viscosity and thermal conductivity, which tend to
stabilize the fluid in natural convection.

e Ra increases with increasing particle size which
decreases the effective viscosity and thermal
conductivity.

¢ Calculated heat transfer coefficient either
decreases or increases with increasing particle
concentration, depending on selection of
viscosity and thermal conductivity models.

¢ Natural convection heat transfer coefficient
deteriorates with addition of nanoparticles
according to Pak and Cho’s correlation [46] for
Viscosity.




To further investigate the thermal transport mechanism, a few experimental
studies on the single-phase pressure drop and convective heat transfer of nanofluids have
been reported in the literature since 2009. Some selected ones will be briefly reviewed
with the emphasis on assessing the applicability of conventional heat transfer correlations
for and on exploring the heat transfer enhancement mechanisms in nanofluids. Hwang et
al. [70] studied the pressure drop and convective heat transfer of Al,Os-water nanofluids
in fully developed laminar flow (Re < 800). The measured friction factor is in good
agreement with the prediction from the Hagen-Poiseuille equation, but the substantial
enhancement in convective heat transfer coefficient cannot be correlated by the Shah
equation. Using a scaling analysis, it was shown that the heat transfer enhancement
should be attributed to the modification of the velocity profile due to Brownian diffusion
and thermophoresis, rather than the enhanced thermal conductivity and the direct energy
transfer by the nanoparticle dispersion. Anoop et al. [39] conducted convective heat
transfer experiments in the laminar developing region (300 < Re < 2200) using Al,Os-
water nanofluids with two nanoparticle sizes. The nanofluid with smaller nanoparticles
exhibits higher heat transfer coefficient. The heat transfer enhancement in the entrance
region exceeds that in the nearly developed region. It was postulated that these
observations are caused by the property change in the developing region as well as the
particle migration. Lai et al. [71] presented an experimental study of convective heat
transfer of Al,Os-water nanofluids in both the developing and fully developed laminar
regions. The results show the heat transfer coefficient increases with the flow rate and
the nanoparticle volume concentration. The heat transfer enhancement is greater in the

developing region and decreases along the axial locations, owing in part to the thinning
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of thermal boundary layer in the nanofluids. The heat transfer enhancement in the fully
developed region was attributed to the flattening of the velocity profile due to the shear-
induced particle migration [49, 72]. Sharma et al. [73] studied the convective heat
transfer of Al,Os-water nanofluids in the transition flow region (3500 < Re < 9000) in a
tube with and without twisted tape inserts. Buongiorno et al. [74, 75] investigated
convective heat transfer of AlLOs-water and ZrO,-water nanofluids in both the laminar
(140 < Re < 1900) and fully developed turbulent regions (9000 < Re < 63,000). The
pressure drop and Nusselt number were found to be predicted well by conventional
models as long as the concentration- and temperature-dependent thermophysical
properties were considered for the nanofluids. The authors concluded the heat transfer
enhancement was simply caused by the changes in thermophysical properties and the
nanofluids can be treated as a homogeneous mixture. In their experimental investigation
of turbulent convection heat transfer, Torri and Yang [76] observed significant heat
transfer enhancement in aqueous suspensions of nanodiamond particles, and concluded
the reduced thermal boundary layer thickness, the thermal conduction under dynamic
conditions and the particle migration may be responsible for the heat transfer
enhancement. Duangthongsuk and Wongwises [77] experimentally investigated the
convective heat transfer of TiO,-water nanofluids in turbulent flow (4000 < Re < 16,000).
They observed that the heat transfer coefficient decreases with increasing nanoparticle
concentration, and at the highest concentration, it can drop below that of the base fluid. It
was postulated that the effect of increased viscosity may override the enhancement in
thermal conductivity, thereby leading to a decrease in the heat transfer performance.

Besides the foregoing studies conducted in a single tube configuration, convective heat
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transfer of nanofluids has also been investigated in microchannel heat sinks. Jung et al.
[62] reported the pressure drop and convective heat transfer measurements of nanofluids
in a microchannel heat sink under laminar flow conditions (Re < 300). The measured
Nusselt number was considerably lower than the theoretical prediction for fully
developed laminar flow (Nu = 4.36) and can be correlated well with a modified Dittus-
Boelter correlation. Wu et al. [78] carried out an experimental study on the laminar flow
and heat transfer of Al,Os-water nanofluids in a silicon microchannel heat sink. It was
found that the Nusselt number increases with the increase in the nanoparticles
concentration, Re and Prandtl number (Pr).

From the literature survey, it is clear that the mechanisms for convective heat
transfer enhancement in nanofluids still remain mysterious. The flow-induced particle
migration has been attributed by several groups as a possible key mechanism for the
enhanced laminar heat transfer in nanofluids. In this model, the balance of particle fluxes,
due to the Brownian diffusion and the variations in local shear rate and viscosity,
respectively, is considered in deriving the radial distribution of particles in an originally
homogeneous flow field. The resulting non-uniform particle distribution gives rise to
modified velocity and thermophysical property profiles in the channel, which serve to
enhance the heat transfer. Physically, the particle migration concept is to assume the
nanofluids are a heterogeneous solid-fluid two-phase mixture. Its success in predicting
the laminar flow and heat transfer suggests the particle-fluid interaction missing in the
widely-used homogeneous mixture model of nanofluids should be explored further to
reveal the fundamental mechanisms of thermal transport in nanofluids. Additionally, the

previous studies were performed for either laminar flow or fully developed turbulent flow
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at very high Re, and there is a gap in the knowledge of the convective flow and heat

transfer of nanofluids in the transition region (2200 < Re < 3500).

3.2 CONVECTIVE FLOW AND HEAT TRANSFER

3.2.1 EXPERIMENTAL APPARATUS

The experimental apparatus is schematically shown in Figure 3. 1. A gear pump
(IDEX Micropump 67-GA-V21) was used to circulate the nanofluid through the test loop.
The flow rate was measured by a turbine flowmeter (McMillan G111). A liquid-liquid
heat exchanger (Lytron LL520G14) was used in conjunction with an air-cooled chiller
(Neslab MERLIN 25) to reduce the temperature of the heated nanofluid to room
temperature before it flows back to the reservoir. Readings of the flow rate, temperature
and pressure measurements were collected by a data acquisition system (Agilent 34970A)

and processed in a computer.

Pressure gauge

Relief valve

Flow meter
Pumpﬁ @

Reservoir tank

DC power supply
(12V.200A)
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Figure 3. 1. Schematic of the experimental apparatus.
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The test section is a circular minichannel made of stainless steel, which measures
1.09 mm in inner diameter and 0.25 mm in wall thickness. The total length is 306 mm
(L/D = 281). The test section is resistively heated by passing a DC current through it.
For this purpose, it was connected to a DC power supply (Dynatronix CRS12-200) via
two copper electrical connectors. The voltage drop across the minichannel was measured
directly by the data acquisition system, and the current was obtained using an accurate
shunt resistor. Six copper-constantan (T-type) thermocouples (Omega STC-TT-T40-36)
were attached to the outer wall of the tube at 44 mm axial intervals (TC1 through TC6).
The temperature readings from these thermocouples were extrapolated to yield the local
temperatures at the inner wall. In order to minimize the heat loss to the ambient, the
minichannel was wrapped in three layers of thermal insulating materials. The test section
was connected to the flow loop with two plexiglass connectors which provide both
electrical and thermal isolation from the rest of the loop. Two thermocouple probes
(Omega TMT IN-020G-6) were accommodated in the plexiglass connectors to measure
the fluid temperatures at the inlet and outlet of the channel. Two absolute pressure
transducers (Omega PX319-050A5V and PX319-030A5V) were installed to measure the

pressure drop across the minichannel.

3.2.2 TEST PROCEDURES

Prior to each experiment run, the nanofluid was freshly prepared following the
dispersing processes described before. In the pressure drop experiments, the flow rate
was adjusted by a control valve. After the flow rate and the pressure signals stabilized,
the data were read into the data acquisition system. The flow rate was then increased in

small increments and the procedure repeated. In the heat transfer experiments, the power
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input to the test tube was maintained at a constant level. The flow rate was first set to the
maximum value and gradually decreased in subsequent experiments. Each steady-state
value was calculated as an average of 100 readings for all flow rate, pressure, temperature,
and power measurements. The Reynolds number obtained in this work ranges from 600

to 4500.

3.2.3 DATA REDUCTION
The pressure drop and flow rate were measured to obtain Re and the Darcy

friction factor f, which are defined as

Re:puD/,u, 3.1)
_(ap/L)D. (32)
pu’/2

It is noted that AP in Eq. (3.2) is the pressure drop across the channel length and is
calculated by subtracting the inlet and outlet pressure losses from the measured overall
pressure drop [79, 80].
Heat Transfer

It is reasonable to assume a constant heat flux boundary condition on the channel
wall, since the resistive heating method is used in this work. The wall heat flux can be

calculated from the sensible heat gain by the fluid

q":prCp(Tf,out_Tf,in)/A’ (33)
where the fluid properties are evaluated at the mean temperature
f.in

To=(Trin+Tron)/2- (3.4)

The local convective heat transfer coefficient is defined as
h(x)=q" [TW(X)—Tf (x)] , (3.5)
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where the local wall temperature Ty is extrapolated from the temperature reading of Ty

obtained at the outer wall of the minichannel following [81]

2
p:QC (T -T. . ) p:QC (T =T, )D D
4 f~"p\ f,out "f,in B f~"p\ f,out "fiin)" 0 . (3.6)

3 3 In—2
4k, L ZﬁkW(DO _D )L D

Tw () =T, (x

Assuming the local fluid temperature follows a linear profile along the channel length, Ty

can be calculated from the energy conservation
T (X):Tf,in+q"”DX/(prCp)' (3.7)

Similarly, the average heat transfer coefficient is determined from
ﬁ=q"/[T_W—T_f], (3.8)

where the average wall temperature is T =125:Tw(i) and the fluid temperature is calculated

from Eq.(3.4) .
The Nusselt number can be calculated as
Nu=D. (3.9)
k
This definition applies for both the local and average Nusselt numbers, and the thermal

conductivity is evaluated at the corresponding fluid temperatures.

3.2.4 MEASUREMENT UNCERTAINTIES

The temperature measurement uncertainty was +0.3°C. The uncertainty in the
flow rate measurements was 1%. The error associated with the pressure transducers was
2%. A standard error analysis [82] revealed the uncertainties in the reported Reynolds
number, friction factor and heat transfer coefficient were in the range of 5.8 — 28.9% and

2.2 —9.6%, respectively.
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3.2.5 EXPERIMENTAL RESULTS WITH WATER

Control experiments were first performed with the base fluid (water) to verify the
integrity of the experimental facility and the test procedures. The results also provide the
baseline information of the single-phase thermal transport of nanofluids in a circular
minichannel.

The friction factor measurements were compared to predictions from
conventional theory for fluid flow in a circular channel. In the laminar region, the
Hagen-Poiseuille equation [81] was used for hydrodynamically fully developed flow
condition

f-Re=64, (3.10)

and the Shah equation [83] was used to account for the developing length effect

fappRez‘{wm 16+0.3125g—3.44/\/EJ , (3.11)

—+
Js 1+2.12x107 /¢

where C = (x/D)/Re. For fully developed turbulent flow, the predictions were obtained
from the Blasius solution [81]

f =0.316/Re"™ (Re <2 x10%). (3.12)

Figure 3. 2 shows the measured friction factor of water as a variation of Re. At
relatively low Re (< 1000), the hydrodynamic entrance length (L* = 0.056 Re-D) is only a
small fraction of the total channel length (L*/L < 0.20), and the entrance region effect is
minor. Hence the experimental data agree excellently with the Hagen-Poiseuille equation.
Once Re exceeds 1500, the entrance region effect can no longer be neglected (L*/L ~
0.30). Consequently, the friction factor starts to deviate from the fully developed flow

and gradually approaches the hydrodynamically developing flow described by Eq. (3.11).
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Further, Figure 3. 2 shows the transition from laminar to turbulent flow occurs at Re¢ =
2300 and the transition region persists to Re = 3200 where the fully developed turbulent

flow begins to establish.
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Figure 3. 2. Friction factor vs. Reynolds number (water).

The local Nusselt number measurements are depicted in Figure 3. 3 as a function

of X" ( X' =X/(DRePr) ). The entrance region behavior can be clearly identified.

Nusselt numbers are, in principle, infinite at X" =0, and rapidly decay to their
asymptotical (fully developed) value, i.e., Nu = 4.36. The experimental data can be

reasonably represented by the Shah-London correlation [68].
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1302/ (x*)” ~1 for X" <0.00005

Nu, =11.302/(x’) " ~0.5 for 0.0005 < X" <0.0015 . (3.13)

X

4.364+8.68(1000x"‘)'°'5°6 e for x" >0.0015
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Figure 3. 3. Local Nusselt number vs. the X" (water, heat flux q”* = 6.5 kW/m?).

Figure 3. 4 presents the measured average Nusselt number as a function of Re.
Predictions from some established heat transfer correlations for convective flow in a
circular channel are also included for comparison purpose. The heat transfer correlations
are enumerated in Table 3. 2, together with their corresponding hydrodynamic and
thermal conditions and the applicable range. Figure 3. 4(a) shows that in the laminar
region, the measured data of Nusselt number are in good agreement with the predication

from the Oskay-Kakac correlation, while the other laminar heat transfer correlations
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provide much less satisfactory prediction of the experimental data. The transition to
turbulent flow at Re, ~ 2300 can also be found in Figure 3. 4 (a). Figure 3. 4(b)
demonstrates that, among the turbulent heat transfer correlations, the Hausen correlation
for thermally developing turbulent flow is the best in predicting the experimental data.
The successes of the Oskay-Kakac and Hausen correlations can be attributed to the close

match between their founding conditions and the present experiments.
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6%

Table 3. 2. Selected conventional heat transfer correlations from the literature

Correlation

Conditions

Range of validity

Laminar Heat Transfer

Stephan correlation [84]
0.086(RePrD/L)"™

Nu =4.364 + 5
1+0.1Pr(ReD/L)™

Simultaneously developing
(constant wall heat flux)

0.7<Pr<7
or
Re PrD/L <33 for Pr>7

Hausen correlation [81]
0.19(RePrD/L)"
1+0.117(RePrD/L)™"

Nu =3.66+

Thermally developing
(constant wall temperature)

Re < 2,200

Oskay-Kakac correlation [85]

Thermally developing

800 < Re < 2,200

Nu=1.86(RePrD/ L)”[%J “ (constant wall heat flux) TW/Te< 3
Turbulent Heat Transfer
Dittus-Boelter correlation [86] Fully developed 0.6 <Pr<160
Nu = 0.023Re*® Pr"? turbulent Re > 10,000, L/D>10
Hausen correlation [37] Thermally developing 0.7<Pr<3

0.14
Nu =0.116(Re?*~ 125)Pr*[1+(D/L) " [ﬂ]
Hy

turbulent

2,200 < Re < 10,000

Gnielinski correlation [88]
(f/8)(Re-1000)Pr
1+12.7(£/8)" (Pr~1)
S
(1.82In(Re)~1.64)°

Nu=

Transitional and fully developed
turbulent

3000 <Re <5 x 10*

Sieder-Tate correlation [89]

0.14
Nu = 0.027 Re" Pr'” [ﬂJ
ILIW

Fully developed
turbulent

0.7 <Pr<16,700
Re > 10,000, L/D >10




3.2.6 EXPERIMENTAL RESULTS FOR AL,O3-WATER NANOFLUIDS

Following similar test procedures, the pressure drop and convective heat transfer
experiments were conducted for Al,Os-water nanofluids with volume concentrations of 1,
2, 3.5 and 5 v%, respectively.

Figure 3. 5 shows the measured friction factor for nanofluids as a function of Re.
Several interesting features can be observed. First, in the laminar region, the friction
factor of nanofluids shows an increasing trend with the volume concentration and is
generally higher than that of pure water at the same Re. Second, at low Re where the
flow field would be fully developed if water were the working fluid, the Shah equation
for developing flows (Eq.(3.11)) outperforms the Hagen-Poiseuille equation (Eq. (3.10))
in predicting the friction factor of nanofluids. It suggests the entrance region in
nanofluids is prolonged, or equivalently, the development of velocity boundary layer is
retarded in nanofluids. Third, the onset of transition to turbulence is delayed in
nanofluids. The transition occurs as the result of the amplified perturbations in the flow
field that eventually trigger instability. While no strict theoretical limit exists for the
critical Re, it is generally agreed that the onset of turbulence can occur at Reg, = 2100 ~
2300 in a channel flow, unless special measures are taken to suppress the perturbations.
Figure 3. 5 shows that, while Re¢ is almost exactly 2300 for water, it shifts toward a
higher value as the nanofluid volume concentration increases. From the inset in Figure 3.
5, Reer reaches 2500 for the 5% nanofluid. Thus, the laminar flow behavior of nanofluids
extends into the otherwise transition region for water (2300 < Re < 2500), where the

friction factor of nanofluids actually falls below that of water.
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Figure 3. 5. Friction factor vs. Reynolds number for nanofluids at

various volume concentrations.

The region with reduced friction factor further persists till fully developed turbulence
begins to establish at Re = 3200. Afterward, the data for both nanofluids and water
collapse together and become difficult to distinguish, indicating the vanishing influence
of nanoparticles on the flow dynamics at high Re.

In the study of particle-laden turbulent flows, it has been long known that addition
of small particles can modify the turbulence structures by changing the turbulent kinetic
energy of the carrier fluid [90-92]. In particular, the changes in turbulent structure
depend on the size of the particles relative to the length scale of turbulence, i.e., the
Kolmogorov microscale, 1 [93-95]. Gore and Crowe [96] defined a critical parameter,

dp/n = 0.1, for gas-solid flows, above which turbulence intensity is enhanced and below
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which it is attenuated. Hetsroni [97] also proposed that “small” particles suppress
turbulence by acting as an additional source of dissipation, and “large” particles enhance
turbulence due to wake shedding. Noticing the similarity between the friction factor
results of nanofluids in Figure 3. 5 and the results obtained in particle-laden turbulent
flows, it is interesting to examine, using a simple scaling analysis, the effect of the
interaction between nanoparticle and the base fluid on the transition and turbulent flow
behaviors.

The Kolmogorov microscale represents the finest structure in turbulence at which

the kinetic energy is dissipated by viscosity, and can be estimated as

n~ (3.14)

Sl =

where the wall shear velocity u.is defined as u_= (fw / p )”2. The wall shear stress t,, can
be obtained from the definition of the Darcy friction factor ¢ - g, /(pou?) in conjunction

with the Blasius equation (Eq. (3.12)). Now consider the experimental conditions in this
study, D = 1.09 mm, dp = 135 nm and v= 8.6 x 107 m%/s for water, the relative sizes of
dp/n are found to be 0.003 and 0.005 for Re = 2550 and 3200, respectively. It is noted

that, while d /p~0.1 was originally proposed to determine the enhancement or

attenuation of turbulence by particles in gas-solid flows, a smaller critical value can be
expected for liquid-solid flows where the interaction between the liquid and the solid
particles is much more intensive. Nevertheless, the above scaling analysis shows the
nanoparticles should be considered “small” as compared to the length scale of turbulence
(dp/77 << 0.1) at Re <3200, and the particle-fluid interaction will damp the instability and

reduce the turbulence intensity and Reynolds stress in the flow. Consequently, the
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transition to turbulence is delayed and the friction factor reduced to below that of the base
fluid. As Re further increases, the Kolmogorov microscale will decrease as suggested by
Eq. (3.14), and dp/7 will increase and eventually exceed the critical value. In that case,
the nanoparticles become “large” with respect to the turbulence structures and the
turbulent flow will be intensified. Due to the limit of the Re range in the present study,
the intensified turbulence was not observed in Figure 3. 5, however, the recovery trend in
the nanofluid data to that of the base fluid supports the arguments from the above
analysis.

The local heat transfer coefficients measured for nanofluids at five axial locations
(TCI1 through TC5) are presented in Figure 3. 6 for Re = 870 and 1230, respectively. It
can be found that convective heat transfer in nanofluids is enhanced and the increment
increases in proportion to Re and the nanoparticle concentration. The heat transfer
enhancement is more significant in the entrance region than at downstream locations. In
Figure 3. 6 (a), the enhancement in heat transfer coefficient for the 5% nanofluid is 19%
near the entrance and decreases to less than 9% near the channel exit. This trend also
strengthens with increasing nanoparticle concentration and Re. The thermally developing
flow shown in Figure 3. 6 is consistent with the pronounced hydrodynamic entrance

region effect observed in Figure 3. 5.
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Figure 3. 6. Local convective heat transfer of nanofluids (heat flux q" = 6.5 kW/m?).

Figure 3. 7 shows the average Nusselt number for the nanofluids in the laminar
region. The experimental data are bounded by predictions from the Oskay-Kakac
correlation and the Stephan correlation, whereas the Hausen equation for laminar flow
almost always underpredicts the measured data. Since the Oskay-Kakac correlation
works well for the base fluid, its role as the lower bound in Figure 3. 7 for the measured
nanofluid results, again, proves the heat transfer enhancement in nanofluids. As the
nanoparticle concentration and Re increase, the convection in nanofluids is becoming
more hydrodynamically and thermally developing, as manifested in Figure 3. 5 and
Figure 3. 6. It is thus not surprising that the experimental data move toward the
theoretical prediction from the Stephan -correlation, which was developed for

simultaneously developing flow conditions.
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Figure 3. 7. Average Nusselt number vs. Reynolds number in the laminar flow region

(heat flux q" = 6.5 kW/m?).

The average Nusselt number measured for the nanofluids in the transition and turbulent
regions are presented in Figure 3. 8. As Re increases, there are two locations where the
slope of the experimental data changes. The first one corresponds to the onset of
transition to turbulence, and the second one is associated with the initial establishment of
fully developed turbulent heat transfer. It can be observed that the delayed transition
occurs at Re, = 2800. Throughout the transition and the early stage of fully developed

turbulent regions (Re up to 4500), the measured Nusselt number falls short of the
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prediction from the Hausen equation, which represents the data of water well.
Furthermore, the heat transfer reduction worsens as the nanoparticle concentration
increases, as shown in Figure 3. 8 (a) through (d). It can be deduced that, rather than
enhancing convective heat transfer, the presence of nanoparticles causes deterioration of
heat transfer in the transition and the early stage of fully developed turbulent flows. This
observation can be easily understood as the natural consequence of the suppressed
turbulence discussed before. It is noted that, however, the heat transfer reduction
observed in this work is not necessarily in conflict with the enhancement of turbulent heat
transfer reported in the literature which was obtained at much higher Re in the fully
developed turbulent region. Using the same argument, it can be expected that the size
ratio d,/n will surpass the critical value and the nanoparticles become “large” enough to
intensify the turbulent heat transfer.

Figure 3. 9 provides an overview of the comparison of the average Nusselt
number measured for nanofluids and the base fluid over the entire range of Re studied in
the present work. It shows clearly that nanofluids enhance convective heat transfer
modestly in laminar flow, however, they cause significant heat transfer deterioration in
the transition and the early stage of fully developed turbulent regions. Both the
enhancement and deterioration are seen to increase with the nanoparticle concentration.
The delayed transition to turbulent heat transfer in nanofluids can also be identified in
Figure 3. 9. Further, once the flow becomes fully turbulent, the difference in the
measured Nusselt number between nanofluids and water tend to diminish as a result of
the alleviated suppression of turbulence. Lastly, a piece of useful information may be

deduced from Figure 3. 9 as a design guideline for utilizing nanofluids as an advanced
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heat transfer fluid: nanofluids should be operated in either the laminar region or the fully

developed turbulent region with sufficiently high Re for the sake of enhanced heat

transfer performance.
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Figure 3. 8. Average Nusselt number vs. Reynolds number in the transition and turbulent

flow regions (heat flux q" = 6.5 kW/m?).
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3.3 SUMMARY

An experimental investigation was conducted to study the single-phase
convective heat transfer of Al,Os-water nanofluids in a circular minichannel. Both the
pressure drop and heat transfer coefficient were measured over a wide range of Re,
covering the laminar, transition and early stage of fully developed turbulent flows. The
key findings can be summarized as follows.

1) Nanofluids exhibit pronounced entrance region behaviors, both hydrodynamically
and thermally, in the laminar region. The convective heat transfer of nanofluids is
enhanced in the laminar flow with the penalty of increased pressure drop. The
increments in both heat transfer and pressure drop are proportional to the
nanoparticle volume concentration. No dramatic heat transfer enhancement as
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2)

3)

4)

reported in the early literature was observed in the nanoparticle concentration
range considered in this work.

The critical Re at which the onset of transition to turbulence occurs is delayed in
nanofluids, due to the particle-fluid interaction, which damps the instabilities in
the flow. The suppression of turbulence is alleviated as the flow becomes fully
developed turbulent. Correspondingly, the convective heat transfer of nanofluids
deteriorates in the transition and the early stage of fully developed turbulent
regions, and gradually recovers after the fully developed turbulence is intensified.
Established conventional correlations cannot fully predict the single-phase
pressure drop and heat transfer of nanofluids, particularly in the transition and
turbulent regions, even when the effective thermophysical properties are taken
into consideration.

Nanofluids should be used in either the laminar flow or the fully developed
turbulent flow with sufficiently high Re in order to yield enhanced heat transfer

performance for engineering applications.
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CHAPTER 4. SINGLE-PHASE THERMAL TRANSPORT OF AL,03-
PAO NANOFLUIDS IN A MINICHANNEL

This chapter presents an experimental study of single-phase forced convection of
Al,O3-PAO nanofluids containing spherical and rod-like particles through a circular

minichannel.

4.1 INTRODUCTION

Wide discrepancies exist among the results from different research groups
regarding how the dispersed nanoparticles alter the convective thermal transport of
nanofluids. Moreover, the majority of the past studies were conducted for water-based
nanofluids synthesized with spherical nanoparticles. Due to the simple spherical
geometry of the particles, it is reasonable to neglect the effects of particle distribution and
orientation on the effective thermophysical property and convective heat transfer of the
nanofluids. However, when non-spherical nanoparticles, such as carbon nanotubes
(CNTs) and titanate nanotubes (TNTs), are used to formulate the nanofluids, these effects
can no longer be ignored because of the complex hydrodynamic interactions between the
particle and the surrounding fluid medium. Also, the use of aqueous nanofluids is
infeasible in many practical applications due to their limits in dielectric property and
operating temperature range. Thus, there is a clear need to systematically study the
convective thermal transport of non-aqueous nanofluids synthesized from non-spherical
nanoparticles.

Several experimental studies were performed to study the effective

thermophysical properties and convective heat transfer of nanofluids containing non-
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spherical particles with high length-to-diameter ratio (aspect ratio). Cherkasova and Shan
[98] studied the effects of particle aspect-ratio and dispersion state on the effective
thermal conductivity of aqueous nanofluids with multi-walled nanotubes (MWNTs).
They found the effective thermal conductivity decreases with reduced MWNT aspect
ratio, and the conductivity enhancement was primarily due to the presence of
individualized long nanotubes rather than the bundles of aggregated low aspect ratio
nanotubes. The measured conductivity data showed a good agreement with the EMT
predictions, and no anomalous increase was observed. Ding and his co-workers
measured the rheological properties of ethylene-glycol (EG)-based nanofluids containing
TNTs [99, 100]. Strong shear thinning behavior was found at high particle volume
fractions in the EG-TNT nanofluids. The initial high viscosity was attributed to the
resistance that arises when the Brownian rotation of the rod-like TNTs must be overcome
for the nanotubes to align with the shear field, as well as the higher effective particle
volume fraction caused by the particle aggregation than in a well-dispersed solution.
Ding et al. [50] conducted convective heat transfer experiments of aqueous CNT
nanofluids flowing through a circular tube. The authors found that the heat transfer
enhancement was caused by the dynamic thermal conductivity of the nanofluids under
shear conditions, which was much higher than the value measured at static conditions.
They also suggested that the development of thermal boundary layer may be affected by
shear thinning and the migration/aggregation of the long aspect ratio CNTs. Similar
observations were made by Chen et al. [32] in their study of convective heat transfer of
water-TNT nanofluids. Yang et al. [48] explored the effects of the Reynolds number,

temperature, particle concentration on convective heat transfer of nanofluids through a
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circular channel. Two kinds of nanofluids were formulated by dispersing disc-like
graphite nanoparticles in a commercial automatic transmission fluid (ATF) and a mixture
of synthetic base oils, respectively. The enhancement of heat transfer coefficient was
much less than what was predicted by the Seider-Tate correlation with the effective
thermal conductivity measured under static conditions. It was hypothesized that the
shear-induced nanoparticle alignment disrupts the particle-particle interaction, which was
assumed to be the main energy pathway in the nanofluids, and results in the deterioration
of convective heat transfer.

Polyalphaolefins (PAO) are a group of synthetic engine oils that have been used
extensively as lubricants and coolants in various military and aerospace applications
[101]. As a heat transfer fluid, their thermal performance and energy efficiency are
seriously limited by the low intrinsic thermal conductivity of PAO (0.132 W/mK vs. 0.6
W/mK for water). Therefore, it is of great practical interest to develop PAO-based
nanofluids with enhanced thermophysical properties, which can also serve as a good
sample for the fundamental study of convective thermal transport in non-aqueous
nanofluids. Yang et al. [102] measured the thermal and rheological properties of PAO-
CNT nanofluids at different dispersant concentrations, dispersing energy levels and
nanoparticle concentrations. They found nanoparticle aggregration was the most
important factor contributing to the effective properties: Larger agglomerates resulted in
both higher thermal conductivity and higher viscosity. The thermal conductivity of
nanofluids increased with the CNT aspect ratio until the CNTs were long enough to form
a percolated network structure. Zhou et al. [33] investigated the dependence of viscosity

on the shear-rate and the temperature in PAO-Al,O3 nanofluids. At low particle volume
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fraction (1v% and 3v% for nanospheres and 1v% for nanorods), the viscosity showed a
weak dependence on shear rate and the nanofluids can be approximated as a Newtonian
fluid. The relative viscosity (defined as p= p/pg) was found to be independent of
temperature, indicating the rheological properties of nanofluids were primarily dominated
by the base fluid. Shaikh et al. [103] measured the thermal conductivity of three types of
PAO nanofluids containing CNTs, exfoliated graphite (EXG) and heat treated nanofibers
(HTTs), respectively. They observed that the thermal conductivity enhancement was the
most significant for PAO-CNT nanofluids, followed by EXG and HTT. Nelson and
Banerjee [101] conducted convective heat transfer experiments of PAO nanofluids in a
plain offset fin heat exchanger. The nanofluids were synthesized with exfoliated graphite
fibers. They showed the augmented Nusselt number was due to the precipitation of
nanoparticles on the wall of the heat exchanger which acted as nanoscale fins to enhance
the convective heat transfer.

The literature survey reveals that thermal transport of non-aqueous nanofluids
containing non-spherical particles has not been well understood. Particularly, there is a
clear call for a systematic investigation on the effects of the particle-fluid and particle-
particle interactions on the effective thermophysical property and convective heat transfer

characteristics of the nanofluids.

4.2 EXPERIMENTS

The experimental apparatus, test procedures and data analysis are similar to that
used for the study of single-phase convection of Al,Os-water nanofluids, and have been

discussed in Chapter 2. In this section, only the experimental results are presented.
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4. 2.1 EXPERIMENTAL RESULTS FOR PAO
Control experiments were first performed with the base fluid (PAO) to obtain
baseline information for single-phase transport of nanofluids. For laminar flow, the
Hagen-Poiseuille equation [80] can be used to predict the friction factor for
hydrodynamically fully developed condition
f-Re=064, 4.1)

and the Shah equation [83] is used to account for the developing length effect

3.44 16+0.3125¢c-3.44/ /¢
fappRez4 + 4 2
Je 1+2.12x10™ /¢

(4.2)

where § = (X/D)/Re. Figure 4. 1 depicts the measured friction factor of PAO as a
variation of the Reynolds number. The experiments in this work were conducted over the
same flow rate range (50 ~ 200 mLPM) as for water in the previous work [104], however,

a much lower maximum Re (Re < 460) was achieved due to the high viscosity of PAO.
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Figure 4. 1. Friction factor of PAO versus Reynolds number.
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Consequently, the hydrodynamic entrance length (L™ = 0.056 Re-D) is less than 9.2% of
the total channel length even at the highest Reynolds number. Thus, the entrance region
effect is insignificant in all the experiments conducted. Figure 4.1shows the experimental
data agree quite well with the predictions from Eqgs. (4.1) and (4.2), except for the low Re
region where the measurement uncertainty is relatively high.

The local Nusselt number results of PAO are shown in Figure 4. 2 as a function of
X (= x/(D Re Pr)). Due to the large Prandtl number of PAO (61.6 < Pr < 87.1), the
thermally developing flow behavior can be clearly identified: Nuyx approaches infinity at
X = 0 and rapidly decays as X" decreases, and Nuy does not reach the asymptotical (fully
developed) value, i.e., Nu = 4.36, over the range of X" studied in this work. The

experimental data can be reasonably correlated by the Shah-London equation [105].

1.302/(x’)" -1 for X" <0.00005

X
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Figure 4. 2. Local Nusselt number for PAO versus x_ (heat flux q" = 6.5 kW/m?).
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4. 2.2 EXPERIMENTAL RESULTS FOR AL,03-PAO NANOFLUIDS

The pressure drop experiments were conducted for NF1 and NF2 with volume
concentrations of 0.65 and 1.3 %, respectively. Pressure drop across the length of the
minichannel is first presented in Figure 4. 3 as a function of the flow rate. It shows
nanofluids (both NF1 and NF2) incur higher pressure drop than the base fluid at the same
flow rate, and the difference enlarges with increasing particle volume fraction.
Consistent with the viscosity measurements, the pressure drop of NF2 is always greater

than that of NF1 at the same volume fraction.
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Figure 4. 3. Pressure drop across the minichannel versus flow rate.

Figure 4. 4 shows the measured friction factor of the nanofluids as a variation of
the Reynolds number. At medium to high Reynolds numbers, the f-measurements of
NF1 match the Shah prediction fairly well. In comparison, the data for NF2 show

appreciable deviation in the same range of Re, i.e., dropping below the theoretical curve.
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This may be attributed to the stronger alignment of the nanorods under shear stresses at
higher Re, causing the effective viscosity to decrease in a process similar to the shear

thinning in non-Newtonian fluids.
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Figure 4. 4. Friction factor of nanofluids as a function of Reynolds number

(Error bars are not shown for clarity)

Convective heat transfer experiments were conducted for NF1 and NF2 with the
volume concentrations of 0.65 and 1.3 %, respectively. The local heat transfer
coefficients measured at five axial locations (TC1 through TCS5) are presented in Figure 4.
5 for Re = 350 and 490. It can be found that the convective heat transfer of nanofluids is
enhanced as compared to the base fluid, and the increment increases proportionally to the
Reynolds number and the particle volume fraction. The heat transfer enhancement is
more significant in the regions near the channel entrance than at the downstream

locations. For instance, in Figure 4. 5(a), the enhancement in heat transfer coefficient for
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the 1.3% NF2 nanofluid is 28.7% near the entrance and decreases to less than 21% near
the channel exit. This trend strengthens with increasing nanoparticle concentration and

Reynolds number.
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Figure 4. 5. Local convective heat transfer of PAO (heat flux q" = 6.5 kW/m?).

More interestingly, it is observed that the heat transfer coefficient for 0.65 v%
NF2 is higher than those for NF1 at both concentrations of 0.65 v% and 1.3 v%. This is

unexpected because the thermal conductivity data in Figure 2. 8 and Figure 2. 9 suggest
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that k for 0.65 v% NF2 (k/ks = 1.076) is only slightly higher than that for 0.65 v% NF1
(k/ks = 1.053), but lower than that for 1.3 v% NF1 (k/ki = 1.098). When the effect of
shear-induced particle alignment is considered, an even larger discrepancy emerges.
Since the series structure can be more easily formed in nanofluids containing rod-like
particles (as shown in Figure 2. 11), which represents the least effective pathway for
thermal energy transport, the convective heat transfer of NF2 would be lower than that of
NF1 at the same particle volume concentration. However, this conjecture is in direct
contradiction to the results shown in Figure 4. 5.

The paradox may be explained qualitatively by examining the periodic
orientational motions of rod-like particles in a shear flow [106-109]. A rod-like particle
tends to align its long axis with the flow direction. Unless perfectly aligned, the shear
velocities will be slightly different at the two ends of the rod, causing the rod to rotate
periodically about its center to trace out the so-called Jeffery orbits [110]. In colloidal
suspensions of sufficiently high concentration, the particles interact with their neighbors
and are forced to perform the orientational motion collectively, which can be described
by the “director”, i.e., the average orientation of the rods. At low shear rates, the director
performs a “tumbling” or “kayaking” motion in which the director rotates slowly when it
is nearly aligned with the flow direction, and rotates rapidly when its long axis makes a
non-zero angle with the shear plane. At intermediate shear rates, the director will
oscillate up and down in the shear plane in a symmetrical way about the flow direction,
transitioning into the “wagging” motion. At further increased shear rate, the wagging
motion is suppressed until the director is arrested making a stationary orientation at a

small angle with respect to the flow direction. Clearly, the periodic orientational motions
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of the rod-like particles, either tumbling, kayaking or wagging, will create disturbances to
the local flow field, acting in the role of turbulent eddies, to promote the convective heat
transfer. Thus, the fluid-particle interactions are a two-way coupling process: while the
shear field re-distributes the particles, the orientational motion of the particles also
modulates the development of both the hydrodynamic and thermal boundary layers.
Furthermore, as the nanorods rotate in the thermal boundary layer, their two ends
experience higher temperature in the near-wall region and lower temperature in the near-
bulk region periodically. Since heat can be easily conducted from the hot end to the cold
end of the highly conductive nanorods, they may act as heat pumps to effectively transfer
heat into the bulk of the fluid. Indeed, the results in Figure 4. 5 suggest that the heat
transfer enhancement due to the periodic orientational motion of the nanorods in NF2 not
only offsets the adverse effect of reduced effective thermal conductivity due to the shear-
induced particle alignment, but it also surpasses the heat transfer augmentation in NF1
due to higher particle loading.

Finally, the local Nusselt number measurements are plotted in Figure 4.6 and
Figure 4. 7 as a function of X for NF1 and NF2, respectively. Figure 4. 6 shows that at
both volume fractions of 0.65 and 1.3 v%, the experimental data of NF1 match closely
the predictions from Shah-London’s correlation. In Figure 4. 7, Nuy for NF2 initially
follows the Shah-London prediction. As X increases, Nuy drops quickly with a slope
much steeper than the theoretical curve. Unlike PAO and NF1, the Nuy results for NF2 at
different axial locations are farily dispersive and no common trend line can be found.
These behaviors may be attributed to the effect of shear-induced motions of rod-like

particles on the effective thermal conductivity and the heat transfer enhancement. In
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calculating Nuy (= hy-D/K), the convective heat transfer coefficient, hy, is estimated using
Eq. (3.5) , but the effective thermal conductivity, k, is from measurements obtained under
static conditions (as in Figure 2. 8). As previously described, the shear-induced
alignment and orientational motion of the nanorods cause the actual effective thermal
conductivity of NF2 to be dependent on the local shear field in a rather complex manner.
Therefore, the use of static measurement of k leads to the artifacts shown in Figure 4. 7.
Consequently, certain cautions should be exercised when the convective heat transfer
performance is evaluated on the basis of conventional dimensionless numbers, such as Nu,

for nanofluids containing non-spherical particles.
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Figure 4. 6. Local Nusselt number for NF1 as a function of X (heat flux q" = 6.5 kW/m?)
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4.3 SUMMARY

An experimental study was conducted to investigate the thermophysical
properties and convective heat transfer characteristics of Al,O3-PAO nanofluids
containing both spherical and rod-like nanoparticles. The effective viscosity and thermal
conductivity of the nanofluids were measured, and the results were compared with
predictions from several existing theories in the literature. It was found that, in addition
to the particle volume fraction, other parameters including the aspect ratio, dispersion
state and aggregation of nanoparticles as well as the shear field have a significant impact
on the effective properties, especially for nanofluids containing non-spherical particles.
The pressure drop and convection heat transfer coefficient were also measured for the
nanofluids in the laminar flow regime. Although established theoretical correlations
provide satisfactory prediction of the friction factor and Nusselt number for nanofluids
containing spherical nanoparticles, they fail for nanofluids containing rod-like
nanoparticles. The results indicate that in a convective flow, the shear-induced alignment
and orientational motion of the particles must be considered in order to correctly interpret
the experimental data of nanofluids containing non-spherical nanoparticles. Findings
from this study imply that, if external means (such as electromagnetic force or shear field)
are applied to manipulate the states of dispersion and orientation of the nanoparticles in
the base medium, thermal transport of the nanofluids can be strategically controlled to

yield optimal performance.
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CHAPTER 5. THERMAL EFFECTIVENESS OF LAMINAR FORCED

CONVECTION OF NANOFLUIDS

The results in the previous chapters show that the convective thermal performance
of nanofluids in cooling applications depends crucially on the effective thermophysical
properties. Based on the experimental data, the thermal effectivenesses of the nanofluids
are evaluated critically in this chapter using various figures of merit (FOM) under three
typical flow constraints, i.e., constant flow rate, constant Reynolds number and constant

pumping power.

5.1 INTRODUCTION

Past studies have confirmed that single-phase forced convective heat transfer can
be enhanced by nanofluids [2, 4, 6, 111-113]. However, the adoption of nanofluids for
real-world cooling applications cannot be established solely from a heat transfer
perspective [114, 115]. Other concurrent aspects, such as the hydrodynamic performance,
must also be considered in order to determine the overall thermal performance of
nanofluids.

The convective thermal performance of nanofluids depends crucially on the
effective thermophysical properties. For nanofluids, the thermal conductivity is enhanced
favorably for better heat transfer, but the increase in viscosity necessitates a higher
pumping power to sustain sufficient flow in the cooling device/system [38, 116-118].
Prasher et al. [119] showed that the increase in nanofluid viscosity should be less than
four times the increase in thermal conductivity to yield the same convective heat transfer

coefficient as the base fluid with a comparable pressure drop; otherwise, the nanofluid
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will underperform. Another drawback with nanofluids is related to the lower specific
heat with respect to that of the base fluid. For convective liquid cooling, the thermal
conductivity determines the coolant's heat transfer capability from the heating source, and
the specific heat determines the ability of the fluid to store and move heat away from the
cooling device [120]. Thus, the use of nanofluids will simultaneously reduce the
temperature difference between the heating wall and the fluid (due to higher thermal
conductivity) and increase the local mean temperature of the fluid (due to lower specific
heat) in forced convection through a channel under constant heat flux boundary
conditions. Additionally, Bergman [121] demonstrated that the thermal performance of
nanofluids is a function of the channel length and the mass flow rate, and that a particular
nanofluid, although efficient for one application, can be a poor choice for a different one.
The exergetic analysis done by Singh et al. [122] showed that for nanofluids in forced
convection heat transfer, the thermodynamic effectiveness is strongly affected by the
channel size, and it is beneficial to use nanofluids in conventional channels with laminar
flow and in microchannels with turbulent flow.

In view of so many influencing factors, a systematic evaluation of the thermal
performance of nanofluids is complex, which is further complicated by the lack of well-
established evaluation criteria. In the past studies, the thermal performance of nanofluids
has been defined loosely and evaluated using a myriad of different criteria (as will be
elaborated later), making it difficult to compare the results from different researchers.
One exception is the work by Yu et al. [7] that addresses the validity of thermal
performance evaluation criteria used for nanofluids. The authors compared the

convective heat transfer coefficient of nanofluids to that of the base fluid in turbulent
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flow under three flow constraints: constant flow velocity, constant Reynolds number and
constant pumping power. They found that the constant pumping power comparison
offers the most consistent assessment, the constant flow velocity comparison is quite
accurate when the pumping power is negligible as compared to the total power
consumption, but the constant Reynolds number comparison should not be used because
it completely ignores the pumping power penalty caused by pumping the nanofluid to
reach the same Reynolds number as the base fluid. Other studies pertinent to the
evaluation of thermal performance of nanofluids are scarce and are mostly limited to
theoretical and/or numerical analysis. As a consequence, despite of extensive studies on
the thermal property and convective heat transfer of nanofluids, their suitability as a
candidate coolant for liquid cooling applications remains ambiguous and even
controversial.

The literature survey reveals that thermal performance of nanofluids has not been
well understood. This chapter aims at providing a comprehensive assessment of the
thermal performance of nanofluids to engineering practitioners in selecting suitable

coolants for liquid cooling applications.

5.2 SELECTION CRITERIA OF COOLANTS

The convective heat transfer and hydrodynamic performances of a coolant depend
critically on its thermophysical properties [123]. For instance, the thermal conductivity
defines the coolant's capability to transfer heat from a heat source into the coolant; the
specific heat represents the coolant's ability to store thermal energy and to carry heat
away per unit mass, and the viscosity is related to the flow resistance and determines the

system pressure drop and the required pumping power to enable cooling. Usually, a good
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coolant would possess high values of thermal conductivity and specific heat as well as a
low viscosity.

Various forms of figure of merit (FOM) have been introduced in the literature to
evaluate the thermal performance of a candidate coolant. The first one was the

Mouromtseff number (Mo) [124]

Mo = : (5.1)

where the exponents &, b, d and e can be found from appropriate heat transfer correlations
[115]. For a fully developed laminar flow, Mo is simply the thermal conductivity of the
fluid. Since Mo is a dimensional parameter, it's difficult to use in assessing the thermal
performance of synthetic coolants, such as nanofluids, relative to the base fluids. A more
convenient FOM is the ratio of convective heat transfer coefficient of the coolant over
that of the base fluid [7, 125]

(FOM), =h/hy, (5.2)
where the heat transfer coefficient h is related to the Nusselt number Nu by Eq. (3.9). For
a fully-developed laminar flow under constant wall heat flux conditions [81], Nu = 48/11,

it follows

(FOM) =k /k, , (5.3)

For a turbulent flow, the Dittus-Boelter equation can be used to estimate h,

h=0.023Re™ Pr** (k / D), which leads to

0.4

(FOM), =(p/ )" (Cy /o) (1) ) ** (K /Ky )" (u/uy)™. (5.4)
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It is noted that Eq. (5.4) may be recast in different forms specific to the flow constraint

imposed on the cooling system. For example, if Re remains constant, i.e., pu/u=pu, / 4,

the FOM is
(FOM), =(c, /¢, )" (ae/ pay)" (K/K,)™ (5.5)

Similar expressions of (FOM), can be obtained for constant flow velocity (u=u,) and

constant pumping power ( p""u*” " = p*”u*” 1** ) conditions, respectively [7].

An alternative FOM, which is also based on the heat transfer performance, is
defined as the ratio of the maximum overall temperature difference (i.e., the difference
between the wall temperature at the channel exit and the fluid temperature at the channel
inlet) of the nanofluid to that of the base fluid [121, 126, 127]

(Tuo =)

w,0 ~ lin

m . (5.6)

(FOM )T =1-

For laminar flow through a circular channel with constant heat flux conditions, it is

shown that [121]

(5.7)

thouj{mlcpﬂb |

In practical cooling applications, while the primary goal is to enhance heat
transfer, it becomes more and more important to minimize the pumping power
consumption required to enable the cooling performance. This is necessitated by the
ever-increasing energy prices as well as the limits of battery technologies in portable
electronics that demand the cooling solutions to be as power-efficient as possible [114].

Therefore, it is proposed that the FOM be defined as [123]:
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(FOM), =[(c,h/P)]/[(c;h/P)] (5.8)
where the pumping power P is P=Ap-Q for an incompressible fluid, and the pressure
drop can be obtained from Eq. (3.2): Ap=f(L/ D)( pu’/ 2) . For a fully-developed laminar
flow under constant wall heat flux conditions, f =64/Re and Nu = 48/11, Eq. (5.8) can
be re-arranged to yield

(FOM), =(u/ )" (k/Kky)(c, /Cyp )(u/uy) " (5.9)

For a turbulent flow, f =0.316/Re"* and h=0.023Re™ Pr**(k /D), (FOM ), becomes

(FOM), =(p/p,)"" (1! 1) " (k /K, )" (c, /€0) " (u/uy) "™ (5.10)

Similarly, Egs. (5.9) and (5.10) can be manipulated for prescribed flow conditions
(such as constant Re, constant Q, or constant P) to arrive at specific (FOM)p expressions.
Other forms of FOM have also been used to account for the offsetting effects of the
increased pumping power consumption against the heat transfer enhancement brought
forth by the coolant [119, 128]. For instance, Garg et al. [128] compared the thermal
effectiveness of the nanofluids by using

(FOM), =(a/P)/(a/P),, (5.11)

where ( is the heat transfer rate.
To justify the adoption of a nanofluid in the place of the base fluid for cooling

applications, the following criteria should be met: (FOM) >1, (FOM). >0,(FOM), >1,

(FOM), >1.
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5.3 THERMAL PERFORMANCE OF NANOFLUIDS

Convective thermal performance of nanofluids can be evaluated using various
FOM criteria previously developed. However, it must be pointed out that even with the
same FOM criterion, different conclusions may be reached on the suitability of using a
nanofluid for a cooling application, depending on the way the experimental data are
presented and interpreted. In the literature, three flow constraints are commonly used as
bases in comparing the heat transfer performance of nanofluid with the base fluid:
constant Re, constant Q, and constant P [125, 129, 130]. These three flow constraints are
closely interrelated, but can lead to different thermal performance. In the constant Re

comparison, for instance, the flow rate ratio of the nanofluid over the base fluid is
(Q/Q)=(p/ 1) (11 11,), (5.12)
while in the constant P comparison, the flow rate ratio for fully-developed laminar flow
is
(Q/Q), =(u/ 1), (5.13)
From Figure 5.1 (a), the viscosity ratio u/u, for Al,Osz-water nanofluids follows
essentially the same trend line of the density ratio p/p, i.e., (u/pu)~(p/p,). Hence,

according to Eq.(5.12), (Q/Q,),, remains approximately unity, in other words, the

Re

constant Re basis is equivalent to the constant Q basis for Al,Os-water nanofluids. For

Al,O3-PAO nanofluids, however, Figure 5.1 (b) shows that u/ 4 always exceeds p/p,
and as a result, (Q/Q,),. >1. Further, it can be deduced from Eq. (5.13) that (Q/Q,), <1

for both nanofluids due to the increased effective viscosity. Thus, the actual velocity

ratio of the nanofluid to the base fluid can be very dissimilar under different flow
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constraints. Since the convective heat transfer of the nanofluids is clearly governed by
thermally developing flow (as shown in Figure 4.6), it is not surprising that different (or
even contradictory) conclusions may be drawn on thermal performance of the same
nanofluid if they were not made under the same flow condition [7, 125, 131]. In the
present work, the thermal performance of each nanofluid is evaluated using all three
bases, (i.e., constant Q, constant Re and constant P), to ensure a fair and comprehensive
comparison against the base fluid.

Figure 5.2 illustrates the (FOM), evaluation for Al,Os-water nanofluids. It is

noted that the data are presented in terms of the comparison of convective heat transfer

coefficients, rather than the explicit values of (FOM), . This is because, by definition, an

FOM is a normalized parameter with regard to that of the base fluid. As a quotient, the
dividend and the divisor of the FOM must correspond to identical flow conditions, e.g.,

when (FOM), is evaluated on the constant Q basis, h and hy, must be measured at the

same flow rate, whereas h and h, must be for the same Re (or P) if constant Re (or P) is
used as the basis. Thus, to obtain explicit values of FOM will render the experimentation
process very cumbersome. In contrast, direct comparison of the constituent thermal
performance parameters provides a more convenient measure of FOM. For instance,

since the trend line of h exceeds that of hy, it simply implies (FOM), >1. Figure 5.2

shows that nanofluids outperform the base fluid under all three flow constraints. For

example, it is deduced from Figure 5.2 (a) that (FOM), for the 5 v% nanofluid varies in

1.13 - 1.18 over the range of flow rate measured. As discussed earlier, (Q/Q,), ~ 1 for

Re
Al,Os-water nanofluids, i.e., the flow rates of nanofluids are approximately equal to that

of the base fluid at the same Re. Due to this Q-Re correspondence, the Q-based and Re-
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based plots are almost indistinguishable in Figures 5.2 (a) and (b). Therefore, only the Q-
based results will be reported for Al,Os-water nanofluids in the subsequent discussion.
When P is used as the basis, Figure 5.2 (c) shows the data points are clustered together,

especially at lower range of P, which indicates (FOM ), of nanofluids diminishes when

pumping power consumption is taken into consideration.
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Figure 5. 1. Effective thermophysical properties of nanofluids (shown as the ratio to
those of the base fluids): (a) Al,Os-water nanofluids, and (b) Al,03-PAO nanofluids.
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Figure 5.2. Evaluation of (FOM ), of Al,Os-water nanofluids presented in terms of

convective heat transfer coefficient using different bases of comparison: (a) Q-based; (b)

Re-based and (c) P-based (heat flux q°* = 6.5 kW/m?) [continued].

Figure 5. 3 compares the measured T,,-T, as an assessment of (FOM) for

AlOs-water nanofluids.  Clearly, the lower the values of T, -T, , the more effective is

the fluid in removing heat from the system [132]. It is seen in Figure 5. 3 (a) that the
nanofluids do improve the heat transfer performance over the base fluid, however, the

enhancement is not as significant as measured by (FOM), in Figure 5. 2 (a). The reason

can be explained as follows. Since the thermal resistance of a convective cooling device

is defined as R=(TW’0 —Tin)/q , (FOM), is closely related to the ratio of the thermal

resistance of nanofluid to that of the base fluid. The overall thermal resistance consists of

a convective component, which is represented by 1/[h(zDL)] in Eq. (5.7)and signifies the

fluid's ability to transfer thermal energy from the source (depending on k and h), and a
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caloric component, which is represented by 1/ (mcp) and denotes the fluid's ability to
transport the energy out of the system (depending on pc, ). With nanofluids, the

convective resistance is reduced as a result of the enhanced convective heat transfer
coefficient, however, the caloric resistance is increased due to the lower specific heat of
the nanofluids. Consequently, the compromise leads to a lesser degree of enhancement
than the case where the adverse effect of lower specific heat is neglected (as in Figure 5.
2(a)). Additionally, for the same reason, Figure 5. 3(a) suggests there exists an optimal
nanoparticle concentration, e.g., 3.5 v% herein, which would yield the minimum overall
thermal resistance.  Figure 5. 3(b) shows that the use of nanofluids becomes less

appealing when a constant pumping power is prescribed, where (Q/Q,), <1.
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Figure 5.4 shows the evaluation of (FOM), for Al,Os-water nanofluids, expressed
as the comparison of ¢ h/P. The performance parameter c h/P offers a comprehensive

measure of the effectiveness of a fluid for cooling applications, because it characterizes
both the overall heat transfer performance (h represents heat removal from the heat
source, and C, represents thermal energy storage in the fluid) and the hydrodynamic
performance (P is the power consumption to overcome the flow resistance). In Figure
5.4 (a) and (b), the data for the base fluid and nanofluids of various concentrations all

fall on a single trend line, indicating there is essentially no improvement in (FOM), by

the use of nanofluids. This is plausible from the thermal effectiveness perspective
because the advantage of producing higher convective heat transfer with nanofluids is
offset by the disadvantage of the lower specific heat and higher viscosity of the
nanofluids. A scrutiny of Figure 5.4 (a) reveals that c,h/P of the base fluid slightly
surpasses that of the nanofluids at low flow rates, where a higher pumping power is
required to yield the same flow rate for the nanofluids but the enhancement in heat
transfer coefficient is disproportionate (see Figure 5. 2(c)). As the flow rate increases,

the difference in ¢ ,h/P between nanofluids and the base fluid quickly vanishes, since the

increase in P is compensated by higher h.

Figure 5.5 shows the comparison of (FOM), for ALOs-water nanofluids. The

performance parameter q/P is in fact the coefficient of performance (COP) of the fluid,

i.e., the ratio of heat dissipation to the pumping power needed to enable the cooling. The

results are very similar to what is found in Figure 5.4: the nanofluids are modestly
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outperformed by the base fluid under constant flow rate condition, whereas their

performance is equal to the base fluid when the pumping power is fixed as constant.
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Figure 5. 4. Evaluation of (FOM), of Al,Os-water nanofluids presented in terms of

c,h/P using different bases of comparison: (a) Q-based and (b) P-based

(heat flux q" = 6.5 kW/m?).
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Figure 5. 5. Evaluation of (FOM )Q of Al,Os-water nanofluids presented in terms of q/P

using different bases of comparison: (a) Q-based and (b) P-based
(heat flux q" = 6.5 kW/m?).
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The thermal performance of Al,O3-PAO nanofluids is evaluated using the same
group of FOM functions, and the results are illustrated in Figure 5. 6-Figure 5. 9. It has

been shown from the previous discussion that (Q/Q,), >1 and (Q/Q,), <1 in the forced

convection of Al,O3-PAO nanofluids. Accordingly, the heat transfer enhancement in
Figure 5. 6 is most appreciable when the convective flow is subject to the constant Re
condition (Figure 5. 6(b)) where the actual fluid velocity is higher in the nanofluids than
in the base fluid. Almost no heat transfer enhancement can be observed under the
constant P condition (Figure 5. 6(c)) because the benefit of thermal conductivity
enhancement in nanofluids on heat transfer is counteracted by their reduced flow velocity

((Q/Q,), <1). The evaluation of (FOM)_ for Al,03-PAO nanofluids is depicted in Figure

5. 7 with similar trends to Al,Os;-water nanofluids. The thermal performance of
nanofluids relative to the base fluid can be explained by the interplay of the effective
thermal conductivity, the effective specific heat and the flow velocity of nanofluids under

different flow constraints. The (FOM), and (FOM), results in Figure 5. 8 and Figure 5. 9

resemble those obtained in Figure 5.4 and Figure 5.5 for Al,Os-water nanofluids. It is
seen again that when the heat transfer performance and hydrodynamic performance are
considered altogether, the nanofluids do not exhibit any overall enhancement over the
base fluid and, therefore, the thermal effectiveness of nanofluids in liquid cooling

applications is called into question.
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Figure 5. 6. Evaluation of (FOM), of Al,0;-PAO nanofluids presented in terms of

convective heat transfer coefficient using different bases of comparison: (a) Q-based; (b)

Re-based and (c) P-based (heat flux q" = 6.5 kW/m?).
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Figure 5. 7. Evaluation of (FOM ), of ALbO3-PAO nanofluids presented in terms of
(TW,O —Tin) using different bases of comparison: (a) Q-based; (b) Re-based and (c) P-based
(heat flux q" =6.5 kW/m?).
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Figure 5.7. Evaluation of (FOM ), of AlO3-PAO nanofluids presented in terms of
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Figure 5. 9. Assessment of (FOM )Q of Al,03-PAO nanofluids presented in terms of q/P

using different bases of comparison: (a) Q-based; (b) Re-based and (c¢) P-based (heat flux
q" = 6.5 kW/m®).
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Figure 5.9. Assessment of (FOM )Q of Al,03-PAO nanofluids presented in terms of q/P

using different bases of comparison: (a) Q-based; (b) Re-based and (c) P-based (heat flux

q" = 6.5 kW/m?) [continued].

5.4 SUMMARY

An experimental investigation was conducted to study the thermal effectiveness
of ALLOs-water and Al,O3-PAO nanofluids in laminar forced convection. Base on the
convective heat transfer and pressure drop measurements, four different forms of FOM,

including (FOM), , (FOM)

. » (FOM), and (FOM) , were critically evaluated for the
nanofluids under three typical flow constraints, i.e., constant flow rate, constant Reynolds
number and constant pumping power. The key findings can be summarized as follows.

1) Three effective thermophysical properties play an important role in the thermal

performance of nanofluids. While the enhancement in thermal conductivity helps to
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improve convective heat transfer, the higher viscosity necessitates more pumping power
to enable the cooling, and the reduced specific heat adds to the caloric thermal resistance
that hampers the heat to be transported out of the system. All three properties must be
accounted for in evaluating the thermal effectiveness of nanofluids for real-world cooling
applications.

2) Convective thermal performance of nanofluids depends on the constraints that
are imposed on the flow, i.e., constant Re, constant Q, or constant P. Due to the variation
in effective thermophysical properties, the actual flow velocity in the nanofluids may be
different from that in the base fluid under the same flow constraint, thereby leading to
different thermal performance.

3) The FOM evaluation results show that nanofluids appear meritorious if judged
only from the heat transfer perspective, however, their overall thermal effectiveness for
cooling applications is doubtful when the hydrodynamic performance and pumping
power consumption are considered. In particular, virtually no difference in thermal
performance can be found between nanofluids and the base fluid when the cooling

application is constrained by constant pumping power condition.
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CHAPTER 6. FLOW BOILING HEAT TRANSFER IN A MINICHANNEL

6.1 INTRODUCTION

Convective flow boiling and two-phase flow occur when the fluid is allowed to
undergo phase change and boil. Utilizing the latent heat of the coolant, the two-phase
heat exchangers are able to dissipate very high heat fluxes with a smaller amount of
coolant than in the single-phase case. Another advantage of the two-phase convective
boiling process is the resultant temperature uniformity in the heat exchangers, since the
coolant will remain at its saturation temperature once the boiling commences. Therefore,
it is natural to pose the following question: will flow boiling heat transfer be enhanced by
the use of nanofluids?

Compared to the many studies that have investigated the thermophysical
properties and single-phase convection of nanofluids, there have been very few studies
related to boiling and two-phase heat transfer. Table 6.1 summarizes the experimental
data available in the literature for nucleate boiling, critical heat flux (CHF), flow boiling
and two-phase flow of nanofluids [133-153]. Conflicting experimental results have been
obtained on nucleate pool boiling heat transfer, with some studies showing enhanced
boiling heat transfer upon the addition of nanoparticles, and others showing inferior
boiling performance of nanofluids relative to that of the base fluid. In contrast, most
studies agree on the enhancement of CHF with nanofluids. A possible mechanism
offered for the deterioration or enhancement of nucleate boiling heat transfer in
nanofluids is nanoparticle deposition on the boiling surface which can change the active

nucleation sites and surface wetting characteristics. Much more work is needed to
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advance the understanding of nucleate pool boiling heat transfer and two-phase flow of
nanofluids.
In light of this state of the art, several specific goals are identified for the research
presented in this chapter:
1) Explore flow boiling heat transfer characteristics of nanofluids in a
minichannel;
2) Study the effects of nanofluids on the onset of nucleate boiling (ONB) and
develop a theoretical model to gain insight into the underlying mechanisms;
3) Investigate two-phase flow instabilities and study the effects of nanofluids on

the transition boundaries of onset of flow instabilities (OFI).
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Table 6. 1. Boiling and Two-Phase Heat Transfer with Nanofluids.

Particle Size

Reference and Boiling Experl_m_ental Key Findings Mechanisms and Models
. Type Conditions
Concentration
Dasetal.  AlOs3-water Pool boiling  Cylindrical heater ¢ Nucleate boiling heat transfer deteriorates Nanoparticles deposited on the heater
[133] (on D =20 mm relative to the base fluid, and boiling curve surface reduce surface roughness
38 nm horizontal (Material not reported) shifts to the right. and degrade boiling characteristics.
1-4 v% tubes) ¢ Boiling heat transfer more adversely Boiling heat transfer correlations
Surface roughness affected for roughened surface. proposed for smooth and rough
Ra,smooth = 0.4 pm surfaces of the form
Rayrougn = 1.1 um Nu=c, Re,> Pr’*
Das et al. Al,O3 -water Pool boiling Cylindrical heater ¢ Nucleate boiling heat transfer deteriorates Nanoparticles deposited on heater
[134, 135] (on D =4,6.5, 20 mm relative to the base fluid and boiling curve surface form a porous layer, which
58.4 nm horizontal (Material not reported) shifts to the right. increases surface wettability and
1-4 v% tubes) e Boiling curve shift is not proportional to improves CHF.
Surface roughness nanoparticle concentration and is strongly Boiling heat transfer depends on
Ra=0.37 t0 0.45 um dependent on heater diameter. relative size of nanoparticles to
e Literature survey shows boiling heat surface roughness for cases where
transfer deterioration occurs at high the number of active nucleation sites
particle concentrations (4-16 wt%), while is increased upon nanoparticle
enhancement occurs at lower deposition.
concentrations (0.3-1.25 wt%).
Naranya et Al,O3 -water Pool boiling  Cylindrical heater ¢ Boiling heat transfer always enhanced on Interface of nanoparticle and heating
al. [136] (on vertical D =4,6.5and 20 mm roughest heater and enhancement surface causes either increase or
47 and 150 nm tubes) (Material: stainless decreases with increasing nanoparticle decrease in boiling heat transfer.

0.5, 1, 2 wt%

steel)

Surface roughness
Ra = 0.048 to 0.524
um

concentration.

On smoother heater, boiling heat transfer
may be enhanced or suppressed and
decreases with increasing nanoparticle
concentration.

On smoothest heater, boiling heat transfer
is almost always suppressed and
decreases with increasing nanoparticle
concentration.

When nanoparticle size comparable
to surface roughness, nucleation sites
are suppressed and boiling heat
transfer deteriorates.

When nanoparticle size smaller than
surface roughness, nucleation sites
increase and boiling heat transfer is
enhanced.
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Particle Size

Boiling

Experimental

Reference and _ Type Conditions Key Findings Mechanisms and Models
Concentration
Chopkar et  ZrOz-water Pool boiling Plate heater ¢ Nucleate boiling heat transfer reaches * Nanoparticle deposition decreases
al. [137] D =60.5 mm maximum at lowest concentration, and heater surface roughness and
20-25 nm (Material: copper) decreases with increasing concentration. suppresses nucleation sites.
0.005-0.15 v% ¢ Nucleate boiling heat transfer decreases
Surface roughness in nanofluid-surfactant mixture.
Ra = 0.5-0.7 um
Vassalo et  SiOz-water Pool boiling Wire heater ¢ Nanofluids have no noticeable effect on Surface roughness improves heat
al. [138] D=0.4 mm nucleate boiling heat transfer till CHF. transfer and CHF; however, this alone
15, 50 nm Material: NiCr e CHF increased 60% with nanofluids. cannot explain CHF enhancement in
3 um e Addition of microparticles has similar nanofluids.
0.5v% effects on boiling heat transfer and CHF to
addition of nanoparticles.
Wen and Al>O3 -water Pool boiling  Plate heater ¢ Nucleate boiling heat transfer dramatically Nanoparticle sedimentation and
Ding [139] D =150 mm enhanced (40% with 1.25 wt%). deposition detrimental to heat
90-450 nm (Material: stainless e Heat transfer enhancement proportional to transfer.
0.32-1.25 wt% steel) nanoparticle concentration and heat flux. Surface properties including
roughness, wettability and
contamination are important.
Bang and Al,O3 -water Pool boiling Plate heater ¢ Boiling heat transfer lower than for pure Deterioration of boiling heat transfer
Chang 4 x 100 mm? water and decreases with increasing contradictory to enhanced properties
[140] 10-100 nm nanoparticle concentration. of nanofluids.
47 nm Material: copper * Nucleate boiling is delayed. Nanoparticle deposition increases
e CHF increases 32% for horizontal boiling surface roughness causing fouling
0.5-4 v% and 13% for vertical boiling. and suppressing active nucleation
sites.
CHF enhancement due to reduced
coalescence of bubbles.
Milanova SiOz-water Pool boiling ~ Wire heater e CHF increases with decreasing acidity,
and Kumar D = 0.32 mm (for NiCr) depending on nanoparticle size and pH
[141] 10 and 20 nm and D = 0.558 (for level.
0.5v% lead) « When no salts are present, negatively -

charged nanoparticles in NaOH solution
remain stable and yield much higher CHF.
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Particle Size -
Boiling

Experimental

Reference and _ Type Conditions Key Findings Mechanisms and Models
Concentration
Milanova SiOz-water Pool boiling Wire heater e CHF increases to 267% for 10 nm o pH value of nanofluids determines the
and Kumar D =0.32 mm nanoparticles and 147% for 20 nm charge on the nanoparticles and their
[142] 10 and 20 nm (Material: NiCr) nanoparticles relative to pure water. mutual interaction with heating wire.
0.5v% e CHF depends strongly on the pH value. Nanoparticle deposition leads to
higher heat transfer and CHF.
Liu et al. CuO-water Pool boiling ~ Smooth and grooved ¢ Nucleate boiling heat transfer and CHF
[143] surfaces increase with increasing nanoparticle
30 nm concentrations (<1 wt%).
0.1-2.0 wt% (Material: copper) ¢ An optimum nanoparticle concentration of
P=7.4,20, 100 kPa 1 wt% yields maximum heat transfer
enhancement, beyond which CHF B
enhancement flattens and boiling heat
transfer deteriorates.
o Decreasing pressure results in improved
boiling heat transfer and CHF.
Lee and Al,O3 -water Flow boiling ~ Microchannel heat sink e No flow boiling achieved as nanoparticles
Mudawar 215 x 821 pm2 deposit rapidly near the channel exit once
[144] 36 nm (Material: copper) boiling commences. B
1v% « Nanoparticles cluster quickly and fill the
entire channel blocking coolant from
entering flow channels.
Park and CNT-water Flow boiling  Circular tube o Addition of CNTs enhances boiling heat Stephan and Abdelsalam correlation
Jung [145] CNT-R22 D =102 mm transfer by up to 28.7% at low heat flux; [1 and Cooper correlation [] provide
L =230 mm as heat flux increases, the enhancement satisfactory prediction of nucleate
D =20 nm deteriorates to 6.3%. boiling heat transfer.
L=1um e No fouling was observed for CNT
1.0 v% solutions on the heating wall.
Xue et al. CNT-water Flow boiling o Addition of CNTs deteriorates heat Heat transfer is retarded due to
[146] transfer of two-phase thermosyphon. decreased cavity site density,
D=15nm ¢ Surface tension of water increases by detachment frequency and lingering
1.0 v% 13.5% with addition of CNTs. of coalesced vapor bubbles over

o Contact angle decreases due to addition
of CNTs and surface wettability is
improved.

heating surface.
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Particle Size

Boiling

Experimental

Reference and T L Key Findings Mechanisms and Models
Concentration ype Conditions
Kim et al. TiOz-water Pool boiling Wire heater e At 0.1 v%, CHF increases to 200% e CHF enhancement primarily due to
[147] D=0.2mm relative to pure water. modified surface characteristics
10-500 nm (Material: NiCr) « Nanoparticle deposition on heating (microstructure and topology) by
(mean: 85 nm) surface depends on particle concentration. nanoparticle deposition.
10-5-10-1 v% More micron-sized structures form at high ¢ Ramilison correlation [] more accurate
concentrations. than Zuber’s correlation [] in
e CHF enhancement of pure water on predicting CHF.
nanoparticle-coated heater exceeds CHF
enhancement caused by nanofluids at
high concentrations.
Kim et al. Al,O3: 110-210 Pool boiling Flat heater o Surface wettability enhanced by ¢ Increased surface wettability caused
[148] nm 5 x 0.05 mm? nanoparticle layer deposited on heating by adhesion tension and surface
ZrOz: 110-250 (Material: stainless surface. roughness.
nm steel) o Bubble nucleation decreased due to o Active nucleation cavities decrease
SiOz: 20-40 nm decrease of contact angle. due to decrease of contact angle.
0.001-0.1 v% e CHF delayed by increased surface « Contact angle reduction increases
wettability. liquid layer thickness and delays
dryout.
Kimetal.  Al2O3: 110-210  Pool boiling  Wire heater  Nucleate boiling heat transfer deteriorates. o CHF enhancement attributed to
[149] nm D =0.381 mm « CHF significantly enhanced at low increased surface wettability due to
ZrO2: 110-250 Flat heater 5 x 0.05 concentrations of nanofluids. nanoparticle deposition.
nm mm? o Surface wettability improved by o A review of four hypotheses, including
SiO2: 20-40 nm (Material: stainless nanoparticle deposition on heating hydrodynamic instability, macrolayer
0.001- 0.1 v% steel) surface. dryout, hot/dry spot and bubble
interaction theories, suggests higher
wettability increases CHF.
Al,O3 -water Flow boiling  Circular tube ¢ Nanofluids enhance CHF (by up to 30%)
D =8.7mm and yield higher exit quality.
Kim et al. 40'52 nm (Material: stainless e Burnout modes different for nanofluids
[150] 0.1v% steel) and pure water: extensive burnout with -

Flow rate < 0.15 kg/s

complete failure occurs in water vs.
localized burnout with a pinhole-type
failure for nanofluids.
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Particle Size

Boiling

Experimental

Reference and _ Type Conditions Key Findings Mechanisms and Models
Concentration
Al-ethanol Evaporation  Flat heater coated with e Depinning time for nanofluids longer than * Nanoparticles influence wetting and
polytetrafluoroethylene for the base fluid. contact line behavior during
Sefiane Size not (PTFE)  CHF enhanced by the delay of dry spot evaporation.
[151] reported spreading due to promoted contact line o Structural disjoining pressure due to
1-5 wt% pinning with nanofluids. presence of nanoparticles affects
force balance near three-phase
region.
You et al. Al,O3 -water Saturated Heater 10 x 10 mm® ¢ Boiling heat transfer coefficient not e Zuber correlation [] insufficient in
[152] pool boiling (Material: unknown) affected by nanofluids in nucleate boiling predicting CHF for nanofluids,
0.001-0.025 g/l regime. suggesting parameters other than
e CHF increased by 200% when fluid properties may account for
nanoparticle concentration > 0.005 g/l. increased CHF.
o Nucleate bubbles depart at much lower
frequencies with larger size.
Xue et al. CNT-gum Quenching Sphere e During quenching, the sphere experiences e Increased CHF due to CNT
[153] Arabic (GA) (saturated) D =25 mm film boiling, precipitous transplosion and deposition, which improves bubble
(Material: copper) pulsation and nucleation boiling. removal from the surface.
d=15nm ¢ No difference in the nucleate and film
L=10 um boiling heat transfer was found for CNT

nanofluid, but CHF is enhanced.
Improved wettability enhances transitional
boiling heat transfer and Leidenfrost point.




6. 2 GENERAL FEATURES OF FLOW BOILING HEAT TRANSFER

The general features of flow boiling in channel flows can be observed from the
boiling curve that illustrates the wall temperature variation as a function of heat flux. A
schematic figure of the boiling curve is shown in [154]. The fluid enters the channel at
point A as subcooled single-phase liquid. The heat transfer mode is single-phase
convective heat transfer until location C, at which point the wall temperature exceeds the
threshold value for the onset of nucleate boiling (ONB). From this point onward, both
single-phase convection and nucleate boiling contribute to the total transfer of heat. The
convective component is then swamped by boiling heat transfer from point D when the
fully developed boiling region (FDB) starts. The intermediate region (C to D) is defined
as the partial boiling regime. As fluid continues to absorb heat, saturated boiling is
established at location E, when the bulk temperature reaches the local saturation

temperature. Beyond this point, the vapor content increases steadily until dryout occurs.

Single-phase quuidi Subcooled boiling E Saturated boiling

Fully developed

1
1

1 Phd
1,7

Heat flux

\
A

\
e N

Ti(Z) Tsat  Tons Tros
Wall temperature

Figure 6. 1. Boiling curve.
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6.3 FLOW BOILING HEAT TRANSFER EXPERIMENTS

6.3.1 EXPERIMENTAL APPARATUS

The experimental loop for the flow boiling heat transfer study of nanofluids is
almost identical to that used in the single-phase heat transfer study, except for a few new
components specially designed for boiling experiments (shown in Figure 6.2). A
proportional integral derivative (PID)-regulated preheater (Infinity CRES-ILB-24-0040-
K) was installed to control the inlet subcooling of the working fluid prior it entering the
test section. A throttling valve was added near the exit of the test section to reduce
possible feedbacks from the compressible volumes in the downstream piping system
(such as the heat exchanger and the reservoir). Additionally, a drainage tank was
installed after the throttle valve to help remove any dissolved gas escaping from the
working fluid during the preheating stage before the flow boiling experiment starts.

The PID-regulated preheater is schematically shown in Figure 6. 3. Experiments
were conducted to test its temporal response and temperature control accuracy. Figure
6.4 (a) shows that during the startup stage, the inlet fluid temperature (flow rate=
131.3mL/min) at the entrance of the test tube can be raised by the preheater from the
room temperature (25°C) to the set value (88°C) within 60 minutes. Once the initial
steady state is established, the PID control system can respond quickly to sudden
adjustments, for instance, Figure 6.4 (b) depicts that when the set temperature is changed
from 48°C to 77°C, the inlet fluid temperature will reach the desirable value within 10

minutes and the temperature fluctuations are less than 1°C under the new steady state.
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6.3.2 PREPARATION OF NANOFLUIDS

De-ionized (DI) water and Al,Os;-water nanofluids were used as the working
fluids in the flow boiling experiments. Nanofluids with two particle volume
concentrations (0.01 v% and 0.1 v%) were prepared following the same procedures
described in Chapter 2, except that DI water was degassed by vigorously boiling for
about two hours before mixing with Al,Oznanoparticles. The amount of dissolved air in
water was monitored with an oxygen sensor. Figure 6. 5 shows the time evolution of the
measured oxygen concentration. If the degassed water is left unattended in the container,
the oxygen concentration increases gradually from 3.6 mg/L to 5.0 mg/L during the first
four hours, and reaches 7.7 mg/L at the end of the 24-hour period. The actual amount of
dissolved air in the nanofluids was expected to be lower as the result of the sonication
process when the nanofluids were synthesized. According to [155], if the concentration
of dissolved oxygen is lower than 5.4 mg/L, the effect of dissolved air on boiling heat

transfer can be safely neglected. This is expected to be the case for the present study.

6.3.3 CONTACT ANGLE MEASUREMENT

Contact angle of a working fluid on the heater surface plays an important role in
various aspects of nucleate boiling, such as onset of nucleate boiling (ONB) and critical
heat flux (CHF). Kim et al. [156] measured the contact angle of water on inner surface of
stainless steel tube both before and after flow boiling heat transfer experiments were
conducted with alumina-water nanofluids of different concentrations. It was found that
the contact angle decreases dramatically by 20-30° after the flow boiling experiments.
Similar observations were made by other research groups [149, 157-159], and the reason

was attributed to the deposition of nanoparticles on the heater surface.
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Figure 6. 5. Oxygen concentration and temperature of water variation with time.

In this study, the contact angle was measured for nanofluids on a flat stainless
steel plate (Type 304), which is the same material of the minichannel test tube, using the
sessile-drop method with a KSV tensiometer. Prior to each measurement, the test plate
was cleaned with acetone and rinsed thoroughly with DI water. The typical measurement
process is as follows: a 2-ul droplet of the sample fluid was gently deposited by a syringe
vertically down onto the test surface. The image of the droplet at the end of spreading
was captured by a CCD camera (shown in Figure 6.6). The outer profile of the droplet
was curve-fitted using a built-in image processing software, and the contact angle was
calculated from the Young-Laplace theory. The results suggest that the contact angle of

nanofluids is smaller than that of water on the same test surface, and it decreases with the
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nanoparticle volume concentration. For instance, the contact angles are 85.9°, 82.7° and
76.0° for water, 0.01 v% Al,Os-water nanofluid and 0.1 v% AlOs;-water nanofluid,

respectively.

(c)

Figure 6. 6. Contact angle measurements on a stainless steel surface for (a) water, (b)
0.01 v% Al,Os-water nanofluid, and (¢) 0.1 v% Al,Os-water nanofluid.

6.3.4 TEST PROCEDURES

The test procedures for the flow boiling heat transfer experiments are as follows.
The gear pump was first started to circulate the working fluid with the desired flow rate.
Then the preheater was activated, and it usually took about 60 minutes for the fluid to
reach the target temperature at the inlet of the minichannel. Afterwards, the DC power
supply was turned on at the lowest power input level. A steady state was deemed to be
reached when the readings from all thermocouples became and remained stable (within

10.3°C) for at least 5 minutes. The measured parameters, including flow rate, pressure,

116



temperate, and applied voltage and current, were read into the data acquisition system,
and each measurement value was calculated as an average of 300 readings. Following
that, the power input was increased with small increment, and the procedure repeated for
subsequent experiments. The inlet temperature of the test fluid ranged from 80.4 to
90.6 °C. The maximum heat flux achieved in the experiments was 40.6 W/cm”.

Similar procedures were taken for the two-phase flow instability experiments.
Instead of controlling the power input, the flow rate was gradually reduced from the
maximum value for subsequent tests. The corresponding mass flux obtained in the
experiments ranged from 680 to 3100 kg/m’s. After reaching the minimum flow rate,
one set of two-phase flow instability study was done, and the power input was then
adjusted to a new level to repeat the above process. Five heat flux conditions were
studied: 0, 19.9, 23.2, 26.2, and 29.9 W/em?.

In the experiments, three different test samples were investigated: DI water, 0.01
v% Al,Osz-water nanofluid and 0.1v% Al,Os-water nanofluid. To avoid the effect of
nanoparticle deposition on the flow boiling heat transfer and two-phase flow, the
minichannel test tube was replaced with a new one after the tests with each nanofluid

sample.

6.3.5 DATA REDUCTION
Heat loss from the test section to the ambient was first estimated under the single-
phase heat transfer conditions, i.e., from the difference between the total power input and

the sensible heat absorbed by the fluid

Ooss = qinput - me (Tf ,out _Tf Jin ) . (6 1)
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and the results were extrapolated to obtain heat loss under the flow boiling conditions,
which was correlated as a function of the average wall temperature 0, = 0o (Tw’m).
One example is given in Figure 6. 7 for G = 1374.7 kg/m’s, Ttjn= 80.8°C. Similar heat
loss correlations were developed for each test condition.

The applied heat flux qy" was calculated based on the inner area of the

minichannel (A=7z-D-L)
qw” = (qinput ~ Olioss ) /A. (62)

The boiling heat transfer coefficient was determined from

= — (6.3)

in which Ty, is the average temperature of the channel wall and Tt is the mean fluid

temperature.

T I I T I T I
| Curve fit:
Qe =245.230+3.207T

45

40

35

30

Heat loss (W)

25

20

82 84 86 88 90 92

Average wall temperature("C)

Figure 6. 7. Heat loss in experiment estimated from single phase data (G = 1374.7
kg/m’s, Ttin= 80.8°C).
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Temperature-dependent thermophysical properties were used for of water and
nanofluids in the data analysis. Since very dilute nanofluids were used in this study, the
effect of nanoparticles on the saturation properties were neglected. Thus, the saturation
temperatures of the fluid at the inlet and outlet of the minichannel were determined from
the measured absolute pressures. A linear profile was then assumed for the local
saturation temperature at any streamwise location between the inlet and outlet of the

minichannel.
6.4 EXPERIMENTAL RESULTS

6.4.1 BOILING CURVES

Boiling curves were constructed for water and nanofluids using the wall
temperatures measured at the six streamwise locations. Figure 6.8 shows that at low heat
fluxes, single-phase flow prevails in the test fluids, and the steeper slope of the curves
(i.e., higher convective heat transfer coefficient) obtained from the upper-steam
thermocouples (T1, T2 and T3) clearly indicate the entrance region effect; when the heat
flux is increased, the slope first changes for the measurement from T6, indicating the
onset of nucleate boiling (ONB) occurs near the exit of the test tube and then gradually
propagates toward upstream locations. Another important discovery is that the ONB
takes place in nanofluids at higher heat flux as well as greater wall superheat. For
instance, the ONB at the T6 location occurs at " = 10.4 W/cm® and T,, = 104.1°C for
water, but at q" = 10.8 W/cm” and T,, = 105.3°C for 0.01 v% nanofluid and at q" = 18.4

W/cm? and T,, = 125.3°C for 0.1 v% nanofluid.

119



Wall heat flux (W/cm®)

Wall heat flux (W/cm?)
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Figure 6.8. Boiling curves for: (a) water, (b) 0.01 v% nanofluid, and

(c) 0.1 v% nanofluid [continued].

6.4.2 PRESSURE DROP

The pressure drop across the minichannel was measured as a function of the
applied heat flux. The result for water at G = 1374.7 kg/m’s and Ttj,= 80.8°C is shown
in Figure 6. 9 (a). It is seen that in the single-phase region, the pressure drop decreases
slightly as the wall heat flux increases, due to the lower viscosity of fluid at higher
temperature. The decreasing trend persists until the onset nucleate of boiling (ONB)
occurs at 0" = 10.35 W/cm?, which can be clearly identified from the abrupt change in the
slope of the data. After ONB, the two-phase pressure drop increases almost linearly
The

because the acceleration effect of the vapor content becomes pronounced.

observation of ONB is consistent with that from the boiling curve in Figure 6.8 (a) where
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ONB occurs at the same heat flux. Similar pressure drop results are obtained for the

nanofluids, as shown in Figure 6. 9 (b), where the delayed ONB can be clearly identified.
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Figure 6. 9. Two-phase pressure drop of (a) water and (b) nanofluids.
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6.4.3 ONSET NUCLEATE OF BOILING

A careful examination of the boiling curves in Figure 6.8 has suggested that the
ONB occurs at higher heat flux as the nanoparticle concentration increases, i.e., ONB is
delayed in nanofluids. The delayed ONB can be distinguished more clearly from Figure
6.10 in which the boiling curves are constructed using the average wall temperature.
Figure 6. 10 shows that the experimental data for all test fluids collapse together in
single-phase region (due to the low particle concentration), but, once the ONB occurs,
they start to deviate from the single-phase trend in the following order: first, water, then
0.01 v% nanofluid and, last, 0.1 v% nanofluid. Similar findings of delayed ONB were
reported in pool boiling heat transfer experiments of nanofluids [160, 161], however, no
other studies in the literature have been devoted to investigating the ONB characteristics
in forced convective flow boiling of nanofluids. Furthermore, the delayed ONB has a
great impact on the flow boiling instabilities in nanofluids (as will be discussed later).
Therefore, the possible mechanisms for the delayed ONB are discussed next, and a
theoretical model is also developed to gain some insight into the key parameters that
govern the ONB in nanofluids.

It is postulated that two primary mechanisms are responsible for delaying the
ONB in flow boiling of nanofluids:

1) The nanoparticle layer deposited on the inner surface of the test tube may alter
the profile of active nucleation sites. It has been reported that once boiling takes place,

nanoparticles will first aggregate at the liquid-vapor interface, and then quickly adhere to

the wall surface [144].
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As schematically shown in Figure 6. 11, smaller-sized cavities are completely filled by
the nanoparticle aggregates while the larger ones may be partially filled. Consequently,
the size range and number density of available nucleation sites will diminish, making it
more difficult for ONB to occur.

2) From the previous single-phase heat transfer study, it is known that the thermal
boundary layer development is retarded in nanofluid flow due to shear-induced
nanoparticle migration. As discussed in [162], the size range of theoretically eligible
nucleate cavities depends critically on the thermal boundary layer thickness. Therefore,

the active nucleation sites will diminish in flow boiling of nanofluids.

(@)

(b)

Figure 6. 11. Distribution of nucleation sites on a boiling surface before (a) and after (b)
deposition of nanoparticles.

6.4.4 ANALYTICAL MODEL FOR ONB
An analytical model was developed to illustrate the effect of nanofluids on the
ONB from a different perspective, i.e., the impact of contact angle. This model follows

the approach in [163, 164]. The key assumptions are:
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1) The bubble nucleus takes the shape of a truncated sphere, as depicted in Figure
6.12;

2) The bubble nucleus does not change the temperature profile in the surrounding
single-phase fluid;

3) The vapor and liquid phases are in equilibrium under saturated conditions;

4) A bubble nucleus will grow if the temperature of the fluid at a distance from the
wall equal to the bubbles height is greater than the superheat requirement.

Equilibrium theory provides the superheat equation for the bubble nucleus:

T,-T =T, (6.4
/Ovhfg rb
where Ts(py) 1s written as Ts for brevity, and ry is the bubble radius.
From , the following geometric relations are evident:
Yp =f,(1+cos0), (6.5)
r.=rsing. (6.6)
The superheat equation, Eq.(6.4), can then be written as
20 (1+cos@
T T =T o (1+cosd) _ _20C ©7)

b s
pyhfg Yo pyhfg Yo
where C is the shape factor, C =1+cos@. This equation provides the superheat criterion
for the onset of nucleate boiling. Rearrangement of Eq.(6.7) yields the vapor

temperature

n=1{p-bcl. (6.8)
pyhfg yb
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The local temperature of the fluid surrounding the bubble nucleus can be obtained
from single-phase heat transfer together with assumption 2 in the previous section. In the
vicinity of the channel surface, bulk convection is damped out so that a linear profile can
be assumed for the fluid temperature in this region:

T, (y)=T,—a,"y/k. (6.9)
Explicitly relating the wall temperature Ty, to the effective wall heat flux q"yin Eq. (6.9)
allows for convective heat transfer features to be represented in the model.

Under the uniform heat flux boundary condition, the bulk mean temperature at the

channel exit is derived from energy balance as

4q,"L

T =T, +—w — 6.10
fout f.in ,OprUOD ( )
The channel wall temperature is
T =T, +— ' 6.11)
(Nu,k,)/D

For water and dilute nanofluids in the laminar and turbulent flow regimes, the Nusselt

number can be found from

0.152

Laminar flow:  Nu, =1.86(RePr D/L)l/3 (,uf /,uw) , (6.12)

0.152

Turbulent flow: Nu, =0.116(Re**~125) P [1+(D/L)]" (1, /i) . (6.13)

Nucleate boiling may occur only when Tt > Ty, at the top of the bubble nucleus, as shown
in Figure 6. 12. From Eq. (6.7) and (6.8), the necessary condition for ONB can be

written as,

L RNV ] PR ci i (6.14)
K thngb
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Figure 6. 12. Onset of nucleate boiling (a) an embryo bubble residing on the cavity, and
(b) ONB superheat criterion.
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the equation can further be rearranged in term of Yp:

q." , 26C q, " 20C
W _ye | T + - +——T =0
kf yb { w pvhfg kf S]yb

pv fg

General solution of this equation is

2
T+ 200 W5 1y Iy 200 0 g | 4 20C Gy
PNy K PNy K PNy K

yb = "
2qL

K

For both roots to be real, the determinant in (6.16) must be positive, i.e.,

2
T, + 200 W' g | _429C Gy s
pvhfg K pvhfg K

The superheat criterion can be obtained by rearranging this inequality

\/TTV—\/-EZ 2O'CC]L"

pvhfg kf ‘

Several interesting observations may be made from Eq. (6.18) as follows.

(6.15)

(6.16)

(6.17)

(6.18)

1) For given conditions, i.e., wall heat flux q,", fluid inlet velocity up and

temperature Trjn, the measured wall temperature Ty, or a value of T, obtained

from Eq. (6.11), may be substituted in the inequality Eq. (6.18) to determine if

ONB will occur.

2) Conversely, if the fluid inlet conditions are prescribed and the heat flux allowed to

vary, the threshold heat flux required to trigger the ONB can be predicted from

the following equation:

Tfm+0|WﬂDL+ Ay T - 20C 0,
" pcly  (Nugk,)/D p.hy K,
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Figure 6. 13 illustrates that the superheat criterion is satisfied only in the region

Yomin < Yo < Ypmax> WHEre Yomin and yhmax represent the two roots of Eq. (6.15),

respectively. Considering the geometric relation shown in Figure 6. 12, this requirement
suggests that a cavity with radius r¢ could be active [162] only if

r <r<r (6.20)

where
T, +20% 4 1
. phy kK sin 6

rr = , 6.21
1+cosé ( )

e
kf

" 2 "
\/(Tw-i‘ 20C qW_TsJ _42(7C q—‘”T

PNy K phg ke i
fo—r- LN fg f sind , (6.22)
’ 0, 1+cos@
2w
kf
" 2 "
\/[TW+%‘hCEW—TSJ _420hCEWTW
. Py Py i
o =T+ LELE CRAN L (6.23)
’ d, 1+cosé
LR
kf

Figure 6. 13 compares the predicted size range of active nucleation sites as a
function of wall temperature for different contact angles. It is seen that the minimum
wall superheat required for initiating ONB increases with decreasing contact angle, i.e.,
for higher nanoparticle concentrations. On the other hand, at a fixed wall superheat, the
size range of active nucleation sites becomes narrower for denser nanofluids. The above
analysis proves that, as the contact angle decreases with nanofluids, the ONB will be

delayed due to the diminishing range of active nucleation sites.
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Figure 6. 13. Size range of active nucleation sites as a function of wall temperature for
different contact angles.

6.5 TWO-PHASE FLOW INSTABILITY

Two-phase flow systems are often accompanied by small scale fluctuations,
including two-phase interfacial waves as well as oscillations of flow rate and system
pressure, which, if not suppressed, may trigger large scale two-phase instabilities. The
two-phase flow instabilities are undesirable and can change a steady phase heat transfer
process to the point at which the operation of the heat transfer equipments goes beyond
the designed safety regime. For instance, severe flow rate and pressure oscillations can
cause mechanical vibrations and problems in system control, and in extreme cases,
degrade the heat transfer characteristics so that the heat transfer surface may burn out due
to drastic increase in wall temperatures. Additionally, the periodic cycling of the wall
temperature will induce in thermal stresses in the wall materials that may build up and
eventually lead to mechanical breakdown and other more serious accidents [165].
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Therefore, flow instability control is of great importance to two-phase thermal systems
such as two-phase heat exchangers, water-cooled nuclear reactors and steam generators,
which requires a fundamental understanding of the physical mechanisms that set off the

two-phase instabilities.

6.5.1 CLASSIFICATIONS OF TWO-PHASE FLOW INSTABILITIES

A two-phase flow is stable if, when disturbed, the flow system can return
asymptotically to the original operating state; otherwise, the flow is subject to instabilities.
Two-phase flow instability usually arises from the interactions between the internal and
external flow characteristics, and can be classified into two categories: static instability
and dynamic instability [166].

Static instability occurs when the new operating conditions of the disturbed
system tend asymptotically toward the ones that are different from the original ones. The
sources of static instability are intrinsic to the steady-state operation of the flow system,
and obey the steady-state laws [167, 168]. Ledinegg instability is the most common
static instability in two-phase flow. It takes place when the slope of the two-phase flow
demand curve (the internal pressure drop vs. mass flux curve) is negative and steeper
than the pump supply curve (the external pressure drop vs. mass flux curve) and multiple
intersections are possible in the internal and external characteristic curves [169]. The
detailed mechanism is illustrated in Figure 6. 14 where the internal two-phase
characteristic curve A has a negative slope region in addition to two positive slope region

and it intesects the external pump characteristic curve B at multiple locations, a, b and c.
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Figure 6. 14. Ledinegg instability.

If a small perturbation causes the mass flux to decrease slightly from point b, a higher
pressure drop must be overcome to sustain the two-phase flow (i.e., the operating point
moves up along the internal curve A). However, since near point b the external
characteristic is less steep than the internal characteristic, the pump is unable to provide
sufficient pressure head as demanded. Accordingly, the disparity between the available
and required pressure drops will further reduce the mass flux, driving the flow to
continue to move upward on curve A till the slope becomes postive. The system will
ultimately reach a new equilibrium at point a where the supply and requirement of
pressure drop are equal. Using a similiar argument, it can found that a perturbattion that
increases the mass flow rate at piont b will cause the operating point to shift
spontaneously to point €. In either case, the operation at point b is unstable. Other types
of static instabilites and their key features have been studied extensively in the literature

[165, 168, 170], and are summarized in Table 6. 2 [165].
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The two-phase flow is subject to dynamic instability when the interaction and
delayed feedback between the inertia of flow and compressibility of the two-phase
mixture play a major role in stimulating instability. Dynamic instabilities are generally
characterized in terms of oscillatory behaviors of flow parameters such as the mass flux,
inlet pressure and wall temperatures [171]. Four types of dynamic instabilities have
been identified by Boure et al. [168] and Kakac [172], which include density-wave type
oscillation, pressure-drop type oscillation, thermal oscillation and acoustic oscillation.
The physical mechanisms and salient characteristics of these dynamic instabilities can be
found from Table 6. 2. In the following, three major types of dynamic instabilities will

be briefly reviewed.
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Table 6. 2. Two-phase flow instabilites [165].

Category  Type Mechanism Characteristics
Static Ledinegg instability Internal characteristics steeper  Flow undergoes sudden, large amplitude excursion to a new stable operating condition.
instabilities than external charcteristics in
a negative slope region.
Boiling crisis Ineffective removal of heat Wall temperature excursion and flow oscillation.
from heated surface.
Flow pattern transition ~ Bubbly flow has less void but Cyclic flow pattern transitions and flow rate variation.
instability higher pressure drop than
annular flow.
Bumping, Geysering, Periodic adjustment of Periodic process of super-heatand violent evaporation with possible expulsion and
or Chugging metastable condition, usually refilling.
due to lack of nucleation sites.
Dynamic Density-wave Delay and feedback effects in Frequencies related to transit time as a contiuity wave.
instabilities oscillations relationship between flow rate,

Pressure-drop
oscillations

Thermal oscillations

Acoustic oscillations

density, and pressure-drop.
Dynamic interaction between
channel and compressible
valume.

Interaction of variable heat
transfer coefficient with flow
dynamics.

Resonance of pressure waves.

Very low frequency periodic Process.
High magnitude temperature oscillations in the solic due to transitions between different
boiling regimes.

High frequencies (10-100 Hz) related to time required for pressure wave propagation in
System.




The two-phase flow is subject to dynamic instability when the interaction and
delayed feedback between the inertia of flow and compressibility of the two-phase
mixture play a major role in stimulating instability. Dynamic instabilities are generally
characterized in terms of oscillatory behaviors of flow parameters such as the mass flux,
inlet pressure and wall temperatures [171]. Four types of dynamic instabilities have
been identified by Boure et al. [168] and Kakac [172], which include density-wave type
oscillation, pressure-drop type oscillation, thermal oscillation and acoustic oscillation.
The physical mechanisms and salient characteristics of these dynamic instabilities can be
found from Table 6. 2. In the following, three major types of dynamic instabilities will

be briefly reviewed.

6.5.1.1 DENSITY-WAVE OSCILLATIONS

Density-wave oscillations are caused by multiple regenerative feedbacks between
the mass flux, vapor generation rate and two-phase pressure drop [168, 173], during
which fluid waves of mixtures of alternately higher and lower density (i.e., liquid and
vapor) travel along the flow channel. Since the density-wave oscillations are related to
kinematic wave-propagation, they are also noted as "flow-void feedback instability." As
shown in Figure 6. 15, the oscillation amplitudes and periods of mass flux, pressure, and
wall temperature are usually small, and the oscillations of mass flow rate and pressure are

in phase [171].

6.5.1.2 PRESSURE-DROP TYPE OSCILLATIONS
Pressure drop type oscillations occur when significant amount of compressible
volume exists in the flow boiling two-phase system [165]. Such compressible volume

can be produced if the flow channel has a long aspect ratio (e.g., L/d > 150) under low
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Figure 6. 15. Density wave type oscillations [171].

mass flux and/or high heat flux conditions [174], or if a surging tank or an accumulator is
installed upstream of the boiling channel [171, 175-177]. The compressible volume
serves as the buffer zone when there is an imbalance in the internal and external mass
flux vs. pressure drop characteristics, which induces long-period, large-amplitude
oscillations of pressure, mass flux and wall temperatures. Generally, the fluctuations of

mass flow rate and pressure are out of phase, as shown in Figure 6. 16 [171] [178].

6.5.1.3 THERMAL OSCILLATIONS

Thermal oscillations are dynamic instabilities related to the instability of the
liquid film next to the tube wall. The flow usually oscillates between annular flow,
transition boiling and droplet flow, and is characterized by large-amplitude fluctuations in

the wall temperature. The periods of and amplitudes of pressure and mass flux
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fluctuations for this instability are very small. Density-wave oscillations are required to

trigger the thermal oscillations.

Wall Temperature
Ton, . ('C)

Toan, b °C)

Wall Temperature

Inlet Pressure
Piatey, (bar)

Mass Flu
Giater, (kghm?.s)

Figure 6. 16. Pressure-drop type oscillations [171].

In practical applications, the three major dynamic instabilities are generally
distinct from each other without overlap. The boundaries between different type of
oscillations are shown as the dash lines in [171]. Pressure drop type oscillations usually
start first when there is an appreciable amount of compressible volume upstream in the
flow loop or if the aspect ratio of the boiling channel is large. As the mass flux is
reduced, the pressure in the channel increases to compress the vapor phase. Density-
wave oscillations then occur when the compressible volume diminishes. At last, thermal

oscillations start as the operating point moves further to the leftmost side of Figure 6. 17.
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Figure 6. 17. Oscillation boundaries (D.W.O. refers to density-wave oscillations, P.D.O.

refers to pressure-drop oscillations) [171].

6.5.2 TWO-PHASE FLOW INSTABILITY

Experiments were conducted to investigate the two-phase flow instabilities of
water and nanofluids in flowing boiling through a minichannel, following the test
procedures described earlier. The applied heat flux was fixed at 29.9 W/ecm® in all
experiments.

Figure 6. 18 shows the time dependence of various two-phase flow parameters of
water at the initial high mass flux condition (G = 2038.7 kg/m’s), where the two-phase
system operates in the single-phase region (i.e., the top right part of the flow
characteristics curve with a positive slope in Figure 6. 25). The fluctuations in the flow
parameters are merely random noises with no detectable amplitude and period. When the
mass flux decreases to G = 1054.4 kg/m’s, two-phase flow oscillations started in which

all flow parameters demonstrate clear peak-valley periodic cycles, as depicted in Figure
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6.19. It shows that the oscillations of the inlet pressure and the mass flux are out of phase
(the phase angle is ~ 180°), and the oscillation period is rather long, ~ 6-7 seconds, as
compared to the time needed for the fluid to pass through the test tube (t = 0.28s). These
are the typical features of pressure-drop type oscillations. It is not surprising since
intrinsic conditions to trigger pressure-drop oscillations exist in the two-phase flow
system. First, the test channel has a large aspect ratio of L/D = 281, which exceeds the
threshold value for a "long tube" (L/D ~ 150), so that the vapor phase generated during
boiling provides sufficient amount of compressible volume. Second, the preheater
located upstream to the test channel serves as a surge tank that modulates the internal and
external pressure drop vs. mass flux characteristics.

The measurements of two-phase flow instability for nanofluids are shown in
Figure 6. 20 to Figure 6. 23. As compared to the results for water, the oscillation
amplitudes are smaller, and the periods are less distinguishable even in the low mass flux
case where pressure-drop oscillations were supposed to dominate. In other word, two-
phase flow oscillations seem to be suppressed in nanofluids, and the extent of suppression

increases as the nanoparticle concentration increases from 0.01 v% to 0.1 v%.
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Figure 6. 18. Different parameters of water variation with time at G = 2038.7 kg/m’s,

Tin=92.3 °C, q"=29.9 W/cm® (stable region).
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Figure 6. 19. Pressure-drop type oscillations of water at G = 1054.4 kg/m’s, Ti=91.9 °C,
q"=29.9 W/cm’.
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Figure 6. 20. Different parameters of 0.01 v% nanofluids variation with time at G =
2007.4 kg/m’s, Tin = 92.3°C, q"=29.9 W/cm? (stable region).
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Figure 6. 21. Two-phase flow oscillations of 0.01 v% nanofluids at G = 1052.4 kg/m’s,
Tin=92.7°C, q"=29.9 W/cm®.
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Figure 6. 22. Different parameters of 0.1 v% nanofluids variation with time at

G =2028.5 kg/m’s, Tin=92.3°C, q"=29.9 W/cm” (stable region).
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Figure 6. 23. Two-phase flow oscillations of 0.1 v% nanofluids at G = 1065.9 kg/m?s,
Tin=92.5°C, q" = 29.9 W/cm®,
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The suppression of two-phase flow instability in nanofluids can be better
illustrated in Figure 6. 24, which shows the instantaneous measurements of pressure drop
and mass flux over a period of 85seconds. An elliptical limit loop can be clearly
observed in the data for water, indicating a well-defined oscillatory behavior of the
pressure-drop type instability. Particularly, the pressure drop varies between 74.8 kPa to
102.4 kPa and the mass flux between 1005.8 kg/m?s and 1105.9 kg/m®s (the set mass flux
is 1065.9 kg/m’s). In contrast, the data points for nanofluids of both concentrations are

clustered together with little scattering.
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Figure 6. 24. Two-phase flow oscillations at G = 1065.9 kg/m?s,
Tin=91.9°C-92.5 °C, q" = 29.9 W/cm’.
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Two-phase flow instabilities associated with flow boiling heat transfer were also
studied under different heat fluxes. The two-phase pressure drop vs. mass flux plot for
water is shown in Figure 6. 25. It follows the behavior of the internal characteristics
illustrated in Figure 6. 17. The flow starts off as single-phase liquid, and the pressure
drop gradually decreases as the mass flux reduces. This trend persists even after boiling
occurs (which is evidenced by the deviation from the zero-heat-flux data line). The flow
remains stable until further decreasing mass flux causes the pressure drop to rebound
quickly due to intensified vaporization in the test tube. After that, the slope of the
internal characteristics changes from positive to negative and flow oscillations are
observed. When the heat flux is increased, Figure 6. 25(a) shows the transition from
stable two-phase flow to unstable two-phase flow will occur at higher threshold values of
mass flux. For example, the threshold mass flux is about 1500 kg/m’s at q” = 19.9
W/cm® but increases to 1800 kg/m’s at q”” = 29.9 W/ecm®. A transition boundary can thus
be determined in Figure 6. 25 (a) by connecting all the transition points, which indicates
the onset of flow instabilities (OFI). Accordingly, the region to the left of the OFI
boundary is unstable, and the region to its right is stable. Similar plots for nanofluids are
presented in Figure 6. 25 (b) and (c). It is noted that, as the nanoparticle concentration
increases, the OFI transition line draws closer to the single-phase characteristics line and,
consequently, the stable region bounded by these two lines diminishes; however, the
threshold mass flux decreases considerably for all heat fluxes. This means the nanofluid
flow can remain in the stable region even at much lower mass flux than water, but once

the OFI occurs, the flow oscillations in nanofluids will happen more abruptly, e.g., Figure
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6. 25(c) almost suggests that two-phase flow of 0.1 v% nanofluid will jump directly from

the stable single-phase region to the unstable two-phase region.
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Figure 6. 25. Two-phase flow characteristics under different heat fluxes: (a) water, (b)
0.01 v% nanofluid, and (c) 0.1 v% nanofluid.
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Figure 6.25. Two-phase flow characteristics under different heat fluxes: (a) water, (b)

0.01 v% nanofluid, and (c) 0.1 v% nanofluid [continued].

Figure 6. 26 compares the internal pressure drop vs. mass flux characteristics for
water and nanofluids under different heat fluxes. All the aforementioned features can be
clearly observed again, including the stable/unstable regions and the increasing threshold
mass flux for OFI at higher heat flux, etc. More importantly, Figure 6. 26 shows the use
of nanofluids delays the OFI, i.e., the threshold mass flux for OFI shifts towards lower
values as the nanoparticle concentration increases. The mechanism responsible for the
delayed OFI in nanofluids is possibly related to the delayed ONB. As discussed earlier,
deposition of nanoparticles on the channel inner surface delays ONB by diminishing the
number of available cavities and narrowing down the size range of active nucleation sites,
which results in less vapor volume to be generated. Since pressure-drop type oscillations

dominates the early stage of two-phase instability, reduced compressibility in the test
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tube will certainly help suppress the flow instabilities. However, due to energy
conservation, abrupt nucleation usually follows the delayed ONB where the excess
thermal energy will eventually be converted to latent heat of the vapor phase. This
explains the sudden transition of nanofluid two-phase flow from the stable region to the

unstable region once the ONB occurs.
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Figure 6. 26. Comparison of two phase flow characteristics between water and
nanofluids under different heat flux.

6.6 SUMMARY

Forced convective flow boiling and two-phase flow of nanofluids in a

minichannel were was studied experimentally with an emphasis on the effect of the
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nanoparticle deposition on two-phase flow instabilities. It was found that addition of
nanoparticles into the base fluid delays the ONB and suppresses the OFI, and the extent
of delay/suppression is related to the nanoparticle concentration. These effects were
attributed to the wettability change due to nanoparticle deposition on the heating surface
as well as the thinning of thermal boundary layer. An analytical model was developed to
understand the delayed ONB in nanofluids. It was also demonstrated that in nanofluids
the pressure-drop type flow instabilities prevail, and the oscillation amplitudes of

pressure, temperature and mass flux are reduced.
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK

Thermal transport during flow of nanofluids in a minichannel was investigated to

explore the fundamentals of thermophysical properties, single-phase and two-phase flow

characteristics and heat transfer. Major accomplishments from this study as well as

recommendations for future research work are summarized as follows.

Single-phase transport of nanofluids

1)

2)

3)

Experimental investigations were conducted to study the single-phase convective
heat transfer of both Al,Os-water and AlLO3;-PAO nanofluids in a circular
minichannel. In the laminar region, these nanofluids exhibited pronounced
entrance region behavior. The convective heat transfer of nanofluids is enhanced
in the laminar flow with the penalty of increased pressure drop. The increments
in both heat transfer and pressure drop are proportional to the nanoparticle volume
concentration.

The critical Re at which the onset of transition to turbulence occurs is delayed in
nanofluids, due to the particle-fluid interaction, which damps the instabilities in
the flow. The suppression of turbulence is alleviated as the flow becomes fully
developed turbulent.

Established conventional correlations cannot fully predict the single-phase
pressure drop and heat transfer of nanofluids, particularly in the transition and
turbulent regions for aqueous nanofluids, as well as PAO nanofluids containing

nanorods.

153



4)

Nanofluids should be used in either the laminar flow or the fully developed
turbulent flow with sufficiently high Re in order to yield enhanced heat transfer

performance for engineering applications.

Thermal performance of nanofluids

1)

2)

The study of the thermal effectiveness of Al,Os;-water and Al,O3-PAO nanofluids
was experimentally conducted in laminar forced convection. The effective
thermophysical properties play an important role in the thermal performance of
nanofluids. While the enhancement in thermal conductivity helps to improve
convective heat transfer, while the higher viscosity necessitates more pumping
power to enable the cooling, and the reduced specific heat adds to the caloric
thermal resistance that hampers the heat to be transported out of the system.

Convective thermal performance of nanofluids depends on the constraints that are
imposed on the flow, i.e., constant Re, constant Q, or constant P. Nanofuids can
enhance heat transfer coefficients, however, from the overall thermal
effectiveness for cooling applications, no difference in thermal performance can
be found between the nanofluids and the base fluid when the cooling application

is constrained by the constant pumping power condition.

Flow boiling of nanofluids

1)

Flow boiling of nanofluids in a minichannel was studied. Boiling curves and
ONB for nanofluids were obtained. Optical image measurement for contact
angles for various concentration nanofluids on a fresh stainless steel surface was
conducted. Addition of nanoparticles into the base fluid can effectively delay

ONB for nanofluids. An analytical model incorporating contact angles, as well as
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other possible reasons were presented to explain the possible mechanisms for

ONB delay.

2) Pressure drop oscillation type instability of nanofluids in minichannel was
investigated. The fluid and minichannel wall temperatures, as well as pressure
drop across the channel were measured. In two-phase flow, flow characteristics
of nanofluids with different concentrations were compared with base fluid.
Nanofluids can effectively delay OFI, as well as reduction of two-phase
fluctuations. Possible reasons were given to explain the possible mechanisms for
OFI delay.

Future Work

The major research tasks for future work are outlined as follows.

1)

2)

3)

4)

Develop a numerical scheme to fully track nanoparticles migration in the channel
flow, and the interaction with the surrounding fluid.

Perform detailed flow visualization with high speed photography technology to
explore ONB and bubble dynamics in flow boiling for nanofluids.

Explore the analytical and numerical model for flow boiling instability in channel
flow for nanofluids.

Carry out experimental investigation of nanofluids containing metal particles, for

instance, copper, aluminum, and gold.
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