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ABSTRACT
The purpose of the research was to examine the heat transfer and fluid dynamic
performance of various nanofluids in heating and cooling applications using empirical and
computational methods.
Two experiments were performed to characterize and compare the performance of a
Al2O3/60% ethylene glycol (60% EG) nanofluid to that of its base fluid. In the first experiment,

the nanofluid was comprised of Al2O3 nanoparticles with 1% volumetric concentration in a 60%
ethylene glycol/40% water (60% EG by mass) solution to that of 60%EG in a liquid to air heat

exchanger. The test bed used in the experiment was built to simulate a small air handling system

typical of that used in heating, ventilating and air conditioning (HVAC) applications. Previously
established empirical correlations for thermophysical properties of fluids were used to determine

the values of various parameters (e.g. Nusselt number, Reynolds number, and Prandtl number).

The testing shows that the 1% Al2O3 nanofluid generates a marginally higher heat rate than the
60% EG under certain conditions. At Re=3,000, the nanofluid produced a heat rate that was 2%

higher than that of the 60% EG. The empirically determined Nusselt number associated with the
convection inside the coil tubing follows the behavior predicted by the Dittus-Boelter correlation

quite well (R2=0.97), while the empirically determined Nusselt number for the 60% EG follows
the Petukhov correlation similarly well (R2=0.97). Pressure loss and hydraulic power for the
nanofluid were higher than for the base fluid over the range of conditions tested. The exergy
destroyed in the heat exchange and fluid flow processes were between 8 and 13% higher for the

nanofluid over the tested range of Reynolds numbers.

The objective of the second study was to experimentally characterize and compare the
performance of a nanofluid comprised of Al2O3 nanoparticles with 1, 2 and 3% volumetric
concentrations in a 60% EG solution to that of 60% EG in a liquid to air heat exchanger. In this
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experiment, the heating system was operated in a higher temperature regime than in the first
experiment. As in the first experiment, the test bed used in the experiment simulated a small air
handling system typical of that used in HVAC applications. Entering conditions for the air and

liquid were selected to emulate typical operating conditions of commercial air handling systems
in sub arctic regions (such as Alaska). In the experiment the nanofluids generally did not perform
as well as expected based on previous analytical work. The performance of the 1% nanofluid was
generally equal to that of the base fluid considering identical entering conditions. However, the

2% and 3% nanofluids performance was considerably worse than that of the base fluid. The higher
concentration nanofluids exhibited heat rates up to 14.6% lower than that of the 60%EG, and up

to 44.3% lower heat transfer coefficient. The 1% Al2O3/60% EG exhibited 100% higher pressure
drop across the coil than the base fluid considering equal heat output.

In the computational portion of the research, the performance of a microchannel heat sink
(MCHS), similar to those used to cool microprocessors filled with various nanofluids and the

corresponding base fluid without nanoparticles are examined. The MCHS is modeled using a
three-dimensional conjugate heat transfer and fluid dynamic finite-volume model over a range of

conditions. The model incorporates a fixed heat flux of 1,000,000 W/m2 at the base of the solid
domain. The thermophysical properties of the fluids are based on empirically obtained
correlations, and vary with temperature. Nanofluids considered include 60% Ethylene Glycol/40%

Water solutions with CuO, SiO2, and Al2O3 nanoparticles dispersed in volumetric concentrations
ranging from 1 to 3%. The flow conditions analyzed are in the laminar range (50≤Re≤300), and

consider multiple inlet temperatures. The analyses predict that when compared on an equal
Reynolds number basis, the 60%EG/3% CuO nanofluid exhibits the highest heat transfer
coefficient, and the largest reduction in average base temperature. At an inlet Reynolds number of
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300, and an inlet temperature of 308K the nanofluid is predicted to have an average heat transfer
coefficient that is 30% higher than that of the base fluid, while the average temperature on the base

of the heat exchanger is 1K lower than that of the base fluid. In contrast, the inlet pressure required

for these entering conditions is 192% higher than that for the base fluid, while the required

hydraulic power to drive the flow is 366% higher than that of the base fluid. The enhanced heat
transfer performance potential of nanofluids comes at the expense of generally higher pumping

power consumption.

v

TABLE OF CONTENTS
PAGE
ABSTRACT............................................................................................................................................... iii

TABLE OF CONTENTS......................................................................................................................... vi
List of Figures ........................................................................................................................................... ix
List of Tables ............................................................................................................................................xii

ACKNOWLEDGEMENTS .................................................................................................................. xiii

Chapter 1...................................................................................................................................................... 1
1.1 Introduction to Nanofluids..............................................................................................................1
1.2 Nanofluids Thermophysical and Rheological Properties

3

1.3 Nanofluid Production

4

1.4 Nanofluid Engineering Applications

8

1.4.1 Industrial Lubricants ............................................................................................................... 8

1.4.2 Health Care .............................................................................................................................. 9
1.4.3 Solar Thermal Systems .......................................................................................................... 9

1.4.4 Microchannel Heat Exchangers .......................................................................................... 10
1.4.5 Automotive Radiators .......................................................................................................... 12
1.4.6 Other heat transfer applications .......................................................................................... 14

1.5 Summary of Current Research....................................................................................................15

1.6 References..................................................................................................................................... 18
21

Chapter 2

2.1 Introduction

22

2.2 Analysis......................................................................................................................................... 28
2.3 Heat Transfer Fluid Thermophysical Properties

29

2.4 Results........................................................................................................................................... 39
2.4.1 Experimental Data Uncertainty Analysis........................................................................... 39

2.4.2 Baseline Testing.................................................................................................................... 41
vi

2.5 Nanofluid Performance Testing.................................................................................................. 48
2.5.1 Conclusions.............................................................................................................................59

2.6 Nomenclature................................................................................................................................. 61
2.7 Greek Symbols...............................................................................................................................62

2.8 Subscripts....................................................................................................................................... 62
2.9 References:..................................................................................................................................... 64
Chapter 3.................................................................................................................................................. 66
3.1 Introduction................................................................................................................................... 67

3.2 Theory

71

3.3 Fluid Flow Parameters

74

3.4 Thermal Resistance

78

3.5 Frictional Pressure Loss

78

3.6 Finite Volume Model

79

3.7 Grid Independence Study............................................................................................................ 81
84

3.8 Model Validation

3.9 Results........................................................................................................................................... 85
3.10 Variable Reynolds Number...................................................................................................... 85
3.1 1 Constant Inlet Velocity

97

3.12 Variable Inlet Temperature

98

3.13 Conclusions.............................................................................................................................. 101

3.14 Nomenclature........................................................................................................................... 103
vii

3.15 Greek Symbols...........................................................................................................................103

3.16 Subscripts................................................................................................................................... 104
3.17 References.................................................................................................................................. 105

Chapter 4................................................................................................................................................ 108

4.1 Introduction................................................................................................................................ 109
4.1.1 Nanofluid Solution Preparation ........................................................................................ 1 17

4.2 Analysis..................................................................................................................................... 119
4.2.1 Heat Transfer Fluid Thermophysical Properties.............................................................. 119

4.2.2 Fluid Heat Transfer Parameters: ....................................................................................... 124
4.2.3 Overall Thermal Resistance:............................................................................................. 126

4.2.4 Rate of Heat Transfer:........................................................................................................ 127

4.2.5 Pumping Power................................................................................................................... 127
4.2.6 Moist Air Properties:............................................................................................................ 128
4.2.7 Exergy Considerations ....................................................................................................... 128

4.3 Results........................................................................................................................................... 130
4.3.1 Experimental Data Uncertainty Analysis.......................................................................... 130

4.3.2 Baseline Testing.................................................................................................................. 132
4.3.3 Nanofluid Performance Testing ........................................................................................ 1 3 8

4.4 Conclusions.................................................................................................................................. 150
4.5 Nomenclature............................................................................................................................. 152

4.6 Greek Symbols............................................................................................................................. 153
4.7 Subscripts..................................................................................................................................... 153
4.8 References................................................................................................................................... 155
Chapter 5................................................................................................................................................ 158

viii

LIST OF FIGURES
PAGE
Figure 1.1. Transmission Electron Microscope (TEM) images of Al2O3 20 nm average particle

size (APS) and carbon nanotube nanoparticles in suspension after sonication, taken from [6] ..... 7
Figure 1.2. Zeta potential as a function of pH for 0.024% v/v water- TiO2 nanofluid [9] ............. 8
Figure 2.1. Finned heating coil configuration..................................................................................... 25
Figure 2.2. Test bed photo (air handling unit in foreground). ......................................................... 27
Figure 2.3. Liquid side piping system and heat exchange apparatus............................................... 27
Figure 2.4. Test bed component and instrumentation layout............................................................ 28
Figure 2.5. Heat rate versus volumetric flow rate, constant inlet temperature .............................. 43
Figure 2.6. Heat rate versus inlet water temperature, constant volumetric flow. .......................... 44
Figure 2.7. Pressure loss through coil versus volumetric flow, as measured and from product

data............................................................................................................................................................. 45
Figure 2.8. Pressure drop versus liquid Reynolds number. ............................................................... 46
Figure 2.9. Comparison of empirically determined Nusselt number with values calculated using
correlation by Petukhov. ........................................................................................................................ 48

Figure 2.10. Inside heat transfer coefficient versus liquid Reynolds number. .............................. 50
Figure 2.11. Inside Nusselt number versus liquid Reynolds number. ............................................ 51
Figure 2.12. Hydraulic power versus liquid Reynolds number. ...................................................... 53
Figure 2.13. Heat rate versus liquid Reynolds number..................................................................... 55
Figure 2.14. Heat rate versus hydraulic power. ................................................................................. 56
Figure 2.15. Pressure loss through coil tubing versus Reynolds number. ...................................... 57
Figure 2.16. Total exergy consumption versus Reynolds number for tested fluids. .................... 59

ix

Figure 3.1. Microchannel heat sink configuration. ............................................................................. 70
Figure 3.2. Diagram of solid and liquid domains. .............................................................................. 80
Figure 3.3 Isometric and front view of model mesh........................................................................... 81

Figure 3.4. Liquid temperature profile on axis of symmetry at channel surface. (x=0, y=25μm) 83
Figure 3.5. Liquid velocity profile on plane of symmetry, x=0, z=10mm ...................................... 83
Figure 3.6. Average Nu versus z+ for all fluids tested, Re=50........................................................... 86
Figure 3.7. Average Nu versus z+ for all fluids tested, Re=300......................................................... 86
Figure 3.8. Average heat transfer coefficient versus z-position for all fluids, Re=300................ 88
Figure 3.9. Average heat transfer coefficient versus z-position for 60%EG/2% Al2O3.................................... 89
Figure 3.10. Average wall heat flux versus z+ for all fluids, Re=300............................................... 90
Figure 3.11. Longitudinal axis liquid temperature, 60%EG/2% Al2O3............................................ 93
Figure 3.12. Average R-value for all fluids versus liquid Reynolds number .................................. 94
Figure 3.13. Average base temperature for all fluids versus liquid Reynolds number...................95
Figure 3.14. Poiseuille number variation with axial position, Re=50............................................... 96
Figure 3.15. Poiseuille number variation with axial position, Re=300.............................................97
Figure 3.16. Nusselt number variation with Z-position, considering multiple temperatures for
60%EG/2% Al2O3 Re=150 .....................................................................................................................99

Figure 3.17. Heat transfer coefficient variation with Z-position, for 60%EG/2% Al2O3 at multiple

inlet temperatures................................................................................................................................... 100
Figure 3.18. Poiseuille number variation with axial position, for 60%EG/2% Al2O3 Re=150
considering multiple inlet temperatures.............................................................................................. 101

Figure 4.1. Finned heating coil configuration.................................................................................... 114

x

Figure 4.2.Test bed air handler: (1) venturi tube, (2) hydronic coil (insulated) and (3) centrifugal
fan............................................................................................................................................................. 116

Figure 4.3. Liquid side piping system and heat exchange apparatus. (1) circulator, (2) plate heat

exchanger, (3) motorized control valve, (4) flow meter ................................................................... 117
Figure 4.4. Test bed component and instrumentation layout............................................................ 118
Figure 4.5. Heat rate versus Reynolds number, constant inlet temperature................................... 134
Figure 4.6. Heat rate versus liquid inlet temperature, constant volumetric flow........................... 135
Figure 4.7. Measured pressure loss through coil compared to Titus technical product data...... 136
Figure 4.8. Comparison of empirically determined heat transfer coefficient with values

calculated using correlation by Petukhov............................................................................................ 138
Figure 4.9. Inside heat transfer coefficient versus volumetric flow rate, all fluids....................... 141
Figure 4.10. Inside Nusselt number versus volumetric flow rate, all fluids................................... 142
Figure 4.11. Heat rate versus volumetric flow rate, all fluids.......................................................... 143
Figure 4.12. Heat rate versus hydraulic power................................................................................... 144
Figure 4.13. Liquid pressure loss through coil tubing versus volumetric flow, all fluids.......... 145
Figure 4.14. Total exergy change versus volumetric flow versus, all fluids.................................. 146
Figure 4.15. Total exergy change versus measured heat rate for all fluids.................................... 147

xi

LIST OF TABLES
PAGE

Table 1.1. Thermal conductivities and specific heats of various nanoparticles and potential

carrier liquids at 300K. ............................................................................................................................ 2
Table 2.1. Manufacturers published instrumentation error................................................................ 39
Table 2.2. Coil apparatus empirically determined K-factors............................................................. 47
Table 2.3. Empirically determined Darcy friction factors ................................................................ 57
Table 3.1 Mesh density study. ............................................................................................................... 82
Table 3.2. Average values for h and Nu for 60%EG/2% Al2O3........................................................ 90
Table 3.3. Average values, all fluids with constant inlet Reynolds number (Re=50). .................. 92
Table 3.4. Average values, all fluids with constant inlet Reynolds number (Re=300). ................ 92
Table 3.5. Average values, all fluids with constant inlet velocity (5 m/s)....................................... 97
Table 4.1. Analytical model heat rates for various heating fluids over a range of Reynolds
numbers................................................................................................................................................... 112

Table 4.2. Analytical model heat rates for various heating fluids over a range of volumetric
liquid flows. ........................................................................................................................................... 112

Table 4.3. Manufacturers published instrumentation error.............................................................. 131

xii

ACKNOWLEDGEMENTS

This is to acknowledge some of the many people that have helped me along the way in the pursuit

of this degree. Most importantly, I must state my everlasting gratitude to my wife, Stephanie
Strandberg, who has offered her continued encouragement while I pursued this work. Also, thanks
to Dr. Debendra K. Das for providing the original inspiration for this research, persuading me to

enter into this endeavor and providing valuable support along the way. I must also express my

appreciation to my colleague Dustin Ray for his collaborative efforts and technical contributions
at various points during this effort. Additionally, I offer my thanks to the members of my Advisory

Committee, including Dr. Ron Johnson, Dr. Douglas Goering, and Dr. Rorik Peterson for their
advice and guidance leading up to the completion of the dissertation. My employer, Utility
Services of Alaska has patiently accommodated my need to attend classes and divided attention

for the duration of this venture, for which I am grateful. Finally, thanks to Dr. Jennifer Reynolds
for acting as an outside examiner.

xiii

Chapter 1.
INTRODUCTION

1.1 Introduction to Nanofluids
Nanofluids are a class of fluids that have been impregnated with nanoparticles with the
intent of enhancing certain properties. Nanoparticles are solid particles manufactured with a

maximum characteristic dimension on the order of 100 nm. The particles are typically suspended
in a colloidal solution, and due to their small size, the nanoparticles' dispersion and properties
remain more stable than those containing larger particles. Typically, the bulk properties that the

nanoparticles are derived from have vastly superior thermal conductivity compared to that of the
base fluid. Table 1 illustrates the thermal conductivities of a variety of different solids that are

referenced in the literature as being used in nanofluid related research, along with the thermal
conductivities of some commonly used working fluids deployed in engineering applications. For
reference, the table also includes the specific heat capacities of these materials, as well. The
specific heat capacity of the additives also impacts the effective specific heat capacity of any fluid
that they are dispersed in, thus affecting the resulting fluids' heat transfer performance.
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Table 1.1. Thermal conductivities and specific heats of various nanoparticles and potential carrier liquids
at 300K.

Solid Particle
Copper
Oxide(CuO)
Copper
Aluminum
Oxide (Al2O3)
Silicon Dioxide
(SiO2)
Silver (Ag)
Gold (Au)
Titanium Oxide
(TiO2)
Zinc Oxide
(ZnO)
Single wall
carbon
nanotubes
(SWCNT)

Specific Heat
Thermal
Capacity
(J∕kg∙K)
Conductivity
(W∕m∙K)

Liquid

Thermal
Conductivity
(W∕m∙K)

Specific
Heat
Capacity
(J∕kg∙K)

17.6

385

Water

0.6

4,186

400

531

0.4

3,300

36.0

451

60% EG
Methyl
Alcohol

0.2

2,530

1.3

703

0.11

1,670

429.0
318.0

240
129

4.8

683

13.0

495

>3,000

500-750

Mineral Oil

The first work describing the application of nanoparticles as a performance enhancing

additive to conventional heat transfer fluids appears in the literature in 1995 in a paper by Choi
[1]. In the years that followed, various investigators have worked to better understand and
characterize the chemistry, thermophysical and rheological properties, as well as the behavior in

heat transfer and fluid dynamic processes of various nanofluids, as well as their applications in
various applications in industry and science. Based on the literature, nanofluids are being studied

for applications in several different areas including thermal management, medicine, lubricants,
industrial films and coatings. This is a field that continues to develop with many areas of active
research.
The size of the nanoparticles renders inertial forces leading to sedimentation less effective

than in fluids with larger, microparticles in suspension. The particle's settling behavior while in
2

diffuse suspension of particles in a liquid is governed by Stokes' law. The law may be stated in
this form to calculate the settling velocity of a particle:

Where D is particle diameter, g is the gravitational constant, μ is fluid viscosity, Δρ is the difference

in density between the solid particle and the surrounding liquid. This equation predicts the laminar
settling velocity of the particle

1.2 Nanofluids Thermophysical and Rheological Properties
The potential for creating nanofluids with properties that are useful in a variety of

applications through the combinations of a diverse selection of materials, liquid and solid has led
to the development of a steadily growing body of research on the thermophysical and rheological

properties of nanofluids of all types.
Generally, the thermophysical and rheological properties of nanofluids can be

characterized as having higher thermal conductivity than their base fluid (owing to the higher

thermal conductivity of the nanoparticle base materials that are dispersed within the liquid matrix),
higher viscosity, lower specific heat capacity and higher density than the base fluid. However,

properties of an individual nanofluid may deviate from this pattern, depending on the properties

of particle dispersed in the base fluid. Other properties that are important in determining the
nanofluid properties include nanoparticle size, nanoparticle concentration, pH, and fluid
temperature.

The literature also includes a number of experimental studies documenting the properties

of nanofluids of varying compositions. Vajjha and Das [2] performed a series of experiments on
nanofluids comprised of 60% EG (by mass) and three nanoparticles including zinc oxide,
aluminum oxide, and silicon dioxide, with diameters of 77 nm, 44 nm, and 20 nm respectively,
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and in volumetric concentrations of up to 10%. The purpose of the experiments was to characterize

their thermophysical properties including specific heat while developing somewhat correlations
that were useful over a relatively broad range of conditions. Vajjha and Das [3] performed another
series of experiments on nanofluids made from 60% EG and aluminum oxide (53 nm particles),

copper oxide (29 and 77 nm particles in two separate solutions), and zinc oxide (29 nm particles)
nanoparticles. The authors of the study measured the thermal conductivity of the nanofluids in

concentrations up to 10% by volume (v/v). Sahoo, et al. [4] performed a series of experiments on

nanofluids made from 60% EG and 20 nm silicon dioxide nanoparticles. The objective of this
study was to characterize the thermal conductivity of the nanofluid over range of volumetric

particle concentrations up to 10%, and develop a correlation for general use over a range of
temperatures. Sahoo, et al. [5] performed another series of experiments on a nanofluid comprised

of 60% EG with aluminum oxide nanoparticles (with average particle size of 53 nm) of
concentrations up to 10% v/v. In the study, the rheological properties of the nanofluids were tested
over a range of temperatures. The authors developed a series of general correlations to accurately
predict the nanofluids' viscosity over a wide range of temperatures. Vajjha, et al. [6] performed an
experimental study of viscosity on 60% propylene glycol based nanofluids with a wide range of

nanoparticles including aluminum oxide, copper oxide, silicon dioxide, titanium dioxide, and zinc
oxide nanoparticles, as well as nanofluids with propylene glycol and single wall carbon nanotubes.

These studies were performed for a range of particle concentrations and temperatures. Based on
the experiments performed, the authors developed a new correlation to accurately predict the

viscosity of the propylene glycol based nanofluids tested.

1.3 Nanofluid Production
It is generally accepted that the size and concentration of the nanoparticles in suspension

can significantly affect the thermophysical and rheological properties of the nanofluid ([1], [7]).
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Sedimentation and agglomeration of nanoparticles within suspension is undesirable in applications

where consistent properties over time are important.
Nanofluids have been produced for decades for use in certain industrial and commercial

applications. Ferrofluids - colloidal suspensions that have extremely small magnetic particles in

dispersion, have been in use for some time in various commercial and industrial applications. Other

nanofluids have been produced for use in paints and finishes. In forced convection applications,
there are very limited applications of nanofluids at commercial or industrial scale. There is at least
one commercially marketed liquid coolant product available for application in liquid cooled CPUs.

More recently, EcoForm, LLC (Knoxville, TN) has started marketing a proprietary nanofluid for
commercial and industrial scale liquid heating and cooling heat transfer systems called Hydromx.
Nanofluids used for research applications have been generally formulated in individual labs,
designed to suit the purposes of the researcher. As the field of nanofluid research has developed,

investigators have focused on understanding the factors that influence nanofluid thermo-physical
and rheological properties. Nanofluids have at least two components, a solid component and a

liquid component. They can be classified as colloidal suspensions, due to the small size of the

particles in suspension (<100 nm, typically) The nanoparticles themselves are produced using a
number of different processes. The production of the nanofluid dispersions are typically

accomplished through the use of a one step or two step process. In the one - step process,
nanoparticles are produced in a reactor in which nanoparticles condense directly into the parent
fluid as a solid phase is vaporized. In a two - step process, nanoparticles are generated in a separate

process, and then dispersed into the base fluid. The nanoparticles can be produced from any
number of materials, ranging from the ubiquitous (silicon dioxide, alumina), to precious metals
(gold) to the somewhat exotic (carbon nanotubes). Nanoparticles are manufactured using a variety
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of different processes ranging from mechanical, to chemical, vapor condensation, plasma synthesis
and others. There are a wide variety of different nano-powders of different sizes and materials
readily available for retail purchase, in dry and hydrated form. In order to produce a nanofluid for

the purpose of research of a specific concentration, in suspension with a specific base fluid, one

must formulate the mixture in the lab. In order to make a fluid useful for a particular experiment,
the researcher must process the ingredients in such a way that the nanoparticles are uniformly
dispersed, and with chemistry suitable to maintain the stability of the dispersion over time. One

common approach to ensuring that nanoparticles are uniformly dispersed and are of relatively

uniform size is to subject the suspension to sonication for a period of time. This process has the
effect of breaking up loosely adhered clumps of nanoparticles by delivering waves of energy
through the solution and all of the particles dispersed. Reducing the occurrence of clumping is
critical to minimizing the effect of sedimentation under the influence of gravity, where Stokes'

Law predicts the settling velocity increases with the square of particle diameter. Figure 1.1
contains images of two different nanoparticles dispersed in a liquid after sonication, showing

visually that the particles are reasonably uniform in their dispersion. Once particles are uniformly
distributed, it is important to maintain conditions in the bulk liquid that minimizes the tendency of
the particles to re-agglomerate. The particles in suspension are often naturally attracted to each

other by Van Der Waals forces. In order to maintain stability of the dispersion, then, the forces

that drive agglomeration must be controlled. This is done by optimizing the Zeta potential of the

particles in suspension. The Zeta potential is the electrical potential at the boundary between the

inner and outer layer of liquid molecules bound to the nanoparticles. According to Khairul, et al.
[8], optimally colloidal suspensions should have Zeta potentials that remain outside of the range -

30 eV to 30mV in order to assure that individual particles will typically repel each other. This
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value can be determined using a “DLS” (dynamic light scattering) device. Two means by which
the Zeta potential between particles may be controlled in a colloidal solution include modifying
the pH or adding surfactants to the nanofluid. Figure 1.2 depicts the relationship between pH and
Zeta potential in a water-TiO2 nanofluid [9]. The pH of the solution can be impacted by a number

of different factors, but can be controlled using chemical additives. Surfactants used in the
formulation of nanofluids have the effect of modifying the surface properties of the nanoparticles,
and depending on the composition of the chemical can increase or decrease the electrical potential
on the outer layer of nanoparticles within a dispersion.

Figure 1.1. Transmission Electron Microscope (TEM) images of Al2O3 20 nm average particle size
(APS) and carbon nanotube nanoparticles in suspension after sonication, taken from [6]
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Figure 1.2. Zeta potential as a function of pH for 0.024% v/v water- TiO2 nanofluid [9]

1.4 Nanofluid Engineering Applications
1.4.1 Industrial Lubricants
The use of nanofluids in various industrial applications has also been studied and
documented in the literature. One potential application for nanofluids is as an industrial lubricant.

In a study by Kumar, et al. [10], Al2O3 - and TiO2 - enhanced aqueous water solutions were tested

as a cutting fluid in a metal turning operation. The investigators determined that the nanofluids
contributed to a reduction in tool wear. Sharma, et al. [11] studied a hybrid graphene and alumina

nanoparticle mixture as an additive in a conventional cutting fluid. Similarly, their work seemed
to suggest that this additive was effective at lowering tool temperatures and, consequently, tool

wear. Najiha and Rahman [12] conducted a study to characterize the performance of a water -

based nanofluid impregnated with TiO2 particles as a cutting fluid in a milling operation. They

found that the milling operation benefitted from an improvement in tool edge integrity due to a

reduction in temperature in the cutting zone with the nanoparticle enhanced cutting fluid.
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1.4.2 Health Care
Due to their unique properties, nanoparticles and nanofluids have also been investigated

for application in the field of medicine. Salloum, et al. [13] tested magnetic nanoparticles as part

of a treatment modality that employs a magnetic field to generate heat, and consequently elevated
temperatures (hyperthermia) within a tumor as part of an in vivo animal study. The researchers

found that the nanoparticles were effective at facilitating hyperthermia treatment in the animal
model. Hainfield, et al. [14] tested gold nanoparticles as part of a novel treatment for brain tumors
in an in vivo rodent model. The nanoparticles were injected intravenously, and due to their size

and the high permeability of the blood tumor barrier relative to that of surrounding healthy tissue,

the nanoparticles concentrated in a brain tumor. This allowed much better imaging quality of the
tumor as well as increased the effectiveness of radiation therapy due to the fact that the radiation

is absorbed much more readily by high density elements. In this study, the rodent group treated
with intravenous gold injections and radiation therapy experienced a significantly longer life after
treatment than did other groups that did not receive the nanoparticle injection.

1.4.3 Solar Thermal Systems
Another potential application of nanofluids is in various types of solar thermal systems as

a working fluid. The superior thermal conductivity of nanofluids have been investigated to
determine the impact of nanofluids superior thermal properties can improve the performance of

the collector element. Menbari, et al. [15] numerically and experimentally investigated the

performance of CuO-water nanofluids in direct absorption solar collectors in volumetric

concentrations ranging from 0.002% to 0.008%. In this study, the authors measured an increase in
thermal efficiency ranging from 18% to 52% relative to the base fluid. Menbari, et al. [16]
conducted another experimental study using nanofluids in similar solar collection equipment to

the previously mentioned study, this time studying the effects on thermal efficiency of varying
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nanoparticle concentration of a “binary” nanofluid comprised of water with Al2O3 and CuO
particles in relatively low concentrations. The particles were selected for their irradiance and
ability to scatter incident radiation. The experiment revealed that the solar collector's thermal

performance increased with increasing nanoparticle concentration. Measured thermal efficiency

increased from 31.6% to 48.0% when the nanofluid concentration was increased from 0.05%
Al2O3/0.002% CuO to 0.2% Al2O3/0.008% CuO. He, et al. [17] performed an experimental study

using nanofluids comprised of water with copper nanoparticles in relatively low concentrations
(0.1 to 0.2 Wt %) with 25 nm nanoparticles. In this study, the overall heat gain produced by the
solar thermal collector was increased substantially relative to the same collector using pure water

as a working fluid. Sabiha, et al. [18] carried out an experiment on evacuated solar tube collectors
with a nanofluid made from water with single wall carbon nanotubes in concentrations up to 0.2%

v/v. The investigators concluded that the nanofluid increased the thermal efficiency of the solar
collector substantially when compared to that of the collector filled with pure water. Thermal
efficiencies of up to 93% were achieved by the nanofluid filled solar collectors compared to a

maximum thermal efficiency of 54% by the water filled solar collector.

1.4.4 Microchannel Heat Exchangers
Another area that has been investigated as a potential application for nanofluids is in the

area of microchannel heat exchangers. These devices are typically used for heat extraction off of
substrates that experience extremely high heat fluxes, and have a variety of different

configurations. Though microchannel heat exchangers (MCHS) may be configured in a variety of

different configurations, the basic common elements are channels arrayed across the face of the
device with extremely high density, and with very high specific pressure loss relative to more
conventional heat exchangers. Often the channels have a minor dimension on the order of 100μm.
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Employing nanofluids in this application has the potential to improve thermal performance of these

devices in several different ways. One is to increase the ultimate cooling capacity MCHS of a
particular size, another may be to reduce the operating temperature of the heat source under certain

conditions, potentially extending the life of the device. These effects may further cascade into

higher power density for an operating unit of a given size, or making possible the downsizing of a

given operating unit with a given power requirement.
Tsai and Chein [19] performed some of the earliest documented research to analyze the

potential of nanofluids to enhance the performance of microchannel heat exchangers. In this study,
the authors examined nanofluids comprised of copper nanoparticles in water as well as a water

based nanofluid containing carbon nanotubes. The authors concluded that the nanofluids had

potential to enhance MCHS performance, but based on the thermophysical properties of the
nanofluids available to them, nanofluids improved heat transfer performance compared to the base

fluid in a limited set of geometric and hydraulic scenarios. Chein and Huang [20] performed a
study in which nanofluid filled microchannels were analyzed using existing correlations to predict

nanofluid thermophysical properties and heat transfer performance, followed by empirical studies

in an attempt to validate those findings. The authors found that the nanofluid containing Cu
nanoparticles in colloidal suspension with volumetric concentrations of 0.2 to 0.4% served to

improve the thermal performance of the microchannel heat exchanger (as measured by the heat

removed) under conditions of relatively low flow, although the benefit of the nanofluids
diminished as liquid flow rate through the heat exchanger increased. More recently, Zargartalebi

and Azaiez [21] performed a numerical analysis of a relatively complex microchannel heat
exchanger with pin fins, and a two-component fluid model to examine potential impacts of a
nanofluid over a wide range of hydraulic conditions. The authors found that the nanofluids can
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contribute to MCHS performance improvement, but that the nanofluid properties must be

optimized for the expected operating conditions of the heat exchanger to derive significant
benefits. Anoop, et al. [22] performed an experimental study of microchannel heat exchanger
cooling performance using a nanofluid made from SiO2 nanoparticles (20 nm average diameter)

in water in concentrations up to 1% by mass (wt%). The investigators found that the thermal

performance of the heat exchanger with the nanofluids exceeded that of the exchanger with water
under relatively low flow conditions, but as flow rates through the device increased past a critical

value, the performance of the water exceeded that of the nanofluids. The investigators also
discovered evidence of nanoparticle adhesions to the microchannel heat exchanger substrate.

1.4.5 Automotive Radiators
Automotive radiators in which liquid coolant is pumped through an air - cooled heat
exchanger are commonly used everywhere for road going vehicles using internal combustion

engines as well as electric powered vehicles. A number of researchers have studied the utility of

nanofluids in this application. Choi, et al. [23] is among the first to suggest the potential application

of nanofluids in thermal management for road going vehicles.
Leong, et al. [24] performed an analytical study of an automotive radiator comparing the
performance of a nanofluid comprised of pure ethylene glycol with 2 v/v% copper nanoparticles
to that of pure ethylene glycol. They concluded that the nanofluids yielded a 3.8% increase in heat

transfer enhancement under certain conditions. Furthermore, they predicted a 18.7% reduction in
the frontal area required for the radiator to achieve equal thermal performance with the nanofluid

relative to the base fluid. Ray and Das [25] performed an analysis of automotive radiators
comparing the performance of nanofluids comprised of 60% EG with 1% v/v CuO, Al2O3 and
SiO2 nanoparticles to performance using the 60% EG base fluid. The properties of the nanofluids
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analyzed were empirically determined in earlier studies. In the study, the authors determined that

the pumping power required for equal heat rejection in a heat exchanger of the same size, and

otherwise equal entering conditions was reduced by 35.3% for the 60%EG/Al2O3 nanofluid, 33.1%

for the 60% EG/CuO nanofluid, and 26.2% for the 60%EG/SiO2 nanofluid compared to the base
fluid. Similarly, in a comparison where the pumping power and rate of heat rejection is held

constant, they found that the heat transfer area required was reduced by 7.4% for the 60%EG/Al2O3
nanofluid, 7.2% for the 60% EG/CuO nanofluid, and 5.2% for the 60%EG/SiO2 nanofluid
compared to the base fluid.

Investigators including Peyghambarzadeh, et al. [26] and [27], Akash, et al. [28] and
Kulkarni, et al. [29] performed experimental studies to evaluate the performance of nanofluids

relative to their base fluid in automotive-type radiators.

Peyghambarzadeh, et al. [26] studied Al2O3 nanoparticles dispersed in water and ethylene
glycol solutions, with variable concentrations of both nanoparticles (0.1 to 1 v/v%) and glycol (5

20 v/v%). In this study, the nanofluid displayed up to a 40% increase in Nusselt number compared
to the base fluid. In a later study, Peyghambarzadeh, et al. [27] performed another experimental

study using water based nanofluids with Fe2O3 and CuO nanoparticles in concentrations up to 0.65
v/v%. The study investigated the performance of the nanofluids relative to pure water over a range

of flows, inlet temperatures and variable nanoparticle concentrations. Considering the most ideal
test conditions observed, the authors concluded that the nanofluids enhanced the overall heat
transfer rate of the radiator up to 9% for the Fe2O3. Akash, et al. [28] performed an experimental

study to evaluate the performance of nanofluids made from graphite nanoparticles dispersed in

water. The authors found that the graphite nanofluid exhibited superior performance to the base
fluid when compared on a variety of metrics. The test results indicated that the nanofluid's
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performance superiority was greatest at lower liquid flow rates, with the performance of the

nanofluid and the base fluid converging at higher flows. Kulkarni, et al. [29] experimentally tested
the performance of a 50% EG nanofluid comprised of Al2O3 nanoparticles in various

concentrations up to 6% by volume, in a fixed diesel generator cooling system tied to a lab scale
power/heat cogeneration plant, which shares many common traits with automotive radiators. In
this study, the authors operated a 45 kW diesel generator in a lab scale apparatus to simulate

operation as a heat/power cogeneration plant. The testing was performed using a nanofluid that

was made from 50% EG (wt%), with varying concentrations of Al2O3 nanoparticles in

concentrations up to 6 v/v%. The tests measured performance of the base fluid, as well as

nanofluids with concentrations of 2, 4 and 6 v/v% nanoparticles. The investigators concluded that
both cogeneration and heat exchanger efficiency increased as the nanoparticle concentration

increased up to 6%.

1.4.6 Other heat transfer applications
There have been a number of investigations that have studied the performance of various

nanofluids in heat exchangers of different types to study and better understand the behavior of the
nanofluids and characterize nanofluids' heat transfer performance.
Duangthongsuk and Wongwises [30] performed experiments on a concentric tube heat

exchanger apparatus with a water based nanofluid with a dispersion of 0.2 v/v% TiO2
nanoparticles, over a range of flows and in a temperature regime of 15-25°C, and over a range of

Reynolds numbers that extended up to 18,000. The empirical data collected in the experiment
indicated that the nanofluid exhibited a significantly higher heat transfer coefficient than the water.
The tests also indicated that the nanofluid did not exhibit any measurable pumping power penalty

relative to the base fluid considering equal volumetric flow rates.
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A number of authors have studied the performance impact of nanofluids on plate heat
exchangers of several different configurations. These devices are ubiquitous in all kinds of heat

transfer applications ranging from industrial processes to home heating. Ray, et al. [31] performed
an experimental and analytical study of plate heat exchanger performance with nanofluids. In the

experimental portion of the study, the investigators examined the performance of a nanofluid
comprised of 0.5 v/v% Al2O3 nanofluids dispersed in 60% EG in a brazed plate heat exchanger.

In the analytical portion of the study, the authors examined the potential of nanofluids created
using Al2O3, CuO and SiO2 nanoparticles dispersed in 60% EG. The authors observed an 11%
increase in the convective heat transfer coefficient compared to that of the 60%EG at an equal

Reynolds number. Their analysis also predicted that under conditions of equal heat rate, both 1
v/v% Al2O3 and CuO nanoparticles dispersed in 60% EG will reduce the required pumping power
to achieve a given rate of heat transfer. Huang, et al. [32] performed an experiment using a

hybridized composite nanofluid with Al2O3 nanoparticles and multiwall carbon nanotubes

dispersed in water. The performance of the hybrid nanofluid was tested in a brazed plate heat
exchanger. The heat transfer coefficient of the hybrid nanofluid was observed to be superior to that

of the single component nanofluid (with Al2O3 only), while also displaying slightly lower pressure
drop measured across the heat exchanger at a constant volumetric flow.

1.5 Summary of Current Research
The dissertation presented here is a compilation of the research performed by the author to
satisfy the requirements for a Doctorate of Philosophy in Mechanical Engineering at the University

of Alaska Fairbanks. Chapters two through four were developed as stand - alone research articles
and have either been published in peer reviewed journals or have been submitted for review.

Chapter two contains a report on an experimental study of a nanofluid with 1 wt% Al2O3
(45 nm) dispersed in 60% v/v% Ethylene Glycol solution in a test bed designed to simulate the
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operation of an air handling system of the type found in occupied buildings of all types is described.

Entering temperatures were limited to 327K, while the liquid Reynolds number ranged up to 4,500.

The test bed was used to characterize and compare the heat transfer performance of the nanofluid

to that of the 60% EG base fluid, over a range of entering conditions. The experiment indicated
that the 1% Al2O3 nanofluid did not exhibit performance that was substantially better than that of
the base fluid under the conditions of the test.

Chapter three describes the development of a three - dimensional finite volume conjugate
heat transfer model of a liquid cooled microchannel heat exchanger. The model simulated heat
transfer and fluid dynamic performance of the heat exchanger with pure 60% EG as well as

nanofluids with CuO, Al2O3, and SiO2 nanoparticles dispersed in 60% EG in concentrations of up
to 3 v/v%. Heat transfer and fluid dynamic performance was analyzed over a range of flows and
entering temperatures. The study predicts that the nanofluids uniformly exhibit superior cooling

characteristics to those of the base fluid. Under optimal conditions, the average base temperature

of the heat exchanger was lowered by 2.4K compared to that of the base fluid.
Chapter four details another experimental study comparing the performance of 60%
EG/Al2O3 nanofluids with concentrations of 1, 2, and 3 v/v% to that of the base fluid in an air
heating coil. The test bed is an improved version of the apparatus employed in the study

documented in chapter two. The fluids were pumped through a finned air heating coil, and tested
over a range of entering temperatures and flows. Entering temperatures ranged up to 350K, and
volumetric flows ranged from 0.05 to 0.26 L/s (with approximate Reynolds numbers ranging up

to approximately 8,000). The test results seem to show that the performance of the nanofluids
actually decreases with increasing nanoparticle concentration, in contrast to expectations.
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Chapter five summarizes the key findings from the studies and presents overall

conclusions.
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Chapter 2.
EXPERIMENTAL INVESTIGATION OF HYDRONIC AIR COIL PERFORMANCE
WITH NANOFLUIDS1

Abstract: The objective of this study is to experimentally characterize and compare the
performance of a nanofluid comprised of Al2O3 nanoparticles with 1% volumetric concentration
in a 60% ethylene glycol/40% water (60% EG) solution to that of 60%EG in a liquid to air heat
exchanger. The test bed used in the experiment was built to simulate a small air handling system

typical of that used in HVAC applications. Previously established empirical correlations for

thermophysical properties of fluids were used to determine the values of various parameters (e.g.

Nusselt number, Reynolds number, and Prandtl number). The testing shows that the 1% Al2O3

nanofluid generates a marginally higher heat rate than the 60% EG under certain conditions. At
Re=3,000, the nanofluid produced a heat rate that was 2% higher than that of the 60% EG. The
empirically determined Nusselt number associated with the convection in the coil tubing follows

the behavior predicted by the Dittus-Boelter correlation quite well (R2=0.97), while the
empirically determined Nusselt number for the 60% EG follows the Petukhov correlation

similarly well (R2=0.97). Pressure loss and hydraulic power for the nanofluid were higher than

for the base fluid over the range of conditions tested. The exergy destroyed in the heat exchange
and fluid flow processes were between 8 and 13% higher for the nanofluid over the tested range

of Reynolds numbers.

1 Strandberg, Roy, and Debendra Das. “Experimental Investigation of Hydronic Air Coil Performance with
Nanofluids.”
International Journal
of Heat
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.112.
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2.1.1 Introduction
Heat transfer fluids that are enhanced with extremely small particles (less than 100 nm in
their characteristic dimension, called “nanoparticles”) in dispersion, are often referred to as

“nanofluids.” These fluids have been shown in studies by multiple authors to exhibit superior

thermal conductivity to that predicted by conventional correlations developed for fluids enhanced
with micrometer-sized particles ([1], [2], [3]).

Other studies have focused on developing

correlations to predict the Nusselt number of turbulent internal flows for nanofluids ([4], [5]).

These studies suggest that Nusselt numbers for nanofluids are superior to those of the base fluid
under certain flow conditions (at equal Reynolds numbers for instance), and correspondingly
superior convective heat transfer coefficients in turbulent internal flows when compared to
conventional heat transfer fluids. The dispersion of the nanoparticles into fluids also results in

higher viscosity depending on particle mean diameter, concentration and temperature. Under

certain flow conditions (for constant average liquid velocity, for instance), this can result in higher

pumping losses, and reduction in Reynolds number at a given flow rate, which can, in turn, actually
decrease the Nusselt number when compared to conventional fluids. These factors must be

weighed against each other in evaluating the suitability of nanofluids for use in any heat transfer

applications.
Liquid to air finned heat exchangers (or “coils”) are typically used to heat or cool air in
building Heating Ventilating and Air Conditioning (HVAC) applications. These heating/cooling

coils typically employ rows of close packed metallic (usually aluminum) fins that have been

mechanically attached to thin-walled copper tubes (see Figure 2.1). Heat transfer fluid is passed
through the copper tubing while air passes over the close packed fins, accomplishing heat transfer

between the heat transfer liquid and the outside air. Liquid and airflow is in a “crossflow” pattern.

Large heating coils are used in central air handling units, while smaller versions are employed in
22

unit heaters and duct mounted coils. The application of nanofluids in heating coils may result in

several potential benefits including increased heating capacity for equal liquid and airflow. These

performance impacts, in turn, may be translated into a reduction in total required heat transfer area,
which may be reflected in lower fin density, and thus lower air-side pressure drop and fan energy

requirement. Superior heat transfer properties may also result in lower liquid flow rate for a given

rate of heat transfer, yielding a reduction in liquid pumping energy for a given rate of heat transfer.
Strandberg and Das [6] previously performed an analysis on the performance of hydronic

heating coils with nanofluids and conventional fluids. This study indicated that coils filled with
Al2O3/60:40 EG/Water nanofluids exhibit superior heating output to those of the coils filled with
60:40 EG/Water base fluid. One of the significant findings of the study was that the largest

potential benefit of nanofluids in terms of pumping power reduction for a given heating output

occurs under conditions where the coil operates at less than design capacity. Since typical HVAC
systems spend the majority of their operating time at “off-design conditions,” nanofluids may have
the potential to generate significant reductions in power consumption over the life of a typical

HVAC system.
The existing literature reporting on experimental work concerning the performance of

nanofluids in forced convection in the area of HVAC is quite limited. Pandey and Nema [7]
reported on the performance of an Al2O3/water nanofluid as a coolant in a brazed plate heat
exchanger, and determined that the 2% nanofluid exhibited the most superior heat transfer

performance of all nanofluids tested. Vajjha, et al. [4] tested three different nanofluids with 60%
EG as the base fluid and developed a series of correlations for Nusselt number and friction factor

under fully developed, turbulent flow conditions, and found that Al2O3 nanofluids were superior
to the others tested. Farajollahi, et al. [8] performed an experimental study of water based

23

nanofluids with TiO2 and γ-Al2O3 in a test bed employing a shell and tube heat exchanger under
turbulent flow conditions. Both type of nanofluids exhibited superior heat transfer performance to

water. Peyghambarzadeh, et al. ([9],[10]) performed several experimental studies of heat transfer
performance of an automotive-type radiator with Al2O3 nanofluids using water and ethylene glycol
and found significantly better heat transfer performance than was predicted using previously

established analytical correlations.

Objective: The objective of the experimental study is to compare the performance of the
heating coil with 1% Al2O3/60:40 EG/Water nanofluid to performance with 60:40 EG/Water. The

1% Al2O3/60:40 EG/Water was selected based on the findings of Ray, et al. [11] that a dilute
concentration of nanofluid performed better than higher concentrations by striking a balance
between heat transfer enhancement and pumping power penalty. It had also been observed that
Al2O3 nanofluid performed better than CuO and SiO2 nanofluids [4]. Performance metrics used for

comparison include heat rate with varying liquid flows, liquid pressure drop and pumping power

required for a given heat rate of heat exchange. Another objective of the study is to generate
Nusselt number correlations for the nanofluids tested and to determine if existing correlations

available for pure liquids are suitable for dilute concentration nanofluids. Entropy generation by
the base fluid and the nanofluid were compared under similar conditions to evaluate the

performance of the fluids on the basis of exergy destroyed in the heat transfer process.
An instrumented hydronic test loop comprised of a brazed plate heat exchanger, pump and

small air handler with a hydronic coil has been constructed to achieve the objectives of this study
(reference Figure 2.4). The test bed connects to the hydronic heating plant at the Cold Climate

Housing Research Center (Fairbanks, AK). The heating system circulates a water/glycol mixture

through the primary side of the plate heat exchanger. This is used to heat the secondary side of the
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test loop (also a pressurized loop) through the same plate heat exchanger. The system is constructed

of 1.27 cm (½") I.D. copper tubing. An inline centrifugal, wet rotor type pump (Grundfos 2699F)(Downers Grove, IL) circulates the fluids through the loop. The system connects to a small

air handler comprised of a centrifugal fan drawing air through ductwork and other appurtenances

including a hydronic heating coil and a venturi tube connected with intermediate sections of
rectangular duct for airflow measurement (reference Figure 2.2).

Figure 2.1. Finned heating coil configuration.

Figure 2.1 illustrates the configuration of the coil used in the test apparatus. The hydronic

heating coil in the apparatus is 30.5cm wide by 25.4cm high, with two rows of copper tubes with

fins in the air stream; the coil was manufactured by Titus, Inc (Plano, TX). The coil has flat
aluminum fins 0.25 mm (0.010 in) thick mechanically attached to copper tubing with 12.7 mm

outside diameter and 0.4 mm wall thickness. Fin density is 3.9/cm (10/in). The transverse pitch

of the coil tubing is 2.5 cm and the longitudinal pitch is 3.5 cm.
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The coil enclosure was insulated with 5-7.5 cm of foil faced fiberglass batt insulation, and
exposed tubing bends were insulated with EPDM foam wrap. The insulation was applied to

thermally isolate the heat transfer section between the temperature sampling points. Thermistors

located in wells on the hot liquid supply and return connections immediately upstream and
downstream of the coil inlet and outlet measure incoming and leaving liquid temperatures,

respectively. A differential pressure sensor (strain gage-type transducer) connected across the
supply and return connections measures liquid static pressure drop across the coil. An inline

turbine flow meter was used to measure the liquid volumetric flow rate. Four thermistors arrayed
on the inlet and outlet of the heating coil measure airflow temperature on the inlet and outlet of the

coil. These devices were manufactured by Ebtron (model SP-1) (Loris, SC). An in - duct calibrated
venturi tube, manufactured by Lambda Square, Inc. (Babylon, NY) is employed to measure
volumetric airflow. Temperature control on the liquid loop is accomplished through the use of a

motorized temperature control valve. The valve actuator is controlled by the LabView DAQ and
control program, employing PID (proportional/integral/derivative) control logic; this device is
used to provide set point control for the coil hot glycol inlet temperature. Programming of the

software was performed by the first author.

Photographs of the apparatus are included in Figure 2.2 and Figure 2.3 and a schematic of
the apparatus is depicted in Figure 2.4.
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Figure 2.2. Test bed photo (air handling unit in foreground).

Figure 2.3. Liquid side piping system and heat exchange apparatus.

27

Figure 2.4. Test bed component and instrumentation layout.

2.2 Analysis
Heating coil capacity is measured using empirical methods, and relevant performance
metrics and coefficients are then determined using principles of heat transfer and physics.
Thermophysical property data for the base fluid and the nanofluid tested used in computation of
the performance metrics and coefficients are based on empirical data whenever possible.
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2.3 Heat Transfer Fluid Thermophysical Properties
In this analysis, hydronic coil heating capacity is compared for a variety of different heat
transfer fluids. These include 60% ethylene glycol/40% water (by mass) solution (heretofore

referred to as 60% EG) and nanofluids comprised of a 60% EG base fluid with Al2O3 nanoparticles
uniformly dispersed in volumetric concentrations of 1%. Thermophysical property data for the

60% EG were taken from ASHRAE Fundamentals [12]. Thermophysical properties for air and

water are taken from Bejan [13].

Density: For air density, a polynomial curve fit was applied to the property data, with R2>0.99.
The equation for the fitted polynomial is

where pair is in kg/m3 and the valid range for the correlation is 173K < T <333K.

The polynomial curve fit for the density of water is:

The correlation applies in the range 273K<T<373K. For this correlation, R2=1.0
For the density of the 60% EG the following correlation from [11] was used:

where p = 1091.66—, A=0.9247, B=0.2414, and C=-0.1661. R2=1, and the curve-fit error is

o

m3

0.01%. Pak and Cho [3] developed a relationship for the effective density of nanofluids. It is stated

as:
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Specific Heat: For specific heat of air, a constant value of 1006 J∕kg∙K is used (the specific heat
of air does not change significantly in the range of temperatures of interest for this study). For

water, the following polynomial curve fit was applied:

The correlation applies for 273K<T<373K. For this correlation, R2=0.98.
For specific heat of the 60% EG (in k.l/kg«) the following correlation from [11] was used:

where c =3042.02—J—, A=0.6185 and B=-0.3814. R2=1, and the curve-fit error is 0.01%.

p,°

kg· K

Vajjha, et al. [4] developed a specific heat correlation for a nanofluid comprised of Al2O3

nanoparticles with an average particle size of 45 nm in 60% EG. The correlation is:

where A = 0.24327, B=0.5179 and C=0.4250. The correlation is valid for 315 K< T < 363 K; 0.01<
ϕ< 0.1 and cp is in k.l/(kg«). The value of specific heat for the Al2O3 particle is Cp, p=773—J—.

kg· K
The uncertainty for this correlation is 3.1% .

Viscosity: For viscosity of water (in Pa.s), a correlation presented in White [19] was selected. The
equation is stated as:
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For viscosity of the 60% EG (in mPa∙s), a similar equation was used. This correlation was reported

kg
in [11] and was developed from data reported by ASHRAE. For this liquid, μo = 0.01179—^,
m∙ s
A=-4.976, B=-1.942 and C=6.9088. R2=1, and the curve-fit error is 0.01%.

Vajjha and Das [14] presented the following correlations from experiments for computing the
viscosity (in mPa∙s) of nanofluids comprised of Al2O3 nanoparticles dispersed in 60% EG base

fluid

A = 0.9830 and B = 12.9590 for Al2O3 with

φ up to 10% (0< φ<0.10)

This viscosity correlation was developed for the range 273K < T < 360K. The maximum deviation

of the fitted curves from experimental data was 8%.

Thermal Conductivity: For thermal conductivity of air (\V/m∙). a linear curve fit was applied
to the property data, with R2>0.99. The equation for the fitted line is

For water the following polynomial correlation was developed:

The curve fit applies for the range 273K < T < 373K, with R2=0.99.
For thermal conductivity of the 60% EG, the curve fit employed is stated thusly:
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W

where ko=0.342------ , A=-0.2939, B=1.981, and C=-0.6868. R2=0.999 and the curve-fit error is
m∙ K
0.11% for the correlation [11].
From experiments on Al2O3 nanoparticles dispersed in 60% EG, Vajjha et al. [14]

developed a thermal conductivity correlation based on an improvement of the Koo-Kleinstreuer
[15] model.

where
For nanofluids comprised of Al2O3 nanoparticles,

These correlations apply for temperatures in the range 293K<T<363K for Al2O3 volumetric

concentration of 0.01< φ<0.10. The dp in Eq. (13a) is the average particle diameter expressed in
meters. The average deviation for the correlation from the data set is 0.23%.

The first term of the Eq. (12a) is the well-known Hamilton-Crosser [16] equation, while
the second term was developed to account for the Brownian motion associated with the

nanoparticles, which enhances the thermal conductivity of the fluid by generating microscale

circulation around the particle.
For this analysis, all of the nanofluid thermophysical properties are evaluated considering

Al2O3 nanoparticles diameters of 45 nm.
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All property data for air are suitable for use in the range 173K < T < 333K. For all of the
air thermophysical property curve - fits R2>0.99.

Friction Factor: The friction factor for turbulent internal flows may be computed using several
correlations. Two correlations that have been widely adopted for use with single phase fluid flow

are from Blasius [17] and Churchill [18]. The Blasius equation is valid for flows through “smooth”
pipes only, and for Reynolds numbers in the range 3,000 to 105. The equation is stated thusly:

The Churchill equation is valid for smooth and rough pipe flows, and may be applied at any

Reynolds numbers.

In this case, considering that the tubing in the heat exchange section is drawn tubing, an absolute
roughness of 0.0015 mm is used.

The viscous losses through the coil apparatus are related to the friction factor and the minor
loss coefficient may be calculated using the following relation also from [19]:

K , the minor loss coefficient, is a characteristic value that depends on the configuration of elbows,
tees, return bends and other fittings and geometric features of the apparatus that quantifies the
viscous losses associated with the piping configuration .
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Fluid Heat Transfer Parameters:
The various parameters, such as air-side ‘j' factors and ‘G' that are necessary to compute
coil performance are calculated using already established correlations and approaches documented

in Shah and Sekulic [20]. These correlations can be applied to compute the outside, or air-side,

heat transfer coefficient of the coil.

For computing the convective heat transfer coefficient on the liquid side when a single
phase base fluid is circulating in the laminar range, the Nusselt number is a fixed value.
Typically, the value is assumed to be approximately 4.4 and may vary slightly depending on the

boundary condition. For turbulent internal flows two widely adopted Nusselt number and
Stanton number correlations by Dittus-Boelter [21] and Petukhov [22] are applicable. The
Dittus-Boelter correlation is:

The correlation is valid for 1.5 ≤Pr ≤500 and 3x103 ≤Re ≤ 106 and for liquids in a smooth,

circular pipe, with fully developed flow.
The second correlation that may be used to predict the Nusselt number for turbulent flow

in smooth tubes or pipes is by Petukhov. It is stated as:
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This correlation was later modified by Gnielinski [24]:

This correlation may be used for turbulent flows, with Re>4,500.
More recently, Abraham, et. al [23] developed a correlation for computing the friction
factor for internal flows with Reynolds numbers in the “transitional” range (2,300<Re<4,500), as

turbulence in the stream increases in intensity. To account for the different fluid dynamic and heat

transfer characteristics of the transitional flow, the authors developed a new correlation for the

friction factor suitable for use in the transitional range:

For flows transitioning between laminar and turbulent flow regimes, and in straight pipe

internal flows, the Nusselt number may be determined by using the friction factor suitable based

on the Reynolds number.

The inside convective heat transfer coefficient is computed using the standard relation:

Overall Thermal Resistance:
The overall UA value of the liquid to air heat exchange process is computed using a basic
equation of heat transfer:
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From McQuiston, et al [25], the total thermal resistance for the coil is related to the inside and

outside heat transfer coefficient by these equations:

Overall fin efficiency, denoted by η, is computed using the approach described in McQuiston, et

al. Equation (21) neglects the conductive resistance within due to the metal fins, the wall of the
tube and fouling factors. Rearranging to isolate the inside thermal resistance on the left side of
the equation yields:

The measured heat rates may then be used to compute the overall thermal resistance of
the heat transfer system. The outside thermal resistance may also be computed using baseline test

data performed using water. The inside heat transfer coefficient is determined using the
appropriate correlation, thereby making it possible to solve for ho. For the baseline testing and

the experimental testing, previously established property data is then employed to compute the

Nusselt number for internal flow in the tubing.

Heat Rate: The heat rate in the liquid stream is computed using the first law of thermodynamics:

Similarly, the heat rate in the air stream is computed thusly:

Density is evaluated at entering or leaving temperature depending on the position of the

metering device. For the liquid side, the metering device is on the leaving side of the heat
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exchange section. The air-side has the metering device on the inlet side of the heat exchange
section. Specific heat is evaluated at the mathematical average temperature across the heat

exchange sections for the respective fluid streams.

Pumping Power: The pumping power for the liquid is computed using the following equation
from White [19]:

Where differential pressure is measured between the liquid inlet and the outlet of the heat

exchange section.

Moist Air Properties: The air used in the testing is drawn from the atmosphere and is not subject
to any humidity control or other conditioning upstream of the test bed. Atmospheric air normally
has some measurable humidity. This affects the thermophsyical properties of the air relative to
those of dry air, which, in turn may impact energy balance calculations unless accounted for. The

test bed is not equipped with a continuous online humidity monitor integrated into the DAQ, and
since it is non-trivial to calculate moist air properties in the context of continuous data collection

with changes in relative humidity, it is necessary from a practical standpoint to apply dry air
properties to energy balance calculations. The air in the testing environment (Fairbanks, AK) was

monitored using a handheld humidity gage, and was never observed reaching above 14%.
Considering commonly available pyschrometric data for moist air, and a dry bulb temperature

range of 18°C to 40°C, at a RH of 14% and at ambient air temperature, the energy associated with
heating moist air at a temperature rise that is in line with normal test conditions, the difference
between dry and moist air is less than 1%.
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Exergy Considerations: Exergy quantifies the energy available in a particular control volume to
perform work corresponding to some reference temperature. The total change in exergy for the
flow of a fluid flowing through the heat exchange apparatus is comprised of two components, the

exergy change associated with conductive/convective heat transfer and that with the viscous fluid

flow. This analysis assumes that the exergy change associated with heat exchange on the air side
does not differ significantly between the process using the base fluid and the nanofluid since the
temperatures differences are very similar. The equations to calculate the components of exergy are

described by Shah and Sekulic [20]. The first element is equated as:

where T j,lm

and j is either h or c for the hot or cold streams, respectively.(27)

The exergy change associated with viscous losses associated with liquid flow is described as:

The total exergy destroyed during the heat exchange process is stated:

The Bejan number is the ratio of irreversibility due to heat transfer and total entropy (the sum of
irreversibilities due to heat transfer and pressure loss).
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2.4 Results
2.4.1 Experimental Data Uncertainty Analysis
The total experimental error in the liquid and air streams' heat rate calculation is found by

aggregating all of the known sources of error in the test bed. Known sources of experimental error
in the liquid train include, the measurement error associated with two thermistors and the flow
meter. Dissolved and entrained air in the water is a source of additional random error, as the air
will affect the thermophysical properties of the heat transfer fluid. Other sources of random error

include heat loss to the atmosphere through piping connections. These sources of error are not
easily quantifiable. On the air side of the system the sources of experimental error include

measurement error associated with the two thermistor arrays, error associated with the venturi flow

meter, and the differential pressure transducer used with the venturi device. Other sources of
random error include air leakage through ductwork joints, heat loss through the ductwork to the

atmosphere, and temperature measurement error due to maldistribution of airflow and heat across
the ductwork. For this study, the liquid side properties are used to compare thermal performance.
Table 2.1. Manufacturers published instrumentation error

Device

Error

Liquid Flow Meter (Omega SES050)
Liquid thermistors (Omega TH-44004)
Differential pressure transducer (Omega
PX81), on liquid side
Air Venturi Meter (Lambda Square Model
2300)
Pressure transducer (Omega PX653035DV), on air side
Ebtron flow station (Silver series)

+1%full scale/10 GPM full scale
+0.1°C∕75°C full scale

+.25% full scale/10 psi full scale
+.75% actual
+0.05% full scale (3 inch WC full scale)
+0.15°c of reading

The total measurement error of the liquid heat rate using water, and based on the aggregate of

published error is 1.1%. The total measurement error of heat rate on the air side is 0.8%.
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Error (in percent) in the heat rate calculation is calculated using the equation:

where x1, x2, x3 and x4 are variables in the heat rate calculation, including the specific heat, fluid
volumetric flow rate, temperature difference and density, respectively following Eqs. (23) and

(24).

Similarly, the error in the pumping power is calculated using the error values for volumetric
flow rate and differential pressure following Eq. (25). The error for pumping power is 1.0%.

Another source of experimental error is heat loss from the system through the pipe and duct
walls to the atmosphere. This error is minimized by applying insulation to the heat exchange
section and connecting piping. This error has the effect of increasing the measured heat rate on the

liquid side and decreasing the heat rate on the air side.
There are a couple of other sources of experimental error that are difficult to quantify. One

is air leakage through duct fittings. Joints have been sealed with tape and other duct sealants in an
attempt to minimize the impact of duct air leakage. However, due to the configuration of the system
in which the fan draws air through the ductwork, there is a negative pressure within most of the
apparatus. There are multiple seams and gasketed joints within the apparatus, and it is unlikely
that all sources of leakage in these features were eliminated. Qualitatively, air leakage upstream
between the heating coil and the venturi allows unmetered air into the heat exchange section of the

test bed. This would have the effect of increasing the temperature drop measured on the liquid side

of the system, thereby increasing the apparent heat rate on the liquid side relative to the air side.
As illustrated in Figure 2.5 and Figure 2.6 below, the measured heat rate on the air side is
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consistently higher than that measured on the liquid side. At a high level, the overall performance

of the test bed can be validated by comparison against the performance predicted by an analytical

model that has been validated by comparison against performance data published by the air heating
coil manufacturer with tightly controlled entering conditions. Using this logic, the analytical model

shows that the test bed measured performance is in line with expectations, and that there are no
major sources of uncontrolled errors stemming from the physical configuration of the test bed.

2.4.2 Baseline Testing
Extensive baseline testing was performed on the test bed to demonstrate that the heat

transfer performance measured by the instrumentation agrees with what is expected as determined

by manufacturers data and computations based on methods that have been accepted in the
literature.
To characterize the baseline performance of the apparatus, testing is performed using water

on the “wet” side of the system. In this testing, hot water is used to heat air as it flows through the
heating coil. The heat rates through the air and water streams are computed by measuring

volumetric flow rates and temperature rise using the instrumentation in the apparatus, and then

factoring in the thermophysical properties of the two fluids that are computed at their respective
arithmetic mean temperature (except as noted earlier, for determination of mass flows).

Another aspect of the baseline testing is to characterize the energy balance between the air
and water streams over the operating envelope of the test. The objective of this testing is to quantify
the difference in computed heat rates between the two streams (liquid and air) of the test apparatus.

A difference between the heat rates measured in the two streams is one important measure of
experimental error in the testing apparatus. Minimizing and quantifying the energy imbalance is

critical as it will make analysis of nanofluid heat transfer performance more straightforward, since
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the thermophysical properties of air are well understood over the range of test conditions, and air
properties are also constant over time (at constant temperature and pressure). In contrast to air, the
thermophysical properties of nanofluids may not be constant over time due to particle

agglomeration or settling. This improves the usability of the test bed, and its ability to discern the

relative performance of different nanofluids that may not have empirically obtained
thermophysical property data.
Two baseline tests were performed to determine the heat rate from the exchanger using

water on the liquid side of the loop. In the first baseline test, the volumetric flow rate of the water

is varied, while the inlet temperature is held constant (at 327+/-1K) as well as air velocity and
entering air temperature. The result of this testing is illustrated in Figure 2.5, with the calculated

heat rate for the air and liquid streams. In this test, 598 individual points were recorded for both

fluid streams. The average difference between the calculated air side and liquid side heat rate is
7.9%. For additional verification, the coil is modeled using identical entering conditions and

configuration using the approach described by Strandberg and Das [6]. The heat rate of the
modeled coil over the same range of liquid flows was found to be within 3% of the empirically
obtained air heat rate over the tested range. For purposes of the performance comparisons, the

average of the liquid and air heat rates are used. For this test, between 63 and 80 observations were

made at each flow for a total of 598 data points. The test bed was allowed to reach steady state
before data collection was commenced.
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Figure 2.5. Heat rate versus volumetric flow rate, constant inlet temperature

Figure 2.5 illustrates that the heat rate increases with the liquid volumetric flow rate, which

is to be expected. The measured air side heat rate is consistently higher than the liquid side heat
rate. Air leakage into the test apparatus between the venturi meter and the heating coil may be a
reason for this discrepancy.

In the second baseline test, the inlet water temp is varied and the volumetric flow rate of
the water and air is held constant. The liquid flow rate is held constant at 0.104 L/s and the fan air

flow is held constant at 0.269 m3/s. The result of this test is illustrated in Figure 2.6. The difference
between air side and liquid side calculated heat rate ranges from 3.7% to 7.8%, with a mean of

6.6%. For this test the total number of data points are 310 (there are between 57 and 70
observations at each temperature).
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Figure 2.6. Heat rate versus inlet water temperature, constant volumetric flow.

The next baseline test was to measure the viscous losses through the hydronic coil over a

range of flows. These data are illustrated in Figure 2.7. The pressure loss measured through the
coil apparatus agreed with the coil manufacturers published data quite well over the range of
observed flows.
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Figure 2.7. Pressure loss through coil versus volumetric flow, as measured and from product data.

When the measured differential pressure across the coil and the volumetric flow
information is converted appropriately, a pressure loss and coil tubing Reynolds number can be
correlated. A polynomial curve applied over the pressure loss versus Reynolds number data yields

the following equation:

The fitted curve conforms to the experimentally obtained data with R2>0.99. The data and the
associated fitted curve is depicted in Figure 2.8.
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Figure 2.8. Pressure drop versus liquid Reynolds number.

Viscous losses through the coil apparatus are due to losses through straight tubing and

losses associated with flow through various fittings, including tubing U-bends. Various resources
exist to assign K-values to these fittings, however the value of the K-factor for an individual
fitting can range widely [12]. The K-factors for the assembly of fittings used in this experiment

is found by subtracting the calculated pressure loss due to viscous losses in the straight pipe
sections calculated using Eq. (14) from the total measured pressure loss through the coil. The
total length of straight tubing in the coil is 2.54 meters. The K-factor can then be determined for

a particular Reynolds number by rearranging eq. (14), and isolating the K factor on the left hand

side of the equation. The K-factors at various Reynolds number found using this method are
listed in Table 2.2.
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Table 2.2. Coil apparatus empirically determined K-factors.

Reynolds number

K-factor

4,000

5.3

5,000

7.9

6,000

9.0

Based on the empirically obtained data, it is possible to calculate the inside thermal
resistance and inside and outside heat transfer coefficients as well as the Nusselt number for liquid
flowing inside the tubing using equations (20), (21) and (22). In Figure 2.9, the empirically

determined Nusselt number and values computed using the Petukhov correlation are plotted as a
function of Reynolds number. This test was performed with constant air-side velocity, and in a
temperature and pressure regime of relatively constant thermophysical properties. Therefore, it is

a reasonable assumption that the outside heat transfer coefficient will be relatively constant.

Airflow was held constant at 0.269 m3/s (570 CFM); air and liquid inlet temperatures were also
held constant. Liquid flows were varied through the coil from 0.03 to 0.22 L/s. At the lowest flows
observed the Reynolds numbers drop into the range normally considered “transitional,” with
respect to the presence of turbulence in the liquid stream. However, the Petukhov correlation, a

correlation designed for fully turbulent flows fits the empirically obtained values with R2=0.9.

Heat transfer in the transitional range of Reynolds numbers typically yield lower Nusselt numbers

than in the fully turbulent regime. This illustrates the beneficial effect of the tubing bends on heat
transfer, owing to the creation of secondary flows that serve to facilitate enhanced mixing within
the flow at lower Reynolds numbers. Qualitatively, the correlation conforms very closely at liquid
Reynolds numbers below 17,000, with the difference between empirically obtained values and

calculated values increasing to approximately 20% at higher Reynolds numbers. Having calculated
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these values, it is possible to then compute the inside thermal resistance over the tested range. This

calculation yields an average value for ηhoAo of 201 W/K, with a standard deviation of 5.0. This
is 4% lower than the modeled value computed using the method described in Strandberg and Das
[6].

Figure 2.9. Comparison of empirically determined Nusselt number with values calculated using
correlation by Petukhov.

2.5 Nanofluid Performance Testing
These test data illustrate the differences in heat transfer performance between 60% EG/1%
Al203 nanofluid and 60% EG measured during testing. For these tests, the liquid and air inlet

temperatures were held constant and liquid volumetric flow rates were varied.
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In Figure 2.10, the inside heat transfer coefficients for the baseline fluid (60% EG) are
compared to those for the 1% Al203, for volumetric flows ranging from 0.065 to 0.194 L/s;

corresponding Reynolds numbers are computed and used for presentation of performance data.

The Reynolds numbers are calculated using averaged inlet and outlet values. The inside heat
transfer coefficient was found by first computing the measured heat rate and LMTD, based on the
measured data, and then determining UA based on the well-known relationship:

The outside thermal resistance (ηhoAo) is assumed to have a value of 200.8 W/K, as determined in
the baseline test. The inside heat transfer coefficient was then calculated considering the inside

surface area of the heat transfer section from Eq. (22).

At a volumetric flow of 0.125 L/s, with Reynolds numbers of 3,691 and 3,949 for the 1%
Al2O3 nanofluid and the 60% EG, respectively, the inside heat transfer coefficient is 13.7% lower

for the nanofluid than for the 60%EG. Interpolating, the heat rate at inlet Re=3,000, is 1.8% higher
for the nanofluid than for the 60%EG.
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Figure 2.10. Inside heat transfer coefficient versus liquid Reynolds number.

In Figure 2.11, the liquid Nusselt number is compared for 60% EG and 1% Al2O3 over a
range of liquid Reynolds numbers. There are three groups of data that were obtained at Re<2,300,
where flows typically exhibit laminar behavior. It is observed that the base fluid follows the
Petukhov correlation well whereas the 1% Al2O3 nanofluid follows the Dittus-Boelter relation

better.
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Figure 2.11. Inside Nusselt number versus liquid Reynolds number.

Due to limitations of the pumping apparatus in the test bed, the Reynolds number for the
liquid flows in these trials range from the laminar range, up to the lower range of turbulence.

Existing Nusselt number correlations are typically developed for straight pipe configurations
exclusively. The coil configuration tested here has multiple fully reversed bends between straight

sections of finned tubing where the bulk of the heat transfer takes place. The tubing bends induce
secondary flows that leads to mixing of the boundary layer, thus increasing the heat transfer
through the coil relative to that possible in a straight section tested at an equal Reynolds number.

Note that both the correlations referenced in Figure 2.11 are limited by applications to internal
flows with turbulent flows and for straight pipe. In this case, though, the empirically determined

Nusselt numbers for both the 60% EG/1% Al2O3 nanofluid and the 60% EG agree quite well with
the Dittus-Boelter and Petukhov correlations, respectively, down to inlet Reynolds numbers of
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approximately 1,200. For the nanofluid, the Petukhov correlation predicts significantly higher

Nusselt numbers than the empirically determined values (40-61% higher). The Petukhov
correlation depends upon the calculation of the friction factor associated with the flow which is

sensitive to turbulence and viscosity, it is possible that the behavior of the nanofluid in this range
of Reynolds numbers' is such that the effective friction factor of the flow does not follow the
behavior predicted by the associated equation (Eq. (17c)), considering the relatively low Reynolds

number range as well as the introduction of tubing bends. Plots of Nusselt numbers predicted over
the range of Reynolds numbers tested considering laminar flow, transitional flow and full
turbulence are also included in Figure 2.11 for reference (the curves are assembled piecewise using

the modified Petukhov correlation (Eq.(18a)) and the friction factors recommended by Abraham,

et al.). These curves include a range of constant Nusselt number predicted for internal flows in the
laminar range, transitioning at Re=1,500 to a regime increasing with Reynolds number while the
flow is transitioning from laminar to full turbulence. These plots illustrate the deviation of both

the base fluid and the nanofluid from behavior predicted by existing straight tube correlations, and

reflect the impact of the bends on the effective Nusselt numbers in this flow configuration.
These data illustrate that the Nusselt number for the nanofluid is also generally lower than

that for the 60% EG over the range of Reynolds numbers tested, a product of the lower heat transfer
coefficient and the higher thermal conductivity of the nanofluid relative to the 60% EG. The

nanofluid's Nusselt number is nearly 37% lower than that of the 60% EG at inlet Re=4,000 (based

on linear interpolation). The empirically determined Nusselt number exhibits good agreement
(R2=0.97) with values predicted by Dittus-Boelter. Similarly, the empirically determined Nusselt

number for 60% EG conforms with the Petukhov correlation with R2=0.97. Thus, the Dittus

52

Boelter correlation may be used for dilute concentrations of nanofluids to predict Nusselt number
for flow configurations similar to this one.
Figure 2.12 depicts the empirically determined hydraulic power over a range of Reynolds

numbers for 60% EG and 1% Al2O3 nanofluid. These data indicate that at a volumetric flow of

0.125 L/s, the hydraulic power required is 37% higher for the1% Al2O3 nanofluid than for the 60%

EG. By interpolating, the hydraulic power required to maintain a Reynolds number of 3,000 is
91% higher for the 1% Al2O3 nanofluid than for the 60% EG.

Figure 2.12. Hydraulic power versus liquid Reynolds number.

The data in Figure 2.13 shows the relationship between the liquid Reynolds number and

air coil heat rate. These data show that the nanofluid generates a slightly higher heat rate than the
60% EG at a given Reynolds number. At a volumetric flow of 0.125 L/s, the heat rate is 1.2%
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higher for the 60% EG than for the 1% Al2O3 nanofluid. Interpolating to compare the heat rate at

inlet Reynolds number 3,000, the 1% Al2O3 nanofluid produces a heat rate that is 3.1% higher than
that of the 60% EG. The experiment does not clearly exhibit the presence of a turbulent/laminar
transition zone and corresponding drop in heat rate, even though data is sampled for below the

traditional turbulent/laminar threshold Reynolds number of 2,300.
Figure 2.14 depicts the relationship between the hydraulic power consumed through
pumping and the resultant heat rate into the air, while holding inlet temperature and air

volumetric flow rates constant and liquid volumetric flow rates were varied. The data indicates
that for a given hydraulic power the 60% EG generates a slightly higher heat rate than the 1%
Al2O3 nanofluid. At a hydraulic power of 0.5W, the 60% EG generates a 5.5% higher heat rate

than the nanofluid. These performance data were used to determine the exergy consumed to

generate a certain heat rate, which offers a measure of the overall thermodynamic efficiency of
the process and another means to compare nanofluids to the base fluid.
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Figure 2.13. Heat rate versus liquid Reynolds number.
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Figure 2.14. Heat rate versus hydraulic power.

The pressure loss measured through the coil for the 1% Al2O3 and 60% EG over a range

of Reynolds numbers is depicted in Figure 2.15. Polynomial curve fits were applied over these
data. The fitted curves are:

Both curve fits have R2>0.99, and apply for the range of 2,000<Re<5,000. These

correlations are dimensionally inconsistent, and are not meant to be used for general application.
They are useful only for the specific purpose noted here.
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Figure 2.15. Pressure loss through coil tubing versus Reynolds number.

The Darcy friction factor was calculated empirically by rearranging Eq (14) and by using
the K-factors computed for the baseline test (as reported Table 2), along with volumetric flow
data to compute the friction factor for both fluids. The friction factors calculated for 1% Al2O3

and 60% EG at Reynolds numbers 4,000 and 5,000 are exhibited in Table 3.
Table 2.3. Empirically determined Darcy friction factors
Re=4,000

Fluid

Re=5,000

Experiment

Analytical

% Difference

Experiment

Analytical

60% EG

0.044

0.041(1)

l%Al2O3

0.068

+9%
+39%

0.033
0.045

0.038(1)
0.043(2)

0.049(2)

(1) Friction factor calculated using the Churchill correlation.

(2) Friction factor calculated using correlation by Vajjha, et al. [4]

57

%
Difference
-13%
+4.6%

At Re=4,000, the empirically determined friction factor for the 1% Al2O3/60% EG exceeds
the value predicted by the correlation developed by Vajjha, et al. [4] by 39%, while at Re=5,000
the empirically determined friction factor exceeds the predicted value by only 4.6%. The

substantial deviation of the friction factor at Re=4,000 may be partially explained by the potential
error associated with flow velocity. Considering the velocity at this Reynolds number and the
instrument's published accuracy, the potential error in calculated velocity is approximately 27%.

In Figure 2.16 the relationship between the total exergy loss for the air to liquid heat
exchange process using the two heat transfer fluids is illustrated graphically. The figure shows that

based on the measured performance, the total exergy loss is marginally higher for the nanofluid
than that for the 60% EG. At a volumetric flow of 0.125 L/s, the exergy destroyed is 3.9% higher

for the nanofluid than for the 60%EG. Interpolating, at inlet Re=5,000, the exergy destroyed is
approximately 13.9% higher for the nanofluid than for the 60% EG The Bejan number (as
calculated using Eq. 29) for both fluids are above 0.95, indicating that the primary source of exergy

loss is related to entropy generation associated with heat exchange, versus viscous losses
associated with pumping.
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Figure 2.16. Total exergy consumption versus Reynolds number for tested fluids.

2.5.1 Conclusions
A hydronic air heating coil was tested experimentally to characterize its performance with
1% Al2O3/60% EG nanofluid, and to compare heat transfer performance of the coil to that with
60% EG. The test bed performance was validated by testing the coil with water as a baseline. The
empirically computed Nusselt number corresponded with the Petukhov correlation R2=0.9.
Overall, the baseline testing demonstrated that the test bed exhibited performance characteristics

that were consistent with the predictions by previously established analytical relationships.

The nanofluid filled coil generated slightly lower inside heat transfer coefficients than the
60% EG filled coil over the range of test conditions. The difference ranged from 1 to 8% lower for
the nanofluid than for the 60% EG between Reynolds numbers 2,000 and 4,000. The corresponding

Nusselt numbers for the nanofluid were lower than those for the 60% EG, owing to the higher
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thermal conductivity of the nanofluid. The Nusselt numbers for the nanofluid appear to follow the

Dittus-Boelter correlation quite well over the range of Reynolds number tested (R2=0.97). The
empirically calculated Nusselt number for the 60% EG filled coil agreed closely with those

predicted by the Petukhov correlation (R2=0.97). The coil produced a marginally higher heat rate
when the 1% Al2O3/60% EG nanofluid was pumped through it than when 60% EG was pumped

through it when compared on the basis of equal Reynolds number. At Re=3,000 the heating output

for the nanofluid is 3.2% higher than that of the 60% EG filled coil. The nanofluid's calculated

friction factor in the test section was found to be exceed that of the base fluid under conditions of

equal Reynolds number. The measured heat rate from the heating coil tested with the nanofluid
was marginally higher than that of the coil tested with 60% EG, when compared under conditions

of equal Reynolds number.
The exergy destroyed in the heat exchange and fluid flow process is generally higher for
nanofluid than for the 60% EG, with the difference increasing with Reynolds number. At inlet

Re=5,000, the exergy destroyed is approximately 13.9% higher for the nanofluid than for the 60%

EG.
The 1% Al2O3/60% EG nanofluid does not yield significantly improved performance in a
hydronic air heating coil under the conditions tested. While the nanofluid generates marginally a
higher heat rate for equal Reynolds number, this is at a cost of higher rate of exergy destruction. It

is probable that the same nanofluid will perform significantly better at higher temperatures. This
is due to the fact that for nanofluids as temperature increases, Brownian motion of the suspended
nanoparticles increases leading to higher thermal conductivity and viscosity decreases

significantly.
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2.6 Nomenclature
A

Total heat transfer area (m2)

B

Exergy (J)

cp

Specific heat (J/kg∙K)

CFM

Cubic feet per minute

dp

Particle diameter (m)

D

Diameter of tubing (m)

f

Darcy friction factor

G

Mass velocity (kg/m2-s)

GPM

Gallons per minute

g

Gravitational acceleration (m/s2)

h

Convective heat transfer coefficient (W/m2-K)

j

Fin heat transfer parameter

k

Thermal conductivity (W/m-K)

L

Length (m)

LMTD

Log mean temperature difference

n

Number of observations

m

Mass flow rate (kg/s)

Nu

Nusselt number (hDi/k)

ΔP

Pressure drop (Pa)

Pr

Prandtl number (cpμ∕k)

Q

Heat rate (W)
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r

Outside radius of tubing (m)

Re

Reynolds number pVDi∕μ)

T

Temperature (K)

U

Overall heat transfer coefficient (W∕m2∙K)

v

Volumetric flow (m3/s)

W

Pumping power (W)

2.7 Greek Symbols
a

Thermal diffusivity (k∕pcp)

ε

Pipe roughness (m)

K

Boltzmann constant (1.3806503 × 10-23 m2 kg/s2 K)

μ

Dynamic viscosity (mPa∙s)

η

Fin efficiency

Φ

Volumetric concentration

p

Density (kg/m3)

2.8 Subscripts
air

Air

i

Inside

in

Inlet

bf

Base fluid

liq

Liquid

nf

Nanofluid
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o

Outside

out

Outlet

s

Nanoparticle

w

Water
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Chapter 3.
MICROCHANNEL COOLING PERFORMANCE EVALUATION OF Al2O3, SiO2 and
CuO NANOFLUIDS USING CFD1
Abstract:
In this study, the performance of a microchannel heat sink (MCHS) filled with various

nanofluids and the corresponding base fluid without nanoparticles are examined using a three
dimensional conjugate heat transfer and fluid dynamic finite-volume model over a range of

conditions. The model incorporates a fixed heat flux of 1,000,000 W/m2 at the base of the solid
domain. The thermophysical properties of the fluids are based on empirically obtained
correlations, and vary with temperature. Nanofluids considered include 60% Ethylene Glycol/40%

Water solutions with CuO, SiO2, and Al2O3 nanoparticles dispersed in volumetric concentrations
ranging from 1 to 3%. The flow conditions analyzed are in the laminar range (50≤Re≤300), and

consider multiple inlet temperatures. The analyses predict that when compared on an equal
Reynolds number basis, the 60%EG/3% CuO nanofluid exhibits the highest heat transfer
coefficient, and the largest reduction in average base temperature. At an inlet Reynolds number of

300, and an inlet temperature of 308K the nanofluid is predicted to have an average heat transfer

coefficient that is 30% higher than that of the base fluid, while the average temperature on the base

of the heat exchanger is 1K lower than that of the base fluid. In contrast, the inlet pressure required
for these entering conditions is 192% higher than that for the base fluid, while the required

hydraulic power to drive the flow is 366% higher than that of the base fluid.

Strandberg, Roy, Dustin Ray, and Debendra Das. “Microchannel Cooling Performance Evaluation of Al2O3 ,
SiO2 and CuO Nanofluids Using CFD” Heat and Mass Tranfer Research Journal, Vol.4, No. 1 (2020): 1-24.
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3.1 Introduction
Nanofluids are colloidal heat transfer fluids that are comprised of a conventional “base

fluid,” such as glycol, water or oil, that contain nanoparticles in a stable suspension.

The

nanoparticles typically have a characteristic dimension on the order of a 100nm. These fluids have
been shown to exhibit significantly enhanced thermal conductivity compared to conventional

fluids. In some cases, the enhancement in thermal conductivity significantly exceeds that predicted
by previously developed correlations for liquids with suspended solids [1, 2]. In recent years there
has been a great deal of research devoted to characterizing nanofluids' transport properties, and
determining if their characteristics can be exploited to improve the performance of heat transfer

processes. Chon et al. [3] conducted an experimental study of thermal conductivity of nanofluids
comprised of deionized water with alumina nanoparticles in sizes ranging from 11 nm to 150 nm.

This work appears to validate the theoretical model proposed by Jang and Choi [4] for nanofluids

of this type. Chon et al. also concluded that nanofluids' thermal conductivity increases with
temperature, and decreasing particle size. More recently, a series of published studies have yielded

a fairly comprehensive set of transport property data for nanofluids with comprised of Al2O3 and
CuO dispersed in 60% ethylene glycol (EG). Vajjha and Das [5] conducted experimental work

that yielded correlations based on the form developed by Koo and Kleinstreuer [6] for the thermal
conductivity of CuO/60% EG and Al2O3/60% EG nanofluids over relatively broad ranges

temperature and volumetric concentrations. Other detailed correlations for viscosity and specific

heat have been developed by Namburu et al. [7] and Vajjha and Das [8], respectively.
Microchannel heat sinks (MCHS) are devices employing fluids flowing through extremely

small channels alternating with fins to facilitate heat transfer. These devices have been developed
to support the operation of electronics and other applications where there is a need for high-density

heat rejection. In a case where a heat-generating device (such as an integrated circuit) is placed in
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direct contact with the MCHS, heat is conducted through the base into the fins, while the fluid

flowing through the channels extract the heat primarily via convection, usually in the laminar

regime. Figure 1 illustrates the configuration considered for this study. MCHS, due to their
geometry, have relatively large heat transfer surface area relative to heat sinks of equal volume but
with larger channels. Nanofluids have been investigated in previous experimental studies and

numerical analyses in regard to their potential use in microchannel heat sinks. Faulkner et al. [9]
conducted an experimental study using water base nanofluids demonstrating the potential for

performance benefits of nanofluids relative to conventional heat transfer fluids when used in a heat

sink with extremely small flow channels. The nanofluids tested included Al2O3 nanoparticle and
other nanoparticles dispersed in water. Their experiments were conducted using heat sinks with
channels 0.5 mm wide and 6 mm deep. These dimensions are larger than those loosely defined as

falling into the microchannel category, however the results of the study still offer insights into the

flow and heat transfer characteristics of microchannel heat sinks. Their study demonstrated that
these meso-channel heat sink devices with nanofluids successfully achieved high rates of heat
extraction under laminar flow conditions. Ho, et al. [10] performed an experimental study testing

the thermal performance of a copper MCHS with Al2O3/water nanofluid against that of water for

226<Re<1,676. The authors measured a substantial increase in the inside heat transfer coefficient

for the nanofluids relative to that for water over the range of Reynolds numbers tested. Lee and
Mudawar [11], Peng, et al. [12] and Jung, et al. [13] also performed experimental studies with

nanofluids in MCHS and found that the nanofluid filled MCHS tested offered higher rates of heat
rejection than the MCHS filled with the base fluid.
Chein and Huang [14] conducted a computational study using theoretical and empirically

determined transport property correlations for nanofluids to analyze the performance of a MCHS
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with a Cu/water nanofluid in various concentrations. Koo and Kleinstreuer [15] also conducted an
analysis of MCHS performance with nanofluids using a variety of theoretical models for the heat
transfer and rheological properties. They developed a numerical model for heat transfer in

rectangular microchannels 100 μm wide and 300 μm deep with steady, laminar flow and constant

heat flux. The investigators concluded that microchannel heat sinks may offer better heat transfer

performance with nanofluids (compared to those with conventional heat transfer fluids). Jang and
Choi [16] conducted another computational study of MCHS performance using theoretical models
of nanofluid transport properties. Their analysis predicted a 10% improvement in the heat rejected

by the nanofluid filled heat sink as compared to the heat sink with a conventional fluid, when
pumping energy was held constant. Leela [17] conducted a numerical study of MCHS filled with
Al2O3/water nanofluid in various concentrations and considering various nanoparticle diameters
over a range of Reynolds numbers. The study showed that the nanofluid enhanced heat transfer

relative to the base fluid. Snoussi et al. [20] have presented results of laminar flow computations

using the CFD code Fluent in a microchannel heat sink using water-based aluminum oxide and

copper nanofluids. Their results show an increase in heat transfer performance of 14-20% by the

nanofluids over pure water.
During the past two decades, due to steady advancements in military and civilian airborne

and space-based electronics and associated increases in the density thereof, the need for more
effective thermal management has increased in parallel. These challenges can be met by

developing compact microchannel heat sinks and cold plates. The encyclopedia by Bar-Cohen [18]
is a good source to obtain the governing equations, thermal and fluid dynamic analyses and the

optimization techniques for designing such cooling equipment. In order to cope with the high-

density heat fluxes generated in such new devices, researchers are also exploring more efficient
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coolants such as nanofluids. Two-phase heat transfer and flow in microchannels and critical heat
flux phenomena with nanofluids in cooling systems in electronics are described in detail by Thome

[19].

Figure 3.1. Microchannel heat sink configuration.

The purpose of this study is to examine the performance of a microchannel heat sink with
nanofluids and the associated base fluid using a finite volume computational model. The

performance of MCHS with 60% (by mass) ethylene glycol/water solution (the base fluid) and
several different nanofluids in various concentrations will be compared. The freezing point of the

base fluid is -48.3oC [21], which makes the fluid suitable for certain aeronautical and space
applications. The nanoparticles considered include copper oxide (CuO), aluminum oxide (Al2O3)

and silicon dioxide (SiO2), in volumetric concentrations ranging up to 3%. The model developed
for the analysis is a three-dimensional domain comprised of solid and liquid domains. The solid

domain represents the fin and the liquid domain represents the heat transfer fluid flowing through
the heat exchanger. The liquid and solid domains are mathematically coupled at the boundary to

allow for the exchange of data during the simulation thereby facilitating solution generation for

both the heat transfer and fluid dynamic problems posed. With the exception of the Chein and
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Huang's [14] study mentioned earlier, all of the computational studies [15-17] depend upon
theoretical models for nanofluid transport properties. In the current study, transport properties for

the nanofluids examined are based on empirical data. Furthermore, the temperature dependencies

of the fluids' transport properties are incorporated into the model. For this reason, this analysis
offers the potential for better MCHS modeling results than those in other studies. Furthermore, the
current study examines the performance of a wider array of nanoparticles and concentrations than

in other studies already documented.

3.2 Theory
In this analysis, the performance of MCHS is analyzed with heat transfer fluids of several
different compositions.

These include 60% ethylene glycol/40% water solution (heretofore

referred to as 60% EG) and three types of nanofluids comprised of a 60% EG base fluid with CuO,
Al2O3, or SiO2 nanoparticles, uniformly dispersed in volumetric concentrations of 1%, 2% and

3%. Thermophysical property data for the 60% EG were taken from ASHRAE Fundamentals [21].
For all curve - fits applied to 60% EG property data (Eqs. 1, 3, 6 and 8 below), R2>0.99.

These correlations are applicable for 60% EG between 273K < T < 370K.

Density: For density of the 60% EG, a polynomial curve fit was applied to the ASHRAE data.
The equation for the fitted curve is

where po=1091.66 kg/m3, To = 273.15K, A=0.9247, B=0.2414, and C=-0.1661. R=1, and the
curve-fit error is 0.01%. Pak and Cho [1] first adopted a relationship for the effective density of

nanofluids based on earlier work on fluid/microparticle mixtures. Their correlation is used to
compute the density of the nanofluid in the following analyses. It is stated as:
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Where the nf, s, and bf subscripts mean nanofluid, solid nanoparticle, and base fluid, respectively

Specific Heat: For specific heat of the 60% EG, the following curve fit was applied to the
ASHRAE data. The equation for the fitted curve is:

Where Cp,o=3042.02 J∕kg∙K, A=0.6185 and B=-0.3814. R2=1, and the curve fit error is

0.01%. Buongiorno [22] developed a relation for effective specific heat of nanofluids.
Buongiorno's correlation is employed for evaluating the specific heat ofCuO and SiO2 nanofluids.
It is stated as:

From experiments on Al2O3 nanoparticles in 60% EG, Vajjha and Das [8] developed a

specific heat correlation. It is stated as

where A = 0.24327, B=0.5179 and C=0.4250 (these are all dimensionless parameters) and 315 K<
T < 363 K; 0.01< φ< 0.1. Also, Cp is in kJ∕(kg∙K).

Viscosity: For viscosity of water (in Pa.s), a correlation presented in White [24] was selected. The
equation is stated as:

where To=273.15 K and μo=0.001792 Pa's, A=-1.94 B=-4.80 and C=6.74, with accuracy of ±
1%.
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For viscosity of the 60% EG (in Pa∙s), a similar equation was used. This correlation was

reported in Ray [25] and was developed from data presented in [21]. For this liquid, μ0 =

0.01179m∙s
—, A=-4.976, B=-1.942 and C=6.9088. R2=1, and the curve-fit error is 0.01%.
Vajjha and Das [23] presented the following correlations based on previous experiments
for computing the viscosity (in mPa∙s) of nanofluids comprised of CuO, Al2O3 and SiO2
nanoparticles dispersed in 60% EG base fluid

A = 0.9830 and B = 12.9590 for Al2O3 (dp=45nm) with ϕ up to 10% (0<φ <0.10)
A = 0.9197 and B = 22.8539 for CuO (dp=29nm) with ϕ up to 6% (0<φ <0.06)
A = 1.092 and B = 5.954 for SiO2 (dp=20nm) with ϕ up to 10% (0<φ <0.10)
This viscosity correlation was developed for 273K < T < 360K. The maximum deviation of the

fitted curves from experimental data was 8%.

Thermal Conductivity: For thermal conductivity of the 60% EG, a polynomial curve fit was
applied to the ASHRAE data. The equation of this curve fit is

Where ko=0.342 W∕m∙K, A=-0.2939 B=1.981 and C=-0.6868. R2=0.999, and the curve fit error is
0.11%.
From experiments on CuO and Al2O3 nanoparticles dispersed in 60% EG, Vajjha and Das

[5] developed a thermal conductivity correlation based on an improvement ofthe Koo-Kleinstreuer
[6] model.
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where f(T,ϕ) = (2.8217 × 10-2ϕ + 3.917 × 10-3)-- (3.0669 × 10-2ϕ + 3.91123 × 10-3).
For nanofluids comprised of Al2O3 nanoparticles,

while for nanofluids comprised of CuO nanoparticles,

for nanofluids comprised of SiO2 nanoparticles,

Eq. (9d) is from Sahoo [26].

These correlations apply for 293K<T<363K. For Al2O3 0.01< φ<0.10, while for CuO 0.01<
φ<0.06. For SiO2 0.01< φ<0.10. The average deviation of the correlation from experimental data

is 0.23%, 5.74% and 1.16% respectively.
The first term of the Eq. (9a) is the well-known Hamilton-Crosser [27] equation for

computing the thermal conductivity of a two-phase substance (solid particles in a liquid matrix).
The second term of the same equation was developed to take into account the Brownian motion

associated with the nanoparticles that enhances the thermal conductivity of the fluid.
For this analysis, all of the thermophysical properties are evaluated for Al2O3 nanoparticles

with a diameter of 45 nm; CuO nanoparticles have a mean diameter of 29 nm; and SiO2

nanoparticles have a mean diameter 20 nm.

3.3 Fluid Flow Parameters
The Reynolds number of the liquid flow through of the microchannel is computed using
the equation
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The Nusselt number for single phase flows in a rectangular microchannel depends on
geometry and the boundary condition. This dimensionless parameter represents the ratio of
convective to conductive heat transfer across a boundary. From Kandalikar et al. [28], for a
constant temperature boundary condition the average Nusselt number is calculated using the

following correlation:

Nuτ = 7.541(1 - 2.610ac + 4.970α2c - 5.119a3c + 2.702α4c - 0.548α5c) (11a)
Where ac is aspect ratio. For a constant circumferential wall temperature, and uniform

axial heat flux, boundary condition the Nusselt number is:
Nuhi = 8.235(1 - 2.0421αc + 3.0853α2c - 2.4765αc3 + 1.0578α4c - 0.1861α≡)(11b)
For a constant circumferential and axial heat flux, the Nusselt number correlation is:

Nuhi = 8.235(1 - 10.6044αc + 61.1755α2c - 155.1803α3c+ 176.9203α^ - 72.9236α≡)(11c)

The parameter ac is the aspect ratio of the microchannel (width to height).

These correlations share one key feature. That is, the Nusselt number is dependent solely
upon geometry, versus Reynolds and Prandtl number as in correlations applicable to flows in the
turbulent regime. This represents a divergence from dimensionally similar flows at larger scales,

where Nusselt number under fully developed, laminar flows are not dependent upon aspect ratio.
Quite often, the Nusselt number under laminar flow regimes is constant. Due to the flow
configurations and viscosity of the fluids, it is expected that the Reynolds number will typically
remain in the laminar range. These correlations are based on studies of single-phase liquids; studies

of nanofluids have focused on the theoretical possibility that the suspended nanoparticles boost
convective heat transfer through mechanisms unique to nanofluids. These effects may include

effects such as thermophoresis or thermal dispersion, and are theorized to increase the
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effectiveness of convective heat transfer (the increase in thermal conductivity notwithstanding).
For simplicity, we use the single-phase relation for this study.

Note that due to the small physical dimensions of a MCHS, entrance effects may not
necessarily be neglected without further consideration. Previous research by Han [29] has shown

that the hydrodynamic entrance length for a MCHS may be computed using the relations:

Where Lh is hydraulic entrance length, Dh is hydraulic diameter and Re is the liquid Reynolds

number
Previous researchers have collected data on the Nusselt numbers in the thermal developing

region for MCHS with rectangular channels of various aspect ratios with conventional fluids.
These data are characterized by very short region where the Nusselt number steeply drops to within

approximately 10% of the fully developed value (over approximately 2.5% of the theoretical
thermal entrance zone length), and then steadily drops to the fully developed value. This Nusselt

number profile in the entrance region is typical for the αc studied here. Depending on a variety of
factors, the thermal entrance region may exceed the length of the MCHS. In these cases, the

average Nusselt number considering the entrance region thermal profile is higher than the fully
developed value. From [28], the following polynomials were applied to generate Nusselt number

curves for purposes of comparison:
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Where subscripts “fd” in equations (13a) and (13b) indicate fully developed flow, subscripts “3”

and “4” denote 3- or 4-sided heating through the heat exchanger walls.
When computing Nu in the thermal entrance region, the non-dimensional axial coordinate

is defined by the following equation:

Where z is the axial coordinate in the domain, and the Reynolds number and Prandtl

number are computing at the inlet of the domain.
For this study, ac=0.143. In order to calculate Nuz,3 for this αc interpolation between αc 0.1

and αc 0.25 is employed. Kandlikar [28] prescribes the following equation to compute the Nusselt

number in the thermally developing region of the domain:

For this analysis, the local Nusselt number and heat transfer coefficient are computed using

the heat flux values at various sections. The inside heat transfer coefficient (along the perimeter of
the fin) is computed using the following expression:

The wall temperature (Tw) used in the calculation is found by averaging the temperature
across the wall section. The bulk temperature (Tb) is found by calculating the mass averaged
temperature across the cross section. Nusselt number, may then be computed using the standard

relation:
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The “inside” heat transfer coefficient is referred to as such in reference to the internal flow
through the microchannel. Microchannels, with extremely small characteristic dimensions (Dh),

thus can exhibit a proportionally larger inside convective heat transfer coefficient.

3.4 Thermal Resistance
The thermal resistance to heat transfer for a microchannel heat sink may be expressed as

follows (from Chein and Huang [14]):

From equation (18), q” represents the rate of heat rejection from the heat source into the heat

transfer liquid through the MCHS.
For this study, the thermal conductivity value for pure silicon was used for all calculations

(ks=180 W∕m∙K), with constant properties.

3.5 Frictional Pressure Loss
The Poiseuille (Po) number is defined as:

Where f is the Darcy friction factor and Re is the Reynolds number.
Shah and London [30] developed the following correlation for computing the Poiseuille
number for fully developed laminar flows in a rectangular channel:

Kandlikar [28] developed the following correlations for computing the Poiseuille number

in the developing region of the flow for different aspect ratios:

When computing fRe, the non-dimensional axial coordinate is defined by the following equation:
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Frictional pressure loss through the MCHS liquid channel is related to the average Fanning

friction factor by the following equation:

The friction factor is also related to the shear stress at the wall by the following relation:

The apparent Poiseuille number is found using the following expression:

Where f is the Fanning friction factor.

3.6 Finite Volume Model
The governing equations for the finite volume model are as described below:
i) For the liquid domain

(1) Conservation of mass/Continuity

(2) Conservation of momentum

(3) Conservation of energy

ii) For the solid domain

(1) Energy equation for solid:

79

Figure 3.2. Diagram of solid and liquid domains.

The domain modeled for this study is depicted in Figure 3.2. The plane of symmetry is
assumed to exist since the model enforces laminar flow in the liquid domain. Overall length of the

domain is 1 cm. The hydraulic diameter for the fluid domain is 87.8 μm. A uniform heat flux of

1,000,000 W/m2 is applied uniformly across the base of the fin section. At the inlet (z=0mm) of
the channel, a uniform velocity and temperature is applied. At the outlet (z=10mm) of the channel,
the “outlet” condition is applied. At the sides of the domain (x=45μm), a symmetry boundary

condition is applied. The top of the domain (y=375μm) is isothermal. The “no-slip” condition is
imposed at the interface between the solid and liquid domains.

This model and mesh were constructed and analyzed using the Ansys Fluent 19.0

simulation package. The mesh is illustrated in Figure 3.3. The SIMPLE pressure-velocity coupling
scheme was employed. The least square cell based gradients, second order pressures, second order
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upwind momentum and energy spatial discretization were selected for use in the model solution
method.

Figure 3.3 Isometric and front view of model mesh.

3.7 Grid Independence Study
The domain was modeled with several different mesh densities in an effort to determine
the density necessary to ensure that the model output approaches a point of stable output.
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Table 3.1 Mesh density study.

2.9

No. of
longitudinal
divisions
190

Inlet
Pressure
(Pa)
979,757

418,000

2.9

200

979,312

318.54

C

438,000

2.9

210

979,575

318.54

D

476,800

2.7

200

979,916

318.54

E

333,600

3.2

200

977,838

318.54

F

449,350

2.9

215

979,835

318.54

Mesh

Total
elements

Element
size (μm)

A

397,100

B

Outlet Temp
(K)

318.54

The boundary conditions are set identically for all meshes and the simulations were run to

completion. The fin material is silicon. For model validation runs, the liquid working fluid selected

was water. Several key model outputs were then extracted. The data extracted include:
•

Mass averaged temperature across the channel outlet plane.

•

Area averaged pressure across the channel inlet plan

•

Liquid temperature on the z-axis at the base of the channels plane of symmetry

•

Liquid temperature and velocity along the y-axis, on the liquid plane of symmetry

at the outlet of the channel.
•

The results of the study are included in Table 3.1, and in Figures 3.4 and 3.5.
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Figure 3.4. Liquid temperature profile on axis of symmetry at channel surface. (x=0, y=25μm)

Figure 3.5. Liquid velocity profile on plane of symmetry, x=0, z=10mm
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These data indicate that the output for all meshes are qualitatively similar, and have
converged to stability. Based on the results of the study, mesh configuration C was selected.
Another series of tests was conducted to determine the critical residual values when solving
the system of equations. By observing the residuals change as the solver iterates, it became clear
that the z-velocity equation residual was critical, as it converged the slowest and appeared to have

the most significant effect on the results. Three different residual values were examined for their
impact on the model output: 1x10-5, 1x10-6 and 1x10-7. Considering this range of residuals the

average inlet pressure computed decreased by 0.03% as the residual decreased from 1x10-5 to
1x106, and only 0.0001% as the residual was decreased from 1x10-6 to 1x10-7. Therefore, the

residual for the z-velocity equation was set at 1x10-6. Residuals for the continuity equation are in
the range of 1x10-4, and decrease somewhat less rapidly than those for the z-velocity. As the z-

velocity residuals were changed, the calculated mass flow rate remained essentially unchanged

(remaining within 0.0001%). Residuals for the energy equation remained below 1x10-10 in all
cases, and so were not thought to be a critical variable. The final mesh selected for use in the study
is depicted in Figure 3.3.

3.8 Model Validation
In order to validate the model, a simulation using the selected mesh (Mesh C) was executed

using the Fluent solver, and relevant model output was compared against an analytical result that
is known to be correct. For this model validation, a result from [28] was used as a reference. The
channel and the fins modeled for the validation study have the same dimensions as that used for

the first part of the validation. The liquid inlet velocity and temperature were set uniformly at 1.245
m/s and 308K, respectively. Kandlikar [28] developed an analytical solution to compute the outlet

temperature. Accuracy is tested by comparing the mass-averaged outlet temperature and the areaaveraged inlet static pressure computed using the correlations mentioned earlier. In this case, the
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results generated by the finite volume model agree quite well with the results predicted by the
analytical correlations. Using the selected mesh, the computational model predicts that the massaveraged temperature across the plane of the outlet increases to 317.97K, and the average static

pressure at the plane of the inlet is 43.3 kPa. This compares to the analytical solution that predicts
a temperature at the outlet of 318K, and inlet static pressure of 43.6 kPa. The difference between
the computational solution and the analytical solution in this case is 0.09% and 0.7% respectively.

3.9 Results
In this study, the performance of several nanofluids in the microchannel described above

is examined. The fluids examined include 60% EG, 60%EG/Al2O3, 60%EG/CuO, and
60%EG/SiO2; the volumetric concentration of nanoparticles in the nanofluids varied from 1% to

3%. Several different studies are conducted to isolate the effects of changing various parameters
including inlet Reynolds number and inlet average temperature, on the performance of the MCHS.

3.10 Variable Reynolds Number
The first study examines the variation of microchannel performance as the inlet Reynolds
number varies from 50 to 300 for 60% EG and the Al2O3, CuO and SiO2 nanofluids with

concentrations ranging from 1 to 3%. Section properties were extracted from the model using the
CFD-Post utility.
Figure 3.6 and Figure 3.7 illustrate the variation of Nusselt number with non-dimensional

length (z+) along the axis of the heat exchanger channel, considering a constant inlet temperature

of 308K for the 60% EG and the nanofluids under consideration. The Nusselt number predicted
by the correlation referenced in Eq. (15) is superimposed for reference.
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Figure 3.6. Average Nu versus z+ for all fluids tested, Re=50.

Figure 3.7. Average Nu versus z+ for all fluids tested, Re=300.
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At the inlet (z=0), the model output for average liquid temperature often did not obey the
stipulated boundary condition for inlet temperature, instead generating a value that was typically

slightly higher than the stipulated value. This contributed to a singularity in the calculated heat
transfer coefficient, as it typically yielded an inverted temperature gradient indicating heat flow
out of the liquid stream. In order to improve the quality of the output, therefore, the average value

of the liquid at the inlet plane was manually adjusted to the match the boundary condition. This
made it possible to compute values for heat transfer coefficient and Nusselt number at the inlet

plane. The data illustrates that the 60% EG/3% CuO nanofluid has the highest Nusselt number of
all the fluids examined, and the base fluid has the lowest Nusselt number at all points along the

length of channel.
Figure 3.8 illustrates the variation in average wall heat transfer coefficient for all fluids

along the longitudinal axis of the microchannel for Re=300 considering a constant inlet
temperature of 308K This comparison indicates that the 60% EG/3% CuO exhibits the highest heat
transfer coefficient of all the fluids tested over the range of Reynolds numbers considered, with an
average heat transfer coefficient of 56,351 W/m2.K. For all Reynolds numbers examined, the heat

transfer coefficients generally decrease rapidly near the inlet from an extremely large value, that
approaches a steady state value when the flow become thermally fully developed. At the inlet,

temperature differentials between the wall and the fluid approach zero, and so the calculated heat
transfer coefficient approach infinity.
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Figure 3.8. Average heat transfer coefficient versus z-position for all fluids, Re=300.

Figure 3.9 depicts the average wall heat transfer coefficient along the longitudinal axis of

the microchannel as the Reynolds number is varied from Re=50 to Re=300 in increments of

50 for the MCHS with 60%EG/2% Al2O3 nanofluid. All of the other fluids modeled, including
the other nanofluids and the base fluid behave similarly to the 60%EG/2% Al2O3 nanofluid as
Reynolds numbers are increased. At lower Reynolds numbers the heat transfer coefficient for

the 60%EG/2% Al2O3 nanofluid decreases rapidly beyond the inlet to a relatively low value
that approaches a steady state value of 34,450 W/m2.K at Z=0.005m; at higher Reynolds
numbers the heat transfer coefficient decreases over the length of the channel, while

approaching slightly higher steady state values. For all fluids examined, as the Reynolds
number increases, the average value of heat transfer coefficient increases, while the value at
the exit changes relatively little.
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Figure 3.9. Average heat transfer coefficient versus z-position for 60%EG/2% Al2O3.

Figure 3.10 depicts the average wall heat flux along the z-axis of the domain for Re=300

respectively for all of the fluids examined with constant inlet conditions. The analyses indicate
that the heat flux for all fluids examined are very similar over the length of the domain, remaining
within 1% from Z=0.002m to the outlet. The data for all liquids examined and all Reynolds

numbers in the range of 50 to 300 indicate that the heat flux along the longitudinal axis are all very

similar despite the large variation in volumetric flow. Since there is constant heat flux at the

boundary, this is to be expected.
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Figure 3.10. Average wall heat flux versus z+ for all fluids, Re=300.

Average values for the wall heat transfer coefficient (h), and Nusselt number for
60%EG/2% Al2O3, from Re=50 to Re=300 are reported in Table 3.2.
Table 3.2. Average values for h and Nu for 60%EG/2% Al2O3.
Re

50
100
150
200
250
300

havg(W∕m2∙ Nuavg
K)
37,331.31
40,000.73
42,695.44
45,240.06
47,608.10
50,202.41

7.56
8.16
8.74
9.27
9.76
10.22

The values for average Nusselt number reported in this study tend to deviate significantly
from those reported by others for rectangular microchannels considering traditional T (constant
temperature), H1 (axially constant wall heat flux and circumferentially constant temperature), and

H2 (uniform wall heat flux) boundary conditions. The average Nusselt numbers found for the
modeled fluids are considerably higher than those reported by [28] for an aspect ratio of 0.143.
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The values are 6.1, 5.4, and 3 for T, H1 and H2 boundary conditions, respectively. This reflects
the impact of the various deviations from the assumptions implicit in those classic boundary
conditions.
Table 3.3 and Table 3.4 contain tabular performance data for the MCHS with nanofluids and

the base fluid at Reynolds numbers 50 and 300. These tables illustrate the impact of the fluids'

different properties on the performance of the MCHS. For Re=50, the 60%EG/3% CuO produces
the lowest average base temperature, and has the highest average inside heat transfer coefficient.

In contrast, it exhibits the highest required pressure at the inlet as well as required hydraulic

pumping power. At Re=300, the MCHS with 60%EG/3% CuO again yields the lowest average
base temperature, and the highest average inside heat transfer coefficient. However, it has the

highest inlet pressure requirement and hydraulic power. The pressure requirement at the inlet of
the channel considering the 60% EG at an inlet Re=300 is 1,608 kPa, while for the 60% EG/3%

CuO is 4,703 kPa, a difference of 192%. The difference in the hydraulic power required to drive
the flow of 60%EG/3% CuO at Re=300 reflects the greater volumetric flow compared to the

60%EG. It is 366% higher for the nanofluid than that required for the base fluid. At Re=300, the

microchannel with 60% EG/3% CuO nanofluid has an average base temperature that is 1K lower
than that for the microchannel with 60% EG. Due to the large difference in viscosity and fluid

density between the 60% EG and the 60% EG/3% CuO, this represents a significant difference in
mass flow, with required mass flow rates for the channel of 1.885 x10-4 kg/s and 3.441x10-4 kg/s

for 60% EG and 60% EG/3% CuO nanofluids, respectively (the mass flow rate for the 60% EG/3%
CuO is 83% higher than for the base fluid in this case
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Table 3.3. Average values, all fluids with constant inlet Reynolds number (Re=50).
Fluid
60% EG
60%EG/1% CuO
60%EG/2% CuO
60%EG/3% CuO
60%EG/1% SiO
60%EG/2% SiO
60%EG/3% SiO
60%EG/1% Al2O3
60%EG/2% Al2O3
60%EG∕3% Al2O3

Tavg (K)
318.036
317.193
316.351
315.63
317.468
317.361
317.253
317.45
316.917
316.448

havg
(W∕m2∙K)
31,987.00
36,572.28
37,869.97
40,143.19
33,970.40
34,054.12
34,199.40
36,531.84
37,331.31
38,449.24

Pavg (Pa)
234,147
299,613
463,471
708,979
310,312
346,122
388,167
288,438
369,129
460,964

(mW)
6.84
9.64
17.91
32.97
10.27
12.12
14.34
9.18
13.04
18.10

Table 3.4. Average values, all fluids with constant inlet Reynolds number (Re=300).
Fluid
60% EG
60%EG/1% CuO
60%EG/2% CuO
60%EG/3% CuO
60%EG/1% SiO
60%EG/2% SiO
60%EG/3% SiO
60%EG/1% Al2O3
60%EG/2% Al2O3
60%EG∕3% Al2O3

Tavg (K)
313.404
312.99
312.689
312.392
313.157
313.119
313.078
313.075
312.879
312.705

havg
(W∕m2∙K)
43,187.17
48,730.59
52,068.71
56,351.44
45,865.74
46,215.44
46,623.21
48,061.04
50,202.41
52,233.60

Pavg (Pa)
1,608,600
2,040,540
3,112,490
4,702,510
2,121,080
2,364,530
2,633,800
1,969,940
2,499,740
3,101,160

(mW)
281.77
393.77
721.75
1,312.27
421.26
496.78
584.02
376.33
530.14
730.60

Figure 3.11 graphically depicts the liquid temperatures on the plane of symmetry along the

center axis (x=0) of the domain for the 60% EG/2% Al2O. This graphic illustrates that for Reynolds
number greater than 100, the flow does not achieve full thermal development, as the temperature
of the center plane remains at 308K for nearly the entire length of the channel. For Re=50, the
graphic indicates the thermal effect at the wall penetrates the symmetry plane at approximately

z=0.3 cm. At Re=100, the thermal wall effects penetrate the symmetry plane at approximately
z=0.7 cm. This illustrates that there is a point of diminishing returns for lowering the base
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temperature as flows through the MCHS are increased, the thermal effects of the wall do not reach

the axis of symmetry for Reynolds number slightly greater than 150.

Figure 3.11. Longitudinal axis liquid temperature, 60%EG/2% Al2O3

In Figure 3.12 below, the R-value of all fluids tested is plotted with respect to inlet Reynolds
number. The data indicates that the lowest R-values are generated by the 60%EG/3% CuO
nanofluid. The highest R-values are generated for the 60% EG. All of the nanofluids studied
exhibited lower R-values than the base fluid over the range of Reynolds numbers evaluated, with

the 60%EG/3% CuO exhibiting the lowest R-value.
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Figure 3.12. Average R-value for all fluids versus liquid Reynolds number

Figure 3.13 is a plot of the average temperature of the microchannel considering the same

range of variables. In this case, the 60%EG/3% CuO also exhibits the lowest base temperature
of all fluids examined for all Reynolds numbers studied. The 60% EG, in contrast, exhibited
the highest average base temperatures of all. At Re=50 the average base temperature for the

60%EG/3% CuO filled microchannel is 2.4K lower than that of the microchannel filled with
60%EG. The difference in average base temperatures between the 60%EG and the 60%EG/3%
CuO decreases with increasing Reynolds number. At Re=300, the difference between the

average base temperature for the base fluid and the nanofluid decreases to 1K. All of the
nanofluids studied are predicted to decrease the average base temperature relative to that for

the base fluid at equal Reynolds number. This is an important finding, as maintaining lower
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base substrate temperatures presumably increases the reliability of integrated circuit systems

due to the reduction in thermal stresses across the domain.

Figure 3.13. Average base temperature for all fluids versus liquid Reynolds number

In Figure 3.14 and Figure 3.15 below, contain graphs of the Poiseuille number for all liquids
examined over the length of the microchannel for Reynolds numbers 50 and 300, respectively. The

values predicted by [28] are superimposed for reference. The Poiseuille numbers are nearly equal

over the length of the domain for all the liquids examined. Using Eq. (12), the hydraulic entrance

length for the flows examined here range from 0.022 cm to 0.13 cm in length as Reynolds number
increases from 50 to 300. The modeling data indicates that the Poiseuille number approaches a

steady state value at z=0.05 cm and z=0.25 cm at Reynolds number 50 and 300, respectively.

At Re=50, the Poiseuille number for the fluids drop steeply at the inlet, to a fully developed

value of 22.3-22.7, depending on the liquid, at z*=0.0251. At Re=300, the Poiseuille decreases
rapidly from the inlet to a fully developed value 23.1 at z*=0.014. These modeled values compare
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to values for Poiseuille number of 27.9 and 35.0 as predicted by [28], at the Reynolds numbers of

50 and 300. In this case, the model predicts that the friction factor for the flow is lower than that
predicted by the previously published correlation.

Figure 3.14. Poiseuille number variation with axial position, Re=50.
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Figure 3.15. Poiseuille number variation with axial position, Re=300.

3.11 Constant Inlet Velocity
Table 3.5 contains calculated average values for average base temperature, inside heat

transfer coefficient and inlet pressure for all of the fluids examined, with inlet temperature held at

308K and inlet velocity held constant at 5 m/s.
Table 3.5. Average values, all fluids with constant inlet velocity (5 m/s).
Fluid
60% EG
60%EG/1% CuO
60%EG/2% CuO
60%EG/3% CuO
60%EG/1% SiO
60%EG/2% SiO
60%EG/3% SiO
60%EG/1% Al2O3
60%EG/2% Al2O3
60%EG∕3% Al2O3

Re
157.75
142.49
119.62
98.73
135.86
130.44
125.18
142.94
128.69
118.49

Tavg (K)
314.625
314.282
314.194
314.091
314.554
314.617
314.672
314.382
314.311
314.26
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havg
(W/m2.K)
36,902.21
40,769.45
41,603.69
43,150.99
38,269.96
38,101.43
38,004.48
40,505.53
41,302.50
41,894.76

Pavg (Pa)
771,020
884,285
1,115,225
1,392,176
890,864
935,384
985,649
862,897
982,264
1,091,836

The 60% EG/3% CuO nanofluid generated the lowest modeled average base temperature,

and the highest average heat transfer coefficient over the length of the fin. The microchannel
modeled with 60% EG generated the lowest required pressure at the inlet for the specified average

inlet velocity. Considering constant inlet velocity (as illustrated in Table 3.5), the average base
temperature for the 60% EG/3% CuO is 0.53K lower than that for the 60% EG. In this case, the

required pressure at the inlet is 80% higher than that for the base fluid. In this case, the hydraulic

power required is directly proportional to the pressure at the inlet, since volumetric flows are equal
considering equal entering velocity.

3.12 Variable Inlet Temperature
Experiments have shown that the thermophysical properties of various nanofluids change

significantly with temperature. In particular, thermal conductivity and specific heat increase mildly
with increasing temperature, while density decreases mildly with increasing temperature. In
contrast, viscosity decreases strongly with increasing temperature (the viscosity of both 60% EG

and 60%EG/2% Al2O3 both decrease by approximately 25% as bulk temperature increases from
306K to 316K). This has the potential to impact heat transfer performance.
To quantify the effect of changing liquid inlet temperature on the heat transfer performance

of the MCHS, a series of runs with 60%EG/2% Al2O3 with inlet set at Re=150, and varying inlet
temperature from 306K to 316K were performed. In Figure 3.16, the variation of Nusselt number

with changing inlet liquid temperature is presented graphically. This shows that the Nusselt
numbers are slightly higher for lower inlet liquid temperatures near the inlet. The curves once

again approach a value of 7 with increasing Z.
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Figure 3.16. Nusselt number variation with Z-position, considering multiple temperatures for 60%EG/2%
Al2O3 Re=150

The average wall heat transfer coefficient for all inlet temperatures considered are depicted

in graphic form in Figure 3.17. These plots all end up nearly coincident, despite the change in
viscosity expected over the 10K temperature range. The average heat transfer coefficient for 60%
EG/2% Al2O3 nanofluid ranges from 42,841 W/m2.K at 306K to 42,345 W/m2.K at 316K, a

decrease of 1.1%.
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Figure 3.17. Heat transfer coefficient variation with Z-position, for 60%EG/2% Al2O3 at multiple inlet
temperatures.

In Figure 3.18, the calculated friction factor between inlet temperature 306K and 316K is
illustrated. For this metric, calculated values remain nearly constant as the inlet temperature

increases through the range.
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Figure 3.18. Poiseuille number variation with axial position, for 60%EG/2% Al2O3 Re=150
considering multiple inlet temperatures.

3.13 Conclusions
A nanofluid filled MCHS was simulated using conjugate heat transfer and fluid dynamic,
three-dimensional finite volume modeler assuming a fixed heat flux through the base. These
analyses show that the model generates Nusselt and Poiseulle numbers that agree qualitatively

with the existing correlations proposed by Kandlikar [28]. The significant findings based on a

detailed examination of the model data are summarized thusly:
•

Of the nanofluids studied, the 3% CuO/60% EG exhibits the biggest improvement in the

average heat transfer coefficient compared to the base fluid over the range 50≤Re≤300. The
average inside heat transfer coefficient for the 3% CuO/60% EG nanofluid exceeds that of the
base fluid by 30% at Re=300. The average heat transfer coefficient for the 3% CuO/60% EG
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is 25% higher than that for 60% EG at Re=50, and 17% higher when compared at a constant
inlet velocity of 5 m/s.
•

Similarly, the thermal resistance of the MCHS with 3% CuO/60% EG was 24% lower than

that for the base fluid at Re=50 and 19% lower at Re=300. All of the nanofluids lowered the
overall thermal resistance of the system when compared on a constant Reynolds number basis.
•

Considering equal inlet Reynolds numbers, all of the nanofluids examined lowered the average
temperature on the base of the solid domain. At best, the base temperature reduction predicted

in the model is 2.4K. In applications where MCHS are used with nanofluids for component
cooling, lower operating temperatures may contribute to increased component life and system

reliability.

As expected, the improvement in heat transfer performance of an MCHS with nanofluids
comes at the cost of higher frictional pressure losses and pumping power. At Re=300, the 60%

EG/3% CuO generates frictional pressure losses 192% higher than those for the base fluid.

Pumping power for the nanofluid exceeds that for the base fluid by 366%. The increase in power
requirements and energy consumption associated with pumping more viscous nanofluids versus
their respective base fluids must be balanced against absolute improvements in the system

thermal performance.
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3.14 Nomenclature
A

Heat transfer surface area (m2)

Cp

Specific heat (J/kg∙K)

f

Fanning friction factor

g

Gravitational acceleration (m/s2)

h

Convective heat transfer coefficient (W/m2-K)

H

Fin height (m)

k

Thermal conductivity (W/m-K)

L

Length (m)

m

Mass flow rate (kg/s)

Nu

Nusselt number (hdi/k)

∆p

Pressure drop (Pa)

q

Total heat transfer rate (W)
"

q”

Heat flux (W/m2)

V

Liquid velocity (m/s)

V

Volumetric flow (m3/s)

R

Thermal resistance

Re

Reynolds number pVdi∕μ)

W

Hydraulic power (J/s)

T

Temperature (K)

3.15 Greek Symbols

a

Channel aspect ratio
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β1

Channel aspect ratio

μ

Dynamic viscosity (mPa∙s)

Fin efficiency

φ

Volumetric concentration

p

Density (kg/m3)

3.16 Subscripts
i

Inside

cap

Capacitive

con

MCHS base

f

Base fluid

fin

Fin

nf

Nanofluid

s

Solid nanoparticle

th

Heat sink thermal resistance

w

MCHS wall
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Chapter 4.
EXPERIMENTAL CHARACTERIZATION OF HYDRONIC AIR COIL PERFORMANCE

WITH ALUMINUM OXIDE NANOFLUIDS1

Abstract: The objective of this study is to experimentally characterize and compare the
performance of a nanofluid comprised of Al2O3 nanoparticles with 1, 2 and 3% volumetric

concentration in a 60% ethylene glycol/40% water (60% EG) solution to that of60%EG in a liquid
to air heat exchanger. The test bed used in the experiment simulates a small air handling system
typical of that used in HVAC applications. Entering conditions for the air and liquid were selected

to emulate typical operating conditions of commercial air handling systems. In the experiment the

nanofluids generally did not perform as well as expected based on previous analytical work. The
performance of the 1% nanofluid was generally equal to that ofthe base fluid considering identical
entering conditions. However, the 2% and 3% nanofluids performance was considerably worse

than that of the base fluid. The higher concentration nanofluids exhibited heat rates up to 14.6%
lower than that ofthe 60%EG, and up to 44.3% lower heat transfer coefficient. 1% Al2O3/60% EG

exhibited 100% higher pressure drop across the coil than the base fluid considering equal heat
output.

Strandberg, R., Das, D.K., Ray, D., “Experimental Characterization of Hydronic Aur Coil Performance with
Aluminum Oxide Nanofluids,” This manuscript is ready to be submitted to ASME Journal of Heat Transfer for
review/publication.
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4.1 Introduction
Liquid suspensions that have been supplemented with extremely small particles (less than

100 nm in their characteristic dimension, called “nanoparticles”) in suspension, are often referred
to as “nanofluids.” The addition of the nanoparticles can alter the thermophysical and rheological
properties of the base fluids in ways that can be exploited for benefit in various applications. Heat
transfer fluids supplemented with nanoparticles have been shown in studies by multiple authors to

exhibit superior thermal conductivity to those of conventional heat transfer fluids ([1], [2], [3]).

Choi [4] is generally recognized as having published the earliest work examining the potential for
nanoparticles in suspension to enhance the thermal conductivity of fluids. Other authors have

published on the superior heat transfer coefficient offered by nanofluids in forced convection in
turbulent internal flows ([5],[6]).

Several investigators have tested nanofluids in different liquid heat transfer applications to

better understand the impacts of nanofluids' unique properties on heat transfer performance.
Peyghambarzadeh, et al. [7] studied Al2O3 nanoparticles dispersed in water and ethylene glycol
solutions, with variable concentrations of both nanoparticles (0.1 to 1 v/v%) and glycol (5-20

v/v%). In this study, the nanofluid displayed up to a 40% increase in Nusselt number compared to
the base fluid. In a later study, Peyghambarzadeh, et al. [8] performed another experimental study
using water based nanofluids with Fe2O3 and CuO nanoparticles in concentrations up to 0.65 v/v%.

The study investigated the performance of the nanofluids relative to pure water over a range of
flows, inlet temperatures and variable nanoparticle concentrations. Considering the most ideal test

conditions observed, the authors concluded that the nanofluids enhanced the overall heat transfer
rate of the radiator up to 9% for the Fe2O3. Akash, et al. [9] performed an experimental study to
evaluate the performance of nanofluids made from graphite nanoparticles dispersed in water. The

authors found that the graphite nanofluid exhibited superior performance to the base fluid when
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compared on a variety of metrics. The test results indicated that the nanofluid's performance

superiority was greatest at lower liquid flow rates, with the performance of the nanofluid and the
base fluid converging at higher flows. In the study performed by Kulkarni, et al [10], the authors

operated a 45 kW diesel generator in a lab scale apparatus to simulate operation as a heat/power

cogeneration plant. The testing was performed using a nanofluid that was made from 50% EG
(wt%), with varying concentrations of Al2O3 nanoparticles in concentrations up to 6 v/v%. The

tests measured performance of the base fluid, as well as nanofluids with concentrations of2, 4 and
6 v/v% nanoparticles. The investigators concluded that both cogeneration and heat exchanger
efficiency increased as the nanoparticle concentration increased up to 6%. Pandey and Nema [11]

reported on the performance of an Al2O3/water nanofluid as a coolant in a brazed plate heat
exchanger, and determined that the 2% nanofluid exhibited the best heat transfer performance of

all nanofluids tested. The investigators found that Al2O3 nanofluids exhibited superior properties
to the others nanofluids. Farajollahi, et al. [12] performed an experimental study of water based

nanofluids with TiO2 and γ-Al2O3 in a shell and tube heat exchanger under turbulent flow
conditions. Both nanofluids exhibited superior heat transfer performance to the base fluid (water).
Liquid to air finned heat exchangers (or “coils”) are commonly used to heat or cool air in
building Heating Ventilating and Air Conditioning (HVAC) systems. These heating/cooling coils

typically employ rows of close packed metallic (usually aluminum) fins that have been

mechanically attached to thin-walled copper tubes (see Figure 4.1). Heat transfer fluid is passed
through the copper tubing while air passes over the close packed fins, accomplishing heat transfer
between the heat transfer liquid and the outside air. Liquid and air travel in a “crossflow” pattern.

These heating coils are found in installations of widely varying sizes ranging from 100 cm2 and

larger. Large heating coils are used in central air handling units, while smaller versions are
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employed in unit heaters and duct mounted coils. The superior thermal conductivity of nanofluids

may be exploited in different ways. Increased thermal output for a given surface area and equal

entering conditions may yield a reduction in heat transfer area required for a desired heat rate.
This, in turn, may translate into a reduction in total required heat transfer area, which may be
reflected in lower fin density, and thus lower air-side pressure drop and fan power consumption.
Additionally, this could yield a reduction in the volume of required materials of construction.

Increase in the heat transfer coefficient at the inside surface ofthe tubing for a given flow rate may
also result in the reduction of required liquid flow rate for a given rate of heat transfer, thereby

offering the potential of a reduction in pumping power consumed over the life of the heating coil.

Strandberg and Das [13] previously performed an analysis of the performance of hydronic

heating coils with nanofluids and conventional fluids. That analysis indicated that coils filled with
Al2O3/60:40 EG/Water (by mass) nanofluids (heretofore referred to as 60% EG) exhibit superior

heating output to coils filled with 60% EG base fluid. One of the significant findings of the study

was that the largest potential benefit ofnanofluids in terms ofpumping power reduction for a given
heating output occurs under conditions where the coil operates at less than design capacity. Since
typical HVAC systems spend the majority of their operating time at “off-design” conditions,

nanofluids may have the potential to generate significant reductions in power consumption over
the life of a typical HVAC system.

The previous analytical work by Strandberg and Das [13] predicted a significant boost in
the heat transfer coefficient for the nanofluid as the volumetric concentration increases when

compared to the base fluid considering a fixed Reynolds number. The analyses indicate that all of
the nanofluids analyzed should exhibit superior thermal output relative to the base fluid over a

wide range of Reynolds numbers and volumetric flows. Table 4.1 and Table 4.2 below contains the
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thermal output generated using the aforementioned analytical model for coils with an identical
physical configuration and entering conditions circulating 60% EG and Al2O3/60% EG nanofluids
with 1-3% particle volumetric concentrations.
Table 4.1. Analytical model heat rates for various heating fluids over a range of Reynolds numbers.

Fluid/Heat Rate (W)
Re

60%EG

1%AI2O3∕60%EG 2%Al2O3/60%EG 3%Al2O3∕60%EG

1500

1970

2269

2574

2839

3000

3154

3540

3907

4273

4500

4003

4433

4776

5064

6000

4571

4989

5312

5578

Table 4.2. Analytical model heat rates for various heating fluids over a range of volumetric liquid flows.

Fluid/Heat Rate (W)
V(L∕s)

60%EG

1%Al2O3∕60%EG 2%Al2O3∕60%EG 3%Al2O3∕60%EG

0.031

2063.0

2237.3

2342.1

2412.4

0.063

3273.1

3501.1

3635.2

3723.9

0.094

4126.5

4370.4

4511.3

4603.5

0.126

4691.6

4929.7

5065.6

5153.7

The existing literature reporting on experimental work concerning the performance of 60%
EG/Al2O3 nanofluids in this type of application is limited. Strandberg and Das [14] reported on
the heat transfer performance of 1% Al2O3/60% EG in an experimental study of a liquid filled,

finned air coil with of the type typically found in air handling systems that was very similar to the
one used in this study. Considering entering liquid temperatures that were substantially lower than

those found in most commercial and industrial applications, the study found that the heat rates of
the nanofluid filled coil were nearly identical to those of the 60% EG filled coil over a limited
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range of Reynolds numbers. It was hypothesized that the potential benefits of nanofluids with a
60% EG base fluid would increase at higher entering liquid temperatures, since the viscosity of

nanofluids decrease with increasing temperature, while thermal conductivity increase with
temperature. The improvements in thermophysical properties at relatively higher temperatures

therefore would facilitate better heat transfer performance relative to the base fluid.

Objective: The objective of the present experimental study is to compare the performance
of the heating coil filled with Al2O3/60% EG nanofluid in various concentrations to the coil's
performance with 60% EG. The Al2O3/60% EG nanofluid was selected based on the findings of
Ray and Das [15] that indicate it has the potential for substantially better performance than the
60%EG with CuO and SiO2 nanoparticles in the temperature ranges that comfort heating systems

typically operate. Also, these nanoparticles are readily available from commercial sources in

colloidal solutions that are easily procured and formulated with ethylene glycol into a nanofluid of
the desired composition. Performance metrics used for comparison include rate of heat transfer
with varying liquid flows, liquid pressure drop and pumping power required for a given rate of

heat transfer. Additional analysis of the nanofluids evaluate the thermodynamic performance of
the fluids on the basis of exergy consumed in the heat transfer process. This study has been

improved compared to the earlier experiment by Strandberg and Das [14] by increasing the

entering liquid temperature to 350 K from 325 K, which is much closer to typical entering
temperature for hydronic heating systems operating in the arctic and sub-arctic environments.

The testing is performed using a test loop comprised of a brazed plate heat exchanger,
pump and small air handler with a hydronic coil. The test bed connects to a thermostatically
controlled 4.5 kW electric water heater that serves as the heat source for the testing. A pump

circulates hot water through the primary side of the plate heat exchanger. This, in turn, heats the

113

secondary side of the test loop (also a pressurized loop) through the wall of the heat exchanger.

The system is constructed of 1.27 cm (½") O.D. copper tubing. An inline centrifugal, wet rotor
type pump (Grundfos 26-99F, Downers Grove, IL) circulates the fluids through the loop. The

system connects to an air handling unit comprised of a centrifugal fan drawing air through
ductwork and other appurtenances including a hydronic heating coil and a venturi tube connected

with intermediate sections of rectangular duct for airflow measurement (refer to Figure 4.2, 4.3

and 4.4).

Figure 4.1. Finned heating coil configuration.

The heating coil used in the test bed (manufactured by Titus, Inc., Plano, TX) is pictured

in Figure 4.1. The heating coil is 30.5 cm wide by 25.4 cm high, and is configured with two rows

of copper tubes with fins in the air stream. The coil has flat aluminum fins 0.25 mm (0.010 in)
thick mechanically attached to copper tubing with 12.7 mm outside diameter and 0.4 mm wall
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thickness. Fin density is 3.9/cm (10/in). The transverse pitch of the coil tubing is 2.5 cm and the

longitudinal pitch is 3.5 cm.

The coil enclosure was insulated with 5-7.5 cm of foil faced fiberglass batt insulation, and
exposed tubing bends were insulated with EPDM foam wrap. The insulation was applied to
thermally isolate the heat transfer section between the temperature sampling points.

Instrumentation on the testing apparatus included thermistors installed in wells on the liquid supply
and return lines immediately upstream and downstream of the coil inlet and outlet to measure

entering and leaving liquid temperatures, respectively. Liquid static pressure drop across the coil
tubing is measured using a differential pressure sensor (strain gage-type transducer) connected

across the supply and return connections. The liquid flow rate was measured using an inline
paddlewheel flow meter. On the air side of the apparatus, four thermistors arrayed on the air inlet

and outlet of the heating coil measure temperature of the coil. These devices were manufactured

by Ebtron (model SP-1, Loris, SC). Volumetric air flow was measured using an in - duct calibrated
venturi tube, manufactured by Lambda Square, Inc. (Babylon, NY). Control of the liquid supply

temperature to heating coils is accomplished using an electrically actuated control valve. A closed
loop control circuit incorporating a LabView DAQ and control program, with PID
(proportional/integral/derivative) control logic provided highly accurate set point control of the

coil hot glycol inlet temperature. Development of the control program was by the author.

The testing apparatus was very similar to the one used in the paper by Strandberg and Das
[14] with refinements in the design to reduce the entrained liquid volume, reconfiguration of the

system to ease purging of air, and increasing the entering temperature to the test section. The
testing apparatus was also relocated to a different lab space with a more stable thermal

environment. This condition assured more consistent test conditions. The test bed used in the
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previous testing used a heat source that limited supply temperatures of the liquid to 327K.
Typically, air heating coils in arctic and sub-arctic regions circulate liquid with supply

temperatures in the range of 350 to 355K. The revised test bed heat source is capable of generating

liquid supply temperatures of 350K in the test loop. Previous empirical tests have shown that
certain nanofluids have thermophysical properties that vary with temperature ([16] and [17]). In

particular, empirical data indicates that thermal conductivity of 2% Al2O3/60% EG increases 9%,
while viscosity decreases 41% as temperature increases from 327K to 350K. Similar
improvements are exhibited by nanofluids of 1 and 3%. These improvements in properties have

the potential to significantly improve the heat transfer performance of the nanofluid relative to the

base fluid. This study is designed to determine if the performance benefits predicted in previous
analytical studies can be replicated in an experimental investigation.
Photographs of the apparatus are included in Figure 4.2 and Figure 4.3 and a schematic of

the apparatus is depicted in Figure 4.4.

Figure 4.2.Test bed air handler: (1) venturi tube, (2) hydronic coil (insulated) and (3) centrifugal fan.
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Figure 4.3. Liquid side piping system and heat exchange apparatus. (1) circulator, (2) plate heat
exchanger, (3) motorized control valve, (4) flow meter

4.1.1 Nanofluid Solution Preparation
The solutions used in the test were prepared in a University of Alaska laboratory, using

mass balances. The nanoparticles used were obtained from Alfa Aesar (Massachusets, U.S.A.).
The nanoparticles were delivered as a concentrated, hydrated solution called the “mother fluid”.
The mother fluid was subjected to sonication in a Branson 5510 ultrasonic bath with a maximum

input power of 185W for a minimum of 8 hours to homogenize the particles in solution. After the
homogenization process the mother fluid was mixed with a suitable volume of ethylene glycol and

25 μS deionized water to achieve the desired volumetric composition of the nanoparticles in a

60:40 EG/water (wt%) solution. The ethylene glycol used for the test fluid was a commercial grade
heat transfer fluid with corrosion inhibitors (Dowtherm SR-1, manufactured by Dow Chemical).

Components of each solution were weighed out using a precision mass balance. In this manner

nanofluids of 1, 2 and 3% v/v concentration nanofluid solutions were prepared. For each
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experiment a solution was transported to the testing location within 48 hours and injected into the
system. Once the system was charged, the liquid was continuously circulated through the test loop.

Earlier TEM work by Vajjha and Das [5] has shown that this method has yielded a solution with
uniform particle distribution, and minimal particle agglomeration.

Figure 4.4. Test bed component and instrumentation layout.
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4.2

Analysis
Heating coil performance was measured using thermophysical properties of hot fluids

circulating inside the coil and the air being drawn through the coils. Empirical correlations for base

fluids, nanofluids and air are available from the literature and are cited in the section below.

4.2.1 Heat Transfer Fluid Thermophysical Properties
In this paper, hydronic coil heating capacity is compared for a variety of different heat
transfer fluids. These include 60% ethylene glycol/40% water (by mass) solution (heretofore

referred to as 60% EG) and nanofluids comprised of a 60% EG base fluid with Al2O3 nanoparticles
uniformly dispersed in volumetric concentrations of 1%. Thermophysical property data for the

60% EG were taken from ASHRAE Fundamentals [18]. Thermophysical properties for air and

water are taken from the tabular data presented by Bejan [19] and best fit curves are applied.

Density: For air density, a polynomial curve fit was applied to the property data, with R2>0.99.
The equation for the fitted polynomial is

where pair is in kg/m3 and the valid range for the correlation is 173K < T <333K.

The polynomial curve fit for the density of water is:

The correlation applies in the range 273K<T<373K. For this correlation, R2=1.0
For the density of the 60% EG the following correlation from Ray et al. [20] was used:
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where po

o

= 1091.66m—
,
3

A=0.9247, B=0.2414, and C=-0.1661. R2=1, and the curve-fit error is

0.01%. Pak and Cho [21] first adopted a relationship for the effective density of nanofluids from

earlier research conducted on microparticles in liquid. It is stated as:

Specific Heat: For specific heat of air, a constant value of 1006 J∕kg∙K is used (the specific heat
of air does not change significantly in the range of temperatures of interest for this study). For
water, the following polynomial curve fit was applied to Bejan's [19] data:

This correlation applies for 273K<T<373K. For this correlation, R2=0.98.
For specific heat of the 60% EG (in J/kg∙K) the following correlation was developed from

ASHRAE [18] data:

where cp,o =3042.02

, A=0.6185 and B=-0.3814. R2=1, and the curve-fit error is 0.01%.

Vajjha, et al. [22] developed a specific heat correlation for a nanofluid comprised of Al2O3

nanoparticles with an average particle size of 45 nm in 60% EG. The correlation is:
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where A = 0.24327, B=0.5179 and C=0.4250. The correlation is valid for 315 K< T < 363 K; 0.01<

J
φ< 0.1 and Cp is in J∕(kg∙K). The value of specific heat for the Al2O3 particle is Cp p=773 .

kg ∙ K

The uncertainty for this correlation is 3.1%.

Viscosity: For viscosity of water (in Pa.s), a correlation presented in White [23] was selected. The
equation is stated as:

where To=273.16 K and μ0 = 0.001792Pa ∙ s, A=-1.94, B=-4.80 and C=6.74, with accuracy of
approximately ± 1% over the range 273K < T < 373K.
For viscosity of the 60% EG (in Pa∙s), a similar equation was used. This correlation was

developed by Ray et al. [20] from data presented in ASHRAE. For this liquid, μo =0.01179Pa∙s,

A=-4.976, B=-1.942 and C=6.9088. R2=1, and the curve-fit error is 0.01%.

Vajjha and Das [5] presented the following correlations from experiments for computing
the viscosity (in Pa∙s} of nanofluids comprised of Al2O3 nanoparticles dispersed in 60% EG base

fluid

A = 0.9830 and B = 12.9590 for Al2O3 with

φ up to 10% (0< φ<0.10)

This viscosity correlation was developed for the range 273K < T < 360K. The maximum deviation

of the fitted curves from experimental data was 8%.
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Thermal Conductivity: For thermal conductivity of air (W∕m∙K), a linear curve-fit was applied
to the property data from Bejan [19], with R2>0.99. The equation for the fitted line is

For water the following polynomial correlation was developed:

The curve-fit applies for the range 273K < T < 373K, with R2=0.99.
For thermal conductivity of the 60% EG, the curve-fit employed is stated thusly:

where ko=0.342

W

m■K

, A=-0.2939, B=1.981, and C=-0.6868. R2=0.999 and the curve-fit error is

0.11% for the correlation presented by Ray, et al. [20].
From experiments on Al2O3 nanoparticles dispersed in 60% EG, Vajjha and Das [16]

developed a thermal conductivity correlation based on an improvement of the Koo-Kleinstreuer

model [24].

For nanofluids comprised of Al2O3 nanoparticles,

These correlations apply for temperatures in the range 293K<T<363K for Al2O3 volumetric

concentration of 0.01< φ<0.10. The dp in Eq. (12a) is the average particle diameter expressed in
meters. The average deviation for the correlation from the data set is 0.23%.
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The first term of the Eq. (12a) is the well-known Hamilton-Crosser [25] equation, while
the second term was developed to account for the Brownian motion associated with the

nanoparticles. It is postulated that the heat transfer is enhanced by the generation of microscale
convection around the particles due to their Brownian motion. This enhanced heat transfer is
reflected as the increase in the effective thermal conductivity of the nanofluid. For this analysis,

all of the nanofluid thermophysical properties are evaluated considering Al2O3 nanoparticles
diameters of 45 nm. All property data for air are suitable for use in the range 173K < T < 333K.

For all of the air thermophysical property curve - fits R2>0.99.

Friction Factor: Churchill [26] developed a correlation for calculation of friction factor for fully
developed internal flows that is valid for smooth or rough conduits that may be applied at any

Reynolds number. It is stated thusly:

In this case, considering that the tubing in the heat exchange section is drawn tubing, an absolute
roughness (ε) of 0.0015 mm is used.

The entrance length for an internal flow in the turbulent regime is found using this equation

from White [23]:

The viscous losses through the coil apparatus is related to the friction factor and the minor

loss coefficient may be calculated using the following relation from White [23]:
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The K-factor, the minor loss coefficient, is a characteristic value that depends on the configuration

of elbows, tees, return bends and other fittings and geometric features of the apparatus that
quantifies the viscous losses associated with the piping configuration.

4.2.2 Fluid Heat Transfer Parameters:
The various parameters, such as air-side ‘j' factors and ‘G' that are necessary to compute
coil performance are calculated using already established correlations and approaches documented

in Shah and Sekulic [27]. These correlations can be applied to compute the outside, or air-side,
heat transfer coefficient of the coil.

For computing the convective heat transfer coefficient on the liquid side when a single

phase base fluid is circulating in a laminar flow regime, the Nusselt number is a fixed value.
Typically, the accepted values are 3.66 for uniform wall temperature and 4.364 for uniform heat

flux. For turbulent internal flows two widely adopted Nusselt number and Stanton number
correlations by Dittus-Boelter [28] and Petukhov [29] are applicable. The Dittus-Boelter

correlation when the fluid is being cooled is:

The correlation is valid for 0.7 ≤Pr <120 and 2.5x103 ≤Re < 1.24x105 and L/D > 60 ([1]) for

liquids in a smooth, circular pipe, with fully developed flow.
The second correlation that may be used to predict the Nusselt number for fully developed,
turbulent flow in smooth tubes or pipes is by Petukhov. It is stated as:
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This correlation was modified by Gnielinski [30]to make it more generally applicable:

Where f is computed using Eq. (18c) above. This correlation is valid for 2300 < Re < 5x106. It is
accurate within ± 10 % according to Gnielinski [30].

More recently, Abraham et al. [31] developed a correlation for computing the friction factor

for internal flows with Reynolds numbers in the transitional range (2,300<Re<4,500). Turbulence
in the stream increases in intensity as Reynolds number increases. This friction factor equation

may be applied to the modified Gnielinski equation. This equation is reported as:

For flows transitioning between laminar and turbulent flow regimes, and in straight pipe

internal flows, the Nusselt number may be determined by using the friction factor based on the
Reynolds number.

Abraham, et al. [32] also proposed the following Nusselt number correlations in the

transition range 2300 < Re < 3100
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Equations (20a) and (20b) are applicable for flows subject to uniform heat flux and uniform
wall temperature, respectively. These correlations were derived based on CFD studies, and are for

fully developed flows in a straight pipe with a working fluid with Pr=0.7 (typical for air).

The inside convective heat transfer coefficient is computed using the standard relation:

4.2.3 Overall Thermal Resistance:
The overall UA value of the liquid to air heat exchange process is computed using a basic
equation of heat transfer:

From McQuiston, et al. [33], the total thermal resistance for the coil is related to the inside and

outside heat transfer coefficient by these equations:

Overall fin efficiency, denoted by η, is computed using the approach described in McQuiston, et
al. Equation (23) neglects the conductive resistance within due to the metal fins, the wall of the

tube and fouling factors. Rearranging to isolate the inside thermal resistance on the left side of the
equation yields:
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The measured rates of heat transfer may then be used to compute the overall thermal

resistance of the heat transfer system. The outside thermal resistance may also be computed using

baseline test data performed using water. The inside heat transfer coefficient is determined using
the appropriate internal flow correlation outlined earlier, thereby making it possible to solve for

ho. For the baseline testing and the experimental testing, previously established property data is
then employed to compute the Nusselt number for internal flow in the tubing.

4.2.4 Rate of Heat Transfer:
The rate of heat transfer in the liquid stream is computed using the first law of
thermodynamics:

Similarly, the rate of heat transfer to the air stream is computed thusly:

Density is evaluated at entering or leaving temperature depending on the position of the

metering device. For the liquid side, the metering device is on the leaving side of the heat exchange

section. The air-side has the metering device on the inlet side of the heat exchange section. Specific
heat is evaluated at the mathematical average temperature across the heat exchange sections for
the respective fluid streams.

4.2.5 Pumping Power
The pumping power for the liquid is computed using the following equation from White [23]:

Differential pressure in this context is measured between the liquid inlet and the outlet of the heat
exchange section.
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4.2.6 Moist Air Properties:
For moist atmospheric air the heat absorbed as flow moves from across a finned liquid to

air heat exchanger is found using the following equation:

The air used in the testing was drawn from an indoor occupied environment that was not subject

to direct control of humidity, and as a result the relative humidity of the entering air was variable.
This affected the thermophsyical properties of the air, which, in turn potentially impacted the
energy balance calculations. The test bed was not equipped with a continuous online humidity

monitor integrated into the DAQ, and since it is non-trivial to calculate moist air properties in the
context of continuous data collection with changes in relative humidity, it was necessary from a

practical standpoint to apply dry air properties to energy balance calculations. The air in the testing

environment was monitored using a handheld humidity gage, and was observed to be relatively

high during baseline testing - in the range of 50-65%RH. During nanofluid testing, however,
relative humidity was considerably lower, ranging between 20-34%.RH. Considering commonly

available psychrometric data for the entering air conditions experienced here and using the energy
equation above, the difference in enthalpy change associated with heating moist air versus dry air

under test conditions created here ranges between 0.9-1.5%. Therefore, the use of dry air properties
is deemed acceptable for purposes of this test.

4.2.7 Exergy Considerations
Recently, in studies relating to the design and performance of heat exchangers such as air

coils, investigators use principles of the second law of thermodynamics to evaluate the impact of

devices and processes on the destruction of exergy, or availability. The destruction of exergy is

due to the thermodynamic irreversibility and entropy generation in a process, including the heat
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transfer and viscous fluid flows required for heat transfer through an exchanger. Minimization of

entropy generation, and by extension the consumption of exergy is an important part of evaluating
the overall efficiency of a process and its environmental impact. In this study, the nanofluids and
the base fluid are evaluated with respect to destruction of exergy in a heat transfer process

considering multiple variables.

As entropy generation increases in the process, the exergy of the system is reduced. In this
experiment, energy is transferred from the hot liquid stream to the cold air stream through the fins

and heating coil tubes, with entropy generated in the process resulting in a reduction in availability.
The exergy change of the process is comprised of three main sources, losses from heat transfer
across a finite temperature difference, viscous losses and losses to the environment, as expressed

in the equation [34]:

BP is exergy change of the process; the portions associated with the heat transfer, viscous

losses and the loss to the environment are denoted with the ΔT, ΔP, and L subscripts respectively.
In this experiment, the total exergy change is measured directly through measurements of flows
and temperatures of the hot and cold streams. Since viscous losses as liquid and air flow through
the coil tubing and through the fins, respectively, are converted to heat and are reflected in the
temperatures of both streams, the viscous losses do not need to be computed separately. Losses to

the environment are minimized through the liberal use of insulation, and are thus disregarded. The

enhanced heat transfer properties of the nanofluid may reduce the exergy consumed during the

heat exchange process thereby contributing to an improvement in its overall thermodynamic

efficiency of the process. Equations for computing the exergy change of the process are described
in Bejan [35] and are depicted here:
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For purposes of this experiment, the entropy change for the process may be calculated

using the following equation:

In these equations, Sp is the rate of entropy generation, the P subscript refers to the process,
and the C and H subscripts refer to the hot (liquid) and cold (air) streams, respectively. The change

in exergy may be conceptualized as the quantitative difference in the availability between the liquid
stream and the air stream. Exergy is related to entropy change by the relation:

For a heat exchange process such as this one where the heat is exchanged from liquid to

air, the relationship between the exergy of the streams and the entropy generated is expressed

thusly:

Where Bh is the exergy of the hot (liquid) stream and Bc is the exergy of the cold (air)
stream.

4.3 Results
4.3.1 Experimental Data Uncertainty Analysis
The total experimental error in the liquid and air streams' rate of heat transfer calculation is found
by aggregating all of the known sources of error in the test bed. The test bed error was analyzed in
detail previously in the paper by Strandberg and Das [14]. The physical setup and instrumentation

remained unchanged from the previous test, and the analysis still largely applies. For this study,
the air side properties are used to compare thermal performance.
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Table 4.3. Manufacturers published instrumentation error

Device

Error

Liquid Flow Meter (Omega SES050)
Liquid thermistors (Omega TH-44004)
Differential pressure transducer (Omega
PX81), on liquid side
Air Venturi Meter (Lambda Square Model
2300)
Pressure transducer (Omega PX653035DV), on air side
Ebtron flow station (Silver series)

+1%full scale/10 GPM full scale
±0.1°C/75°C full scale

+.25% full scale/10 psi full scale
+.75% actual
+0.05% full scale (3 inch WC full scale)
+0.15°C of reading

The total measurement error of the liquid rate of heat transfer using water, and based on the
aggregate of published error is 1.1%. The total measurement error of rate of heat transfer on the
air side is 0.8%.

Error (in percent) in the rate of heat transfer calculation is calculated using the equation:

where x1, x2, x3 and x4 are variables in the rate of heat transfer calculation, including the specific
heat, fluid volumetric flow rate, temperature difference and density, respectively following Eqs.
(25) and (26).
For this study, other sources of experimental error that have been identified include

contamination of the test loop liquid and degradation of solution properties over time.
Contamination of the liquid is caused by liquid that is trapped in the loop. This was mitigated by

blowing out the loop with air to force the residue out of the loop. The authors attempted to verify
the composition of the mixtures using a viscometer. This effort met with mixed results, as the
viscosity readings did not agree closely with empirical data.
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4.3.2 Baseline Testing
Strandberg and Das [14] previously conducted baseline testing on this test apparatus to

validate the instrumentation and test methodology. The original baseline testing has already

demonstrated that the test bed generates performance data in line with expectations. Nonetheless,
additional testing was performed on the test bed to demonstrate that the heat transfer performance
measured by the instrumentation agrees with what is expected as determined by manufacturers
data and computations based on methods that have been accepted in the literature. The additional

testing is to validate that the relocation and relatively minor revisions to the piping did not
adversely impact the quality of data generated by the rig.
Baseline testing of the apparatus was conducted using water on the “wet” side of the test
loop. The test runs were designed to verify that the measured thermal output of the liquid to air

heating coil agrees with the manufacturer's product data. The hot water is circulated through the

tubes of the heating coil, while heating air drawn through the fins. The test bed instrumentations
measure volumetric flow rates and average temperatures in the air and water streams, and the rate

of heat transfer between the water and air streams are computed therefrom.
Another objective of the baseline testing is to characterize the energy balance between the

air and water streams over the operating envelope of the test. The difference between the rates of
heat transfer measured in the two streams is an important measure of experimental error in the

testing apparatus. Quantifying and minimizing the energy imbalance is important as it gives an
indication that the rate of energy loss to the environment has been controlled, and provides the
primary check on the performance of the air venturi meter. By validating the performance of the

air venturi meter, the analysis of nanofluid heat transfer performance will become more
straightforward, since the thermophysical properties of air are well understood over the range of
test conditions, and air properties are also constant over time (at constant temperature and
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pressure). In contrast to air, the thermophysical properties of nanofluids may change over time due
to particle agglomeration or settling.

A baseline test was performed in which the volumetric flow rate of the water is varied,
while the inlet liquid and air temperatures, as well as air volumetric flow rate are all held constant

at 340K, 289K and 0.23 m3/s, respectively. The result of this testing is illustrated in Figure 4.5,
with the calculated rate of heat transfer for the air and liquid streams. In this test, 708 individual

points were recorded for both fluid streams. The average difference between the calculated air side
and liquid side rate of heat transfer is 10.0%. For additional validation of the empirical
measurements, the coil is modeled using identical entering conditions and configuration using the

approach described by Strandberg and Das [13]. The rate of heat transfer of the modeled coil over
the same range of liquid flows was found to be within 3% (check this) of the empirically obtained
air rate of heat transfer over the tested range. For purposes of the performance comparisons, the

average of the liquid and air rates of heat transfer are used. The test bed was allowed to reach

steady state before data collection was commenced.
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Figure 4.5. Heat rate versus Reynolds number, constant inlet temperature.

In the second baseline test, the inlet water temperature is varied and the volumetric flow

rate of the water and air is held constant. The volumetric flow rate of liquid is held constant at
0.063 L/s while the air flow is held constant at 0.222 m3/s. The result of this test is illustrated in
Figure 4.6. The difference between air side and liquid side calculated rate of heat transfer ranges

from 0.23% to 9.4%, with a mean of 3.4%. For this test the total number of data points are 902
(with between 64 and 192 observations at each temperature).
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Figure 4.6. Heat rate versus liquid inlet temperature, constant volumetric flow.

The next baseline test was to measure the viscous losses through the hydronic coil over a

range of flows. These data are illustrated in Figure 4.7. The pressure loss measured through the
coil apparatus agreed with the coil manufacturers published data quite well over the range of
observed flows.
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Figure 4.7. Measured pressure loss through coil compared to Titus technical product data.

Using the data collected in baseline testing, the “inside” heat transfer coefficient was

computed as an additional check to verify that measured values were in line with those predicted

by existing correlations. In Figure 4.8, a graph depicts the empirically determined “inside” heat
transfer coefficient compared to values computed using the Petukhov correlation as a function of
Reynolds number. This test was performed with constant air-side velocity, and in a temperature

and pressure regime of relatively constant thermophysical properties for air. Therefore, it is a
reasonable assumption that the outside heat transfer coefficient will remain relatively constant over

the full range of liquid volumetric flows. Airflow was held constant at 0.230 m3/s (487 CFM); air

and liquid inlet temperatures were also held constant. Liquid flows were varied through the coil
from 0.019 to 0.10 L/s (0.3 to 1.5 GPM)). Heat transfer rates for liquid and air were obtained from
Eqs. (25) and (26) using measured volumetric flow rates and temperatures. The LMTD was
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calculated from measured inlet and outlet temperatures of fluid streams. The product UA was

obtained from Eq. (22). The inside and outside heat transfer coefficients were determined by
calculating the values of the inside coefficient using the Petukhov correlation using Eq (18), and

then calculating the outside heat transfer coefficient by rearranging Eq (23). Based on the physical
conditions of the test, in which the airflow velocity remains constant, it is assumed that the values

over the range of test runs. Using the Petukhov correlation, and rearranging Eq. (23), the average
value found for ηhoAo is 193 W/K. At the lowest flows observed the liquid Reynolds numbers drop

into the range normally considered “transitional,” with respect to the presence of turbulence in the
liquid stream. However, the Petukhov correlation, a correlation designed for fully turbulent flows

fits the empirically obtained values with R2=0.89, and exceeds the empirically determined Nusselt
numbers over the tested range (the average deviation over the tested range is 12.2%). Nusselt
numbers in the transitional range of Reynolds numbers are typically lower than in the fully
turbulent regime. This may demonstrate the effect of the tubing bends on facilitating heat transfer

as they can create secondary flows that serve to enhance mixing within the flow at Reynolds
numbers that are outside of the turbulent range. The value for ηhoAo found above is only 3.9%

lower than what is found using Eq (16), showing good agreement between measured data and

previously established correlations. Since the outer thermal resistance will remain essentially
unaffected by the properties of the liquid flowing inside the tube, this value is used to help evaluate
the heat transfer performance of the nanofluids in the performance tests to follow.
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Figure 4.8. Comparison of empirically determined heat transfer coefficient with values calculated using
correlation by Petukhov.

4.3.3 Nanofluid Performance Testing
For this experiment, 60% EG/Al2O3 nanofluids of particle volumetric concentrations of

1%, 2% and 3% and the base fluid (60% EG) were formulated by the authors. These solutions
were separately fed into the test bed, and subjected to a series of performance tests. These tests are

designed to characterize the differences in heat transfer performance between the Al2O3/60% EG
nanofluid and 60% EG measured during testing. For this series of tests, the liquid and air inlet
temperatures were held constant and liquid volumetric flow rates were varied.

In an attempt to minimize the contamination of the fluids, between each series of tests, the
loop was drained, refilled with water and cleaned out until the rinse water came out clear. The

tubing was partially disassembled, and allowed to drain. Finally, all sections were blown out with
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high pressure compressed air to clean out residual fluids. Upon completion, the system was refilled

with the test fluid.

In Figure 4.9, the inside heat transfer coefficients for the base fluid (60% EG) are compared
to those for the Al2O3/60% EG nanofluids for liquid volumetric flows ranging from approximately

0.025 to 0.2 L/s (0.4 to 3.2GPM). The inside heat transfer coefficient was found by first computing
the measured rate of heat transfer and LMTD, based on the measured data, and then determining

UA based on the well-known relationship:

The outside thermal resistance (ηhoA0) is assumed to have a value of 193 W/K, as determined in
the baseline test. The inside heat transfer coefficient was then calculated considering the inside

surface area of the heat transfer section from Eq. (24).

Other experimental work by Strandberg and Das [14] comparing the heat transfer
performance of 60% EG to 1% 60%EG/Al2O3 did not show a significant improvement in heat
transfer performance of the nanofluid relative to the base fluid. This was attributed to the relatively

low temperature of the liquid tested that was limited by the heat source connected to the test

equipment. The data in Figure 4.9, depicting the empirically determined inside heat transfer
coefficients for the tested solutions, shows that as the nanofluid concentration increases, the inside

heat transfer coefficients decrease under conditions of equal volumetric flow rate.
In the current experiment, the heat transfer coefficient decreases by 5.7%, 23.0% and 443%

for 1%, 2% and 3% Al2O3/60% EG nanofluids compared to the 60% EG base fluid, respectively
at a constant flow of 0.15 L/s (2.4 GPM). Due to nanofluids' relatively higher viscosity, the
Reynolds number at a given volumetric flow are generally lower than for the base fluid. For
internal flows the Nusselt number and the convective heat transfer coefficient are proportional to
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the Reynolds number according to well-established theories expressed via Eqs (17), (18a) and

(19a). Therefore, it is to be expected that the heat transfer coefficient of nanofluids are lower than
their base fluid when compared on a constant volumetric flow basis. Note that there are two sets

of data for 60% EG that were taken on different days.
Early in the test cycle, after the relative lack of nanofluids' thermal performance was
observed, the authors attempted to verify that the thermophysical properties of the solution were

as expected based on the previously cited correlations. To this end, representative samples of the
solutions were tested in a Brookfield viscometer at room temperature. These tests produced
conflicting results in which the measured viscosities of the nanofluids did not correlate well with

predicted values. Generally, empirically measured viscosities of the nanofluids were lower than
predicted by the correlation. This makes comparisons between fluids on the basis of Reynolds
number difficult to hold in high confidence, since the value is computed using a value for viscosity
that cannot easily be directly determined at the time of the experiment. As a result, comparisons
are reported on the basis of volumetric flow instead of on Reynolds number.
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Figure 4.9. Inside heat transfer coefficient versus volumetric flow rate, all fluids.

In Figure 4.10, the Nusselt numbers for the base fluid and the nanofluids over the range of
flows tested are presented graphically. As with the heat transfer coefficient and heat rate data, these
data similarly contradict the results predicted by the analytical model. At a volumetric flow rate of
0.125 L/s, the predicted value for Nusselt number of the 60% EG was 61.3. Based on the testing,
the 60% EG circulating at 0.125 L/s exhibited a Nusselt number of 70. The nanofluids, in contrast,

exhibited Nu of 51.3, 42.5 and 32.0 at identical entering conditions and with nanoparticle
concentrations of 1, 2 and 3% respectively. These represent decreases of 26.6%, 39.2% and 54.2%

relative to the base fluid. In the analytical model, Nusselt number for Al2O3/60% EG nanofluids
consistently exceed those of the base fluid for concentrations between 1 and 3% considering

entering conditions used in this test.
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Figure 4.10. Inside Nusselt number versus volumetric flow rate, all fluids.

The data in Figure 4.11 graphically illustrates the relationship between the liquid
volumetric flow rate and air coil heat rate. These data show that the nanofluids, at best, generate

performance that is roughly equal to that of the base fluid at an equal flow rate and identical
entering conditions. Generally, all of the nanofluids tested produced lower rates of heat transfer at

equal liquid volumetric flow rates than the base fluid over the full range of flows tested. Previously
developed analytical models predict Al2O3/60% EG nanofluids with concentrations of 1% to 3%
should generate heat rates of between 3-13% higher over a range of flows considering the entering
conditions tested here. Furthermore, the model predicted that as the nanoparticle concentration in

the heat transfer fluid increased, the heat transfer rate through the coil increased at a given
volumetric flow. Qualitatively, in this series of tests, as the nanoparticle concentration was
increased, the heat rate of the coil decreased. At a volumetric flow of 0.125 L/s, the rate of heat
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transfer is equal for the 60% EG and the 1% Al2O3/60% EG nanofluid. The thermal output
measured for the coils with 2% and 3% Al2O3/60%EG nanofluids, in contrast, are 5.7% and 14.6%

lower than that for the 60% EG.

Figure 4.11. Heat rate versus volumetric flow rate, all fluids.

Figure 4.12 illustrates the relationship between the hydraulic pumping power and the

associated rate of air heat transfer, while liquid volumetric flow rates were varied for all heat

transfer fluids tested. The data show that for a given heat rate the hydraulic power required to

circulate the 1% Al2O3/60% EG nanofluid is 100% higher than that required for the 60% EG. For
the 2% and 3% Al2O3/60% EG nanofluids, the hydraulic pumping power required was 129% and

371% higher than that for the 60% EG, respectively. These performance data were used to

determine the exergy consumed to generate a certain rate of heat transfer, which offers a measure
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of the overall thermodynamic efficiency of the process and another means to compare nanofluids
to the base fluid.

Figure 4.12. Heat rate versus hydraulic power.

The pressure loss measured through the coil tubing for the nanofluids and the 60% EG base

fluid over a range of liquid volumetric flow rates is depicted in Figure 4.13. As expected, the
measured pressure losses for all of the nanofluid were significantly higher than those measured for

the 60% EG at equal flows, due to the higher viscosity of the nanofluids under these conditions At

0.125 L/s volumetric flow, when circulating 1% Al2O3/60% EG the observed pressure drop across
the coil exceeds that of the 60% EG by 49%. The pressure loss measured while circulating the 2%

and 3% Al2O3/60% EG exceed that of the 60% EG by 48% and 64% respectively.
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Figure 4.13. Liquid pressure loss through coil tubing versus volumetric flow, all fluids.

In Figure 4.14 the relationship between the total exergy change for the air to liquid heat
exchange process over a range of volumetric flow rates is illustrated graphically. The figure shows
that based on the measured performance, the total exergy loss is higher for the 60%EG than for

the nanofluids at equal flow. Qualitatively, the exergy consumed is generally higher for the
60%EG than the nanofluids, but since the heat rate associated with the flowrates deviate

significantly at equal flow, with the base fluid heat rates generally higher this comparison is of
secondary importance to the comparison on a constant heat rate basis.
Figure 4.15 portrays the exergy change for the base fluid and the nanofluids as a function

of the measured heat transfer rate. When compared on this basis, the exergy change at a heat
transfer rate of 4 kW is higher for the 60% EG compared to that for the nanofluids. This indicates
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a higher exergy change required to achieve a given rate of heat transfer for the 60% EG than for
the nanofluid.

Figure 4.14. Total exergy change versus volumetric flow versus, all fluids.
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Figure 4.15. Total exergy change versus measured heat rate for all fluids.

The nanofluids tested here did not perform as expected based on previous analyses that
was based on empirically determined thermophysical properties. The thermal output of the heating
coil circulating nanofluids was depressed relative to that of the coil circulating the base fluid, and

the depression in output increased as the volumetric concentration increased. In contrast, based on

system analysis, peak heat output of the heating coil with 2% Al2O3/60%EG nanofluid was
expected to exceed the output of the 60% EG by 7.3% for equal entering conditions and .125 L/s

flow. As stated earlier, multiple studies have tested nanofluids in heat exchange applications and
have demonstrated superior performance to the associated base fluid. The author's hypothesis
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based on a previous analysis similarly predicted that the nanofluids would exhibit superior

performance to the base fluid in the test apparatus. In this case however, the empirical data does
not support the hypothesis. Given that the nanofluids were produced using the same methods as in

past studies that resulted in nanofluids with thermal conductivities that were superior to those of
their respective base fluids, the result was unexpected. Potential explanations for the shortfall in

performance are malfunctioning test instrumentation, damage or degradation of the heating coil,
or poor fluid properties. Failure of equipment or instrumentation can be ruled out by a number of

methods. These include physical checks of the equipment, and in the case of the thermistors,
comparing the air thermistors readouts against the liquid thermistors under static conditions.

Unfortunately, the authors had no readily available means of verifying the calibration of the air
venturi metering device. The liquid flow meter was inspected on multiple occasions, and found to

be mechanically in good working order. Based on these field checks, the author has determined
that it is highly unlikely that the deviation from expected performance by the nanofluid is due to

malfunctioning instrumentation or equipment. Fouling of the heat transfer surfaces within the

heating coil tube bank may have also taken place, although no evidence of severe fouling was
visible when the system was partially disassembled and visually inspected. Determining if the

nanofluid properties were similar to those produced for earlier testing using similar methods is
similarly difficult, however, during the testing of 3% Al2O3/60% EG nanofluid two test runs were
performed approximately 24 hours apart. In the second test, the thermal performance of the

nanofluid was significantly worse than observed on the previous day. Specifically, the heat rate
measured at a given flow rate was measurably lower the second day versus the first. The observable
degradation in performance of the liquid indicates a degradation in liquid thermal properties over
time. None of the nanofluids prepared for the tests visibly changed in appearance that could have
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been indicative that nanoparticles had settled out of suspension. Other authors have noted that pH

can have a significant impact on nanoparticle suspension stability, and have theorized that pH
outside of an optimal range can alter the zeta potential of the nanoparticles leading to accelerated
particle agglomeration. The nanoparticle dispersion used in this study were several years old by

the time they were tested. Though the dispersions were stabilized with surfactants at the factory,
these may have broken down over time, leading to a degradation over time. Previous studies have

reported that nanofluids containing larger nanoparticles (or larger clumps) perform worse than

finer nanoparticles. It is impossible to know after the fact if nanoparticles had agglomerated,
thereby leading to degradation of thermophysical properties of the liquid. However, it should be

noted that this test shows a measurable degradation in the thermal performance of the nanofluid in
this application as nanoparticle concentration increased. Furthermore, the 3% Al2O3/60% EG
nanofluid exhibited a measurable decline in performance over 24 hours. The test conditions created

here were should have created conditions that were quite favorable for the nanofluids based on
previous analysis. The viscosity penalty of the nanofluids relative to the base fluid at the entering
temperatures were expected to be minimal, while the nanofluids' superior thermal conductivity

were expected to generate superior thermal performance in this test, with the largest advantage in

heat rate for a given liquid flow rate and entering temperature expected for the 3% Al2O3/60% EG
nanofluid. The fact that the thermal performance of the heating coil was diminished by the
nanofluid, and the degradation increased with the nanoparticle concentration is a significant
finding. So, the use of this type of fluid must be carefully considered with consideration given to

maintaining ideal chemistry that ensures long term stability of the suspension and enhanced

performance of nanofluids is achieved.
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4.4

Conclusions
A hydronic air heating coil was tested experimentally to characterize its performance with

Al2O3/60% EG nanofluid in concentrations ranging from 1% to 3%, and to compare heat transfer

performance of the coil to that with 60% EG. In baseline testing the empirically computed Nusselt

number found for water corresponded with the Petukhov correlation with R2=0.9, providing
confidence that the data generated by the test bed was performing in line with expectations set by
previously well-established correlations. Overall, the baseline testing demonstrated that the test

bed exhibited performance characteristics that were consistent with the predictions by previously
established analytical relationships.

In the experiment the nanofluids generally did not perform as well as expected based on
previously performed analyses. The performance of the 1% nanofluid was generally equal to that

of the base fluid considering identical entering conditions. However, the 2% and 3% nanofluids
performance was considerably worse than that of the base fluid. The higher concentration
nanofluids exhibited lower heat rate, lower heat transfer coefficient and higher pressure drop

across the coil than the base fluid. A number of factors are suspected in the fluids' poor

performance, including rapid agglomeration of the particles in the nanofluid leading to property
degradation, contamination of the fluid by residue from other tested fluids, and potential coating

of the coil inner surface with nanoparticle residue providing a barrier to heat transfer. The results
of the testing highlight the importance of tightly controlled fluid production and the need to

optimize nanoparticle concentration, as in this experiment the thermal properties of the higher
concentration nanofluid appeared to deteriorate at a higher rate than nanofluids of lower

concentration. The nanofluid filled coil generated lower inside heat transfer coefficients than the

60% EG filled coil over the range of test conditions. The difference was up to 44.3% lower for the
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nanofluid than for the base fluid at .15 L/s flow. The heat rates produced by the for the 1%
Al2O3/60% EG were equal to those of the 60% EG base fluid over the full range of volumetric

flow tested, while the heat rates produced by the 2% and 3% Al2O3/60% EG nanofluids were up
to 14.6% lower than for the base fluid. Pressure loss measured across the heating coil was

significantly higher for all of nanofluids tested than for the 60% EG. The pressure drop was 49%
higher for the 1% Al2O3/60% EG than for the 60% EG. When the pumping power for a given heat

rate is compared, then, it was observed that the 1% Al2O3/60% EG nanofluid requires 100% higher

pumping power than the 60% EG.
Based on these data, the exergy consumed to achieve a given heat rate is qualitatively

nearly equivalent for the nanofluids and the 60% EG. The nanofluid does not offer
thermodynamically superior performance to the 60% EG.

The results of this experiment show that ensuring that nanofluids are produced under
tightly controlled conditions that ensure long term stability is critical. Failure to do so, can lead
to significantly worse performance than their respective base fluid.
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4.5 Nomenclature
A

Total heat transfer area (m2)

B

Exergy (J/s)

cp

Specific heat (J/kg∙K)

CFM

Cubic feet per minute

p

d

Particle diameter (m)

D

Diameter of tubing (m)

f

Darcy friction factor

G

Mass velocity (kg/m2-s)

GPM

Gallons per minute

g

Gravitational acceleration (m/s2)

h

Convective heat transfer coefficient (W/m2-K)

ha

Enthalpy, air

hv

Enthalpy, vapor

j

Colburn J-factor

k

Thermal conductivity (W/m-K)

L

Length (m)

LMTD

Log mean temperature difference (K)

n

Number of observations

m

Mass flow rate (kg/s)

Nu

Nusselt number (hDi/k)

ΔP

Pressure drop (Pa)

Pr

Prandtl number (cpμ∕k)
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Q

Rate of heat transfer (W)

r

Outside radius of tubing (m)

Re

Reynolds number pVDi∕μ)

S

Entropy (J/K)

T

Temperature (K)

U

Overall heat transfer coefficient (W∕m2∙K)

v

Volumetric flow (m3/s)

w

Pumping power (W)

4.6 Greek Symbols
a

Thermal diffusivity (k∕pcp)

ε

Pipe roughness (m)

K

Boltzmann constant (1.3806503 × 10-23 m2 kg/s2 K)

μ

Dynamic viscosity (Pa∙s)

η

Fin efficiency

ϕ

Volumetric concentration

p

Density (kg/m3)

ω

Humidity ratio

4.7 Subscripts
a

Ambient

air

Air

i

Inside
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in

Inlet

bf

Base fluid

liq

Liquid

nf

Nanofluid

o

Outside

out

Outlet

s

Nanoparticle

w

Water
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Chapter 5.
CONCLUSIONS

This chapter contains overall conclusions from the experimental and computational work
performed in support of the dissertation.
For the experimental work documented in Chapter 2 of the dissertation, the nanofluid filled

coil generated slightly lower inside heat transfer coefficients than the 60% EG filled coil over the

range of test conditions. The difference ranged from 1 to 8% lower for the nanofluid than for the
60% EG between Reynolds numbers 2,000 and 4,000. The corresponding Nusselt numbers for the
nanofluid were lower than those for the 60% EG, owing to the higher thermal conductivity of the
nanofluid. The Nusselt numbers for the nanofluid appear to follow the Dittus-Boelter correlation

quite well over the range of Reynolds number tested (R2=0.97). The experimentally determined

Nusselt number for the 60% EG filled coil agreed closely with those predicted by the Petukhov
correlation (R2=0.97). The coil produced a marginally higher heat rate when the 1% Al2O3/60%

EG nanofluid was pumped through it than when 60% EG was pumped through it when compared

on the basis of equal Reynolds number. At Re=3,000 the heating output for the nanofluid is 3.2%
higher than that of the 60% EG filled coil. The nanofluid's experimentally determined friction
factor in the test section was found to be higher than that of the base fluid under conditions of

equal Reynolds number. The measured heat rate from the heating coil tested with the nanofluid
was marginally higher than that of the coil tested with 60% EG, when compared under conditions

of equal Reynolds number.
The exergy destroyed in the heat exchange and fluid flow process is generally higher for
nanofluid than for the 60% EG, with the difference increasing with Reynolds number. At inlet
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Re=5,000, the exergy destroyed is approximately 13.9% higher for the nanofluid than for the 60%

EG.
The 1% Al2O3/60% EG nanofluid does not yield significantly improved performance in a
hydronic air heating coil under the conditions tested. While the nanofluid generates marginally a
higher heat rate for equal Reynolds number, this is at a cost of greater pumping power.
For the second experiment documented in Chapter 4 of the dissertation, a hydronic air
heating coil was tested experimentally to characterize its performance with Al2O3/60% EG

nanofluid in concentrations ranging from 1% to 3%, and to compare heat transfer performance of

the coil to that with 60% EG. Overall, the baseline testing with water and 60% EG demonstrated
that the test bed exhibited performance characteristics that were consistent with the predictions by
previously established analytical relationships.
For this study the nanofluids generally did not perform as well as expected, based on

previously performed analysis. The performance of the 1% nanofluid was generally equal to that

of the base fluid considering identical entering temperatures and flows. However, the 2% and 3%
nanofluids performance was considerably worse than that of the base fluid. The higher

concentration nanofluids exhibited lower heat rate, lower heat transfer coefficient and higher

pressure drop across the coil than the base fluid. A number of factors are suspected in the fluids'

poor performance, including rapid agglomeration of the particles in the nanofluid leading to

property degradation, contamination of the fluid by residue from other tested fluids, and potential
coating of the coil inner surface with nanoparticle residue providing a barrier to heat transfer. The

results of the testing highlight the importance of tightly controlled fluid production and the need
to optimize nanoparticle concentration, as in this experiment the thermal properties of the higher
concentration nanofluid appeared to deteriorate at a higher rate than nanofluids of lower
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concentration. The nanofluid filled coil generated lower inside heat transfer coefficients than the

60% EG filled coil over the range of test conditions. The difference was up to 44.3% lower for the

nanofluid than for the base fluid at .15 L/s flow. The heat rates produced by the 1% Al2O3/60%
EG were equal to those of the 60% EG base fluid over the full range of volumetric flow tested,
while the heat rates produced by the 2% and 3% Al2O3/60% EG nanofluids were up to 14.6%

lower than for the base fluid. Pressure loss measured across the heating coil was significantly

higher for all of nanofluids tested than for the 60% EG. The pressure drop was 49% higher for the

1% Al2O3/60% EG than for the 60% EG. When the pumping power for a given heat rate is

compared, then, it was observed that the 1% Al2O3/60% EG nanofluid required 100% higher
pumping power than the 60% EG.
Based on the data from these experiments, the exergy consumed to achieve a given heat

rate is qualitatively nearly equivalent for the nanofluids and the 60% EG. The nanofluid does not
offer thermodynamically superior performance to the 60% EG.

The results of these experiments show that ensuring nanofluids are produced under
tightly controlled conditions that ensure long term stability is critical. Failure to do so, may
contribute to significantly worse performance than their respective base fluid.
For the computational study of a microchannel heat exchanger filled with various

nanofluids included in Chapter 3, the findings based upon a detailed examination of the model data
are summarized thusly:
•

Of the nanofluids studied, the 3% CuO/60% EG exhibits the biggest improvement in the

average heat transfer coefficient compared to the base fluid over the range 50≤Re≤300. The
average inside heat transfer coefficient for the 3% CuO/60% EG nanofluid exceeds that of the
base fluid by 30% at Re=300. The average heat transfer coefficient for the 3% CuO/60% EG
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is 25% higher than that for 60% EG at Re=50, and 17% higher when compared at a constant
inlet velocity of 5 m/s.
•

Similarly, the thermal resistance of the MCHS with 3% CuO/60% EG was 24% lower than

that for the base fluid at Re=50 and 19% lower at Re=300. All of the nanofluids lowered the
overall thermal resistance of the system when compared on a constant Reynolds number basis.
•

Considering equal inlet Reynolds number, all of the nanofluids examined lowered the average
temperature on the base of the solid domain. At best, the base temperature reduction predicted

in the model is 2.4K. In applications where MCHS are used with nanofluids for component
cooling, lower operating temperatures may contribute to increased component life and system

reliability.

As expected, the improvement in heat transfer performance of an MCHS with nanofluids
comes at the cost of higher frictional pressure losses and pumping power. At Re=300, the 60%

EG/3% CuO generates frictional pressure losses 192% higher than those for the base fluid.

Pumping power for the nanofluid exceeds that for the base fluid by 366%. The increase in power
requirements and energy consumption associated with pumping more viscous nanofluids versus
their respective base fluids must be balanced against absolute improvements in the system thermal

performance.
Nanofluids exhibit superior thermal conductivity that offer the potential to enhance
performance of processes and equipment that depend upon liquid heat transfer. However, the

penalty of higher viscosity and the practical realities of maintaining a stable fluid over time present
challenges to those attempting to exploit the potential. Careful consideration is needed to ensure

that the benefits and penalties that the nanofluids offer are balanced appropriately such that the
utility of equipment and processes may actually be enhanced.
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The potential for improvements in equipment and process performance from the

applications of nanofluids is significant. However, the experimental work performed here
illustrates some of the challenges to making commercialization feasible. These include the
potential for performance optimization being more sensitive to conditions of use than what is

reasonable for most operators to tolerate, and the potential to suffer significant performance loss
over time if ideal operating conditions are not maintained. These factors may adversely impact the

life cycle cost of any equipment or process adapted for use with nanofluids.
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