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ABSTRACT

A survey was conducted to determine if any unified models and/or explanations
exist that adequately predict the change in specific heat of a nanofluid as a function of
concentration of nanoparticles.

The papers and previous studies about the specific heat of nanofluids were
collected and reviewed. The existing models and experimental data were summarized
and compared. Through the investigation, only four different models were discovered,
and two types of experimental result of the specific heat of nanofluids were found. Then,
the four models were used to predict the change of the specific heat of nanofluids and
compare with different selected sets of experimental result. This was intended to
determine if the models are suitable for predicting the results of different sets of
published results. The published results can be categorized into two types: a decrease in
specific heat resulted from the addition of nanoparticles; and an initial increase in
specific heat as nanoparticles were added followed by a decrease as the concentration of
particles was increased above a particular value. The comparisons showed that there is
no unified model that can predict or theory that can explain all the experimental results.

The mechanisms of the enhancement of the specific heat of nanofluids were
presented. The results indicated that the enhancement of the specific heat of nanofluids
was caused by the high specific surface area of nanoparticles. The specific surface area

is a property of a material which is the total surface area of a material per unit of mass. A


http://en.wikipedia.org/wiki/Surface_area
http://en.wikipedia.org/wiki/Mass

higher specific surface area of a material results in an increase of the heat transfer
velocity between the material and surroundings.

Further, two novel explanations of the change in the specific heat at a nanoscale
level have been proposed. Additionally, suggestions at a nanoscale level for future

research of the specific heat of nanofluids have been recommended.
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NOMENCLATURE

Cons Specific heat of nanofluids

Cons Specific heat of nanoparticles
Cor Specific heat of base fluids
Cplayer Specific heat of nanolayers

Com Measured specific heat of nanofluids at a certain particle concentration
Coc Specific heat of semisolid layers
Drp Volume fraction of nanoparticles
D Volume fraction of a base fluid
Pnp Density of nanoparticles

Pf Density of base fluids

Pc Density of semisolid layers
Wap, Wys Weights of the nanofluid

Wap, Whp Weights of the nanoparticles
W, Wf' Weights of the base fluid

Wiayer» Wiayer Weights of the nanolayer

a, Mass fractions of the nanoparticles
/A Volume fraction of the semisolid layer
Vap Volume fraction of the nanomaterials

Ve Volume fraction of the base fluid

vi



k, ks, k, Thermal conductivity of nanofluid, base fluid, nanoparticle

vii



TABLE OF CONTENTS

Page

ABSTRACT ...ttt ettt ettt b ettt st e bt et e ebeebeeatesaeens il
DEDICATION ...ttt ettt ettt ettt ettt et be et eate s et e bt estesbeenbeensesaeenseeneens v
ACKNOWLEDGMENTS ..ottt sttt ettt s v
NOMENCLATURE ..ottt ettt sttt ees vi
TABLE OF CONTENTS ..ottt viii
LIST OF FIGURES ...ttt sttt e X
LIST OF TABLES ... .ottt ettt sttt sttt s ennea Xi
1. INTRODUCTION......coitiiieiieiteeeteee ettt sttt st st sbe e sae e 1
2. BACKGROUNDL. ...oootiiietieteee ettt ettt ettt st se e e esae e 5
2.1 Development of Nanofluids...........eevciveriiiiiiiiieiie e 5

2.2 Classification of nanofluids ..........ccceeriieiiiiiiiiieee e 7

2.3 Methods of fabricating nanoparticles and preparing nanofluids ..........c..cccue....... 8

2.4 Importance of the specific heat..........coooviiiiiiiiiiniieeece 9

2.5 Methods of measuring specific heat of nanofluids...........ccccoeveiiiniiiiniieineiens 10

3. APPROACH. ...ttt ettt sttt ettt 15
4. LITERATURE REVIEW ...ttt 17
5. RESULTS .ottt sttt st ettt et e saeens 22
5.1 Summary of experimental studies on specific heat of nanofluids....................... 22

5.2 Overview of models for specific heat of nanofluids..........ccceevevveevciiiniieencinns 37
521 MOl Lo 40
5.2.2MOAEI TL...niiiiieeee et 41

523 MOdel TIL ..ottt 43

5. 24 MOAEL TV it 48

6. EXPLANATIONS AND RECOMMENDATIONS ......ccoiiiiieieiieeeeeeeee e 50

viii



6.1 Explanations of the mechanisms of the variation of specific heat of nanofluids 50

6.2 Two novel explanations for the change of specific heat of nanofluids and

TECOMMENAATIONS ...ttt ettt ettt ettt e s et e bt et e s bt et e saeesbeenbeeneenbeenee 52
6.2.1 First novel explanation for the change of specific heat of nanofluids ...... 53
6.2.2 Second novel explanation for the change of specific heat of nanofluids.. 54

FINDINGS AND CONCLUSIONS ..ottt 59
RECOMMENDATIONS FOR FUTURE RESEARCH ........ccccoiviiiiiiiiiinicinee. 61
REFERENCES ...ttt s s 62



LIST OF FIGURES

Page
Figure 1. Size cOmMPATriSON [4] ..ccouiiiiiiiieiiieiiee ettt ettt et siee e eseeete e esseeseaesnseensneens 6
Figure 2. Improved design for the one-step method [S].....cccoceviiriiiiininiineneeeeeee 9
Figure 3. Schematic of @ DSC instrument [7] .......ccoovvveeviierieeiiienieeieesre e 11
Figure 4. Differential scanning calorimetry instrument [6] .........ccccceerveeciienieenreenneennen. 11

Figure 5. Analog type scanning electron microscope in the Geological Survey of Israel
Laboratory [8] ..eeoeeeeiieeiieeie ettt ettt 13

Figure 6. SEM micrographs of (a) clay I, (b) clay Il, (c¢) clay III, (d) Al,O3, and (e)
CeO; nanoparticles used in the fabrication of nanofluids [8] ........cccccveerennnnen. 14

Figure 7. Percentage change in the specific heat of various nanofluids as a function of
the volumetric fraction of nanoparticles [14]......ccccooviiriieniiieiieniieieceeee, 30

Figure 8. Percentage change in the specific heat of the nanofluid as a function of the
volumetric fraction of Al20O3 nanoparticles [12].....ccccevvieniiieiieniiiieieeee, 31

Figure 9. Percentage change in the specific heat of the nanofluids as a function of the
volumetric fraction of different sized Al nanoparticles [17]......ccccceevevveernennns 31

Figure 10. Percentage change in the specific heat of various nanofluids with the same
base fluid and different nanoparticles as a function of the mass fraction of

NANOPATTICIES [10]..uevieiiiiiiiiie et ebee e sbee e 35

Figure 11. Percentage change in the specific heat of the nanofluid as a function of the
mass fraction of different sized Al nanoparticles at 1 wt.% [21]......cccceeeneeeee 36

Figure 12. Percentage change in the specific heat of the nanofluid as a function of the

mass fraction of different sized Al,O3 nanoparticles at 1 wt.% [20]................ 37
Figure 13. Prediction of Model II compared with Ref. [17] ...ccooceiiiiiniiiiiiiiieee, 42
Figure 14. Predictions of Model I and Model III compared with Ref. [17] ................... 45
Figure 15. Prediction of Model III compared with Ref. [19].......cccceeviiiiiiniiiiiee. 46



LIST OF TABLES

Page
Table 1. Comparison of the suspensions of microparticles and nanoparticles [1]............. 6
Table 2. Types and examples of nanoparticles and base fluids ..........cccoeevveeecieeniiiencinns 8
Table 3.Summary of experimental studies on specific heat of nanofluids - I................... 24
Table 4.Summary of experimental studies on specific heat of nanofluids - II................. 32
Table 5.Summary of models on specific heat of nanofluids - ... 38

Table 6.Summary of models on specific heat of nanofluids - IT .........c.cccoceeviniinniinin. 39

Xi



1. INTRODUCTION

In the past few decades, nanofluids have been widely used in many fields such as
the electrical, biomedical, and chemical fields. For the U.S industry, nanofluids are used
as cooling and heating liquids, which result in conserving 1 trillion Btu of energy [1]. At
the Nuclear Science and Engineering Department at MIT, the replacement of cooling
water with nanofluids cools down the nuclear power plant significantly faster [1].
Nanofluids can also be used for liquid cooling of computer components in electronic
applications. It is predicted that a nanofluid oscillating heat pipe cooling system will be
able to remove heat fluxs over 10MW/m?. In biomedical applications, an electronically
activated drug delivery microchip is delivered by nanodrugs delivery systems.

The various applications of nanofluids, such as those describe above, have been
developed due to the advantages they possess. Compared to conventional materials,
nanofluids possess many advantages: for example, high specific surface area and more
heat transfer surface between particles and fluids, the high dispersion stability, and
adjustable properties by varying nanoparticle concentrations to suit different applications
[2].

Since nanofluids have so many advantages, scientists have taken great effort in
researching their various aspects. For example, thermal conductivity of nanofluids has
been widely studied. Most people reached to a unanimity that thermal conductivity of
nanofluids increase with particles. Thermal conductivity represents the ability of a

material to conduct or transmit heat. The enhanced thermal conductivity of nanofluids



provides higher cooling rates of nanofluids, which is why nanofluids have so many
applications as coolants. To achieve a higher heat storage capacity, the specific heat is
desired to increase as well, thus, it is meaningful to research on the specific heat.

However, the specific heat of nanofluids was not completely researched to the
point where an agreement could be reached on the effects of changing nanoparticle
concentrations. It is common to know that putting nanoparticles into base fluids results
in a change of nanofluids’ specific heat, but it is not known how it changes and why.
With continued study of specific heat of nanofluids, the effect of the nanoparticles on the
specific heat of base fluids became clear.

To investigate the specific heat of nanofluids, scientists have performed
experiments testing the change of specific heat when the temperature, the nanoparticle
size, or the particle concentration varies. It is necessary to know the effect of adding
nanoparticles into the base fluids. Scientists also developed models and explored
theories to explain how and why the specific heat of a nanofluid changes. However,
there is no adequate study to show a consistent agreement on the effects of particles on
specific heat. Since the published experimental result conflict, the scientists reached no
agreement on it. It is necessary to conduct more research to ascertain the effects of
particles on the specific heat of nanofluids.

Inspired by the findings of the specific heat of nanofluids, the objective of this
research is to determine if there exists (a) unified model(s) and/or explanation(s) that
adequately predict and explain all the types of the change in specific heat of a nanofluid

as a function of concentration of nanoparticles.



To achieve the above objective, papers and previous studies about nanofluids
were surveyed. Then, the papers about the specific heat of nanofluids were organized
and screened. The existing models and experimental data were summarized and analyzed
to determine if there was a unified model suitable for predicting and explaining
published results for the specific heat of nanofluids. Furthermore, the interaction
between the nanoparticles and the base fluids at a nanoscale level was investigated in
previous studies, and two novel explanations of describing the change of specific heat of
nanofluids were proposed. Additionally, several suggestions for further nanofluids’
specific heat study were proposed.

This thesis contains eight chapters. The introduction chapter establishes the
general interest and specific interest of the thesis, and the general approach of the
research, and introduces the outline of the thesis. Before introducing the survey of the
specific heat of nanofluids, a Background is necessary to help the audience to better
understand the previous studies. Thus, in Chapter 2, several important concepts are
introduced such as the concepts of a nanofluid and specific heat. Development of
nanoparticles, classification of nanofluids, fabricating methods of nanofluids, and
methods of measuring the specific heat of nanofluids are also introduced in Chapter 2.
After the Background, the research methods are detailed in Chapter 3. Then, the previous
studies of specific heat of nanofluids are shown in Chapter 4. In Chapter 5, an overview
and the summarization of the previous experimental data and models of nanofluids’
specific heat are presented. The models are compared to different sets of experimental

data to verify if they are able to predict all of them. In Chapter 6, the overview of the



explanations of the change of nanofluids’ specific heat from the previous studies is
presented, and two new explanations describing the change of specific heat of nanofluids
from my own perspective are proposed. Chapter 7 contains the findings and the
conclusions of the research. Recommendations for future research are given in Chapter

&. All the cited references are listed in the Reference convenience.



2. BACKGROUND

It is necessary to understand some basic knowledge of nanofluids before
introducing the research methods and the literature review. Thus, in this chapter the
background and concepts of nanofluids and specific heat are introduced. The factors of
nanoparticle size, nanoparticle and base fluid materials, and specific heat measurement
methods all influence the specific heat of nanofluids. These multiple variables are listed
in the surveyed tables, which are used to compare the nanofluids’ specific heat under

different circumstances. Thus, it is necessary to introduce these in Background.

2.1 Development of nanofluids

A nanofluid is formed by dispersing a certain amount of nano-sized particles,
with average sizes below 100nm, into a base fluid. Prior to using nanometer-sized
particles, the previous investigations were dispersing millimeter- or micro-sized solids,
which is called slurry. In 1961, a Scottish mathematical physicist named James Clerk
Maxwell proposed an innovative concept of using nanometer-sized particles due to their
high suspension stabilities. The major problem resulting from the use of millimeter- or
micro-sized particles was the rapid settling of these particles in fluids. Since Maxwell,
scientists have taken great efforts on breaking the limit caused by dispersing millimeter-
or micrometer-sized particles in liquids. Thus, in the last 100 years, scientists have made
efforts to investigate more effects of adding nanoparticles into various base fluids.

Table 1 shows the comparison between the suspensions and the characteristics of



microparticles and nanoparticles. It is clear to see that the nanometer-sized particles have

higher suspension stability than the micro-sized particles. Figure 1 gives a comparison of

different sized particles.

Table 1. Comparison of the suspensions of microparticles and nanoparticles [3]

Microparticles Nanoparticles
Stability Setile Stable(remqm in suspension almost
indefinitely)
Surface/Volume ratio 1 1,000 tmes larger_ than that of
microparticles
Conductivity Low High
Clog in microchannel Yes No
Erosion Yes No
Pumping power Large Small
Nanoscale No Yes
phenomena
Size 0.1-10 micrometer <0.1 micrometer (100 nanometer)
SIZE COMPARISON
| Becon Microscope Optcal Microscope ____ UnaidedEye
Water  Glucose  Antibody Virus Bacteria Cancer cell A period Baseball
Wl é ‘_347‘
‘T‘ v . ‘;’ 3 . : — é %
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Particle Sciences

Figure 1. Size comparison [4]

According to several investigation of experimental results, it is clearly pointed




out that the thermal conductivity of nanofluids is enhanced by adding nanoparticles.
James Clerk Maxwell also proposed a model that gives a ratio expression of the thermal
conductivity of nanofluids to the thermal conductivity of the base fluid for spherical and

well dispersed particles. The model is expressed as:

k _ kp+2ks+20(kp—kyf)

= (D

kyf kp+2kr—@(kp—kf)

However, the research on several other important factors, such as specific heat of
nanofluids, particle size and shapes, clustering of particles, and temperature of the base
fluids have not been studied as thermal conductivity. Especially for the specific heat, no

consensus has been reached in experiments.

2.2 Classification of nanofluids

The types of the nanoparticles and the base fluids are diverse. The nanoparticles
are usually made of silica oxide, alumina oxide or zinc oxide, which are produced by
chemical or physical synthesis methods such as milling, grinding, and vapor phase
methods. Common base fluids include water, ethylene glycol and engine oil. Different
combinations of nanoparticles and base fluids lead to different formulations of
nanofluids, which results in different characteristics. Table 2 shows different types of

nanoparticles and base fluids and their examples.



Table 2. Types and examples of nanoparticles and base fluids

Nanoparticles Base Fluids
Types Examples Types Examples
Oxide ceramics Al;O3, CuO Water --
Nitride ceramics AIN, SiN Oil --
Carbide ceramics SiC, TiC Ethylene Li2CO3:K2CO3 (62:38),
glycol NaNO3:KNO3 (60:40),
Metals Cu, Al Si LiNO3:KNO3 (62:38),
Semiconductors TiO,, SiC K2CO3:CaC03(68:32)
Carbon nanotubes None reviewed
Composite materials Al70Cu3zo Salt mixture Chloride salts

2.3 Methods of fabricating nanoparticles and preparing nanofluids

Generally, there are two categories to fabricate nanoparticles: physical processes
and chemical processes. Typical physical methods are inert-gas condensation and
mechanical grinding. Typical chemical methods include chemical vapor deposition,
chemical precipitation, microemulsions, thermal spray, and spray pyrolysis.

There are a number of methods to prepare nanofluids. Most of the nanofluids are
made using a two-step process. The first step is preparing the nanoparticles as dry nano-
powders and dispersing the nanopowders into a base fluid directly. The second step is
adding dispersant addition or ultra-sonication into the mixing liquid to get a nanofluid.
An advantage of the two- step process is introducing inert-gas condensation to
commercial nanopowder production. The disadvantage is the tendency of nanopowders
to agglomerate during dispersion in the base fluids.

By contrast, a one-step method produces better qualified nanofluids than the two-



step method. The one-step method combines the nanoparticle evaporation, condensation
and dispersion into one step. Thus, the one-step method saves time, and is able to avoid
the cluster of nanoparticles. However, the one-step method is more expensive, and its
machine is harder to manufacture. It is also hard for the one-step method to measure and
characterize the nanoparticles during the process.

An improvement has been made in the one-step method with better positioning

and variable-adjustable distance, which is shown in Figure 2.

Insulated and
vertically-
adjustable boat-
heater evaporator 2

Rotating drum
with moving
nanofluid film

Nitrogen
cooling plate with coils

and fins

Figure 2. Improved design for the one-step method [5]

2.4 Importance of the specific heat
Specific heat is an important property, and it represents the ability of a material to
store energy. Specific heat capacity, also known as “specific heat”, characterizes the

energy storage capacity per unit mass of a material, and is a measurable physical



quantity. Specific heat is a property of a particular material. For example, the
temperature of the sea is lower than that of the inner land in hot weather, and is higher in
cold weather, since water has a higher specific heat than air. The energy of a system is
defined by the temperature change, the specific heat and the mass. The expression is

shown as equation (2):

AE = CmAT )

where AE is the supplied energy (J), C is the specific heat (J/kg - K), m is the mass (kg)
and AT is the temperature change (K).

Converting equation (2), the specific heat is expressed as:

C = AE/mAT 3)

Equation (3) indicates that with the same change in the amount of mass and

temperature, higher specific heat leads to more stored energy.

2.5 Methods of measuring specific heat of nanofluids

The most commonly used methods to measure the specific heat of nanofluids are
differential scanning calorimetry (DSC) and direct-synthesis methods. A sample
scanning method using a scanning electron microscope (SEM) is used to track the
physical structure of the nanoparticles of a nanofluid.

Difterential scanning calorimetry (DSC) is an instrument which uses a thermo-

analytical technique to measure the amount of energy required to increase the

10



temperature of a certain amount of a material to obtain the specific heat value. The DSC
was proposed by E. S. Watson and M. J. O’Neil [6]. Figure 3 depicts a schematic of a

DSC instrument and Figure 4 is a photograph of a DSC instrument.

REFERENCE PAN SAMPLE PAN
platinum - ’ sample
pans - i //

- 4 : ; sapphire
crucible Z sapplire
sapphire Vi .,,.‘.....,,,.,,,,.,,..,,,35 , / disc

BSC e

\ flux plate

thermocouples

Figure 3. Schematic of a DSC instrument [7]

Figure 4. Differential scanning calorimetry instrument [6]
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The DSC technique accomplishes measuring the specific heat of nanofluids by
comparing the heat flux in two pans with the sample and a reference maintained nearly
at the same temperature throughout the experiment. As shown in Figure 3 and 4, a DSC
instrument has two pans that are designed to compare the sample and a reference. The
temperature for DSC analysis is linear and designed as a function of time.

The classical DSC contains three steps to achieve the goal of specific heat values’
measurements. First, two empty sample pans are loaded into a DSC to measure the bias
of the DSC instrument. The bias is used to estimate the errors of this instrument and to
adjust further measurements. Second, the two empty pans are taken out and two new
pans are loaded into the DSC. One of the two new pans contains a reference sample with
a known specific heat value; and the other one is empty. Specific heat values of the
reference sample are recorded through the defined temperature. Third, a measurement is
taken from the actual sample. All three measurements are taken at the same temperature.
The heat flux curves of these three measurements are used to comparatively determine
the specific heat value of the sample.

Scanning electron microscope (SEM) is a type of electron microscope that can
scan the sample with the beam of electrons. Figure 5 is a copy of the photograph which
illustrates the equipment of the scanning electron microscope. Its electron beam can
focus on a spot with 0.4nm to 5 nm in diameter and energy ranging from 0.2 KeV to 40
KeV. When the primary electron beam interacts with the sample, the electrons will lose
energy, and the size of interaction volume will be changed. Next, the energy exchange

between the electron beam and the sample that results in electron scattering leads to the

12



development of images. A scanning electron microscope can produce good qualified
image resolution. Figure 6 shows scanned images of several selected nanoparticles used
to fabricate the nanofluids through a scanning electron microscope. The images can be

saved to a computer data storage device.

Figure 5. Analog type scanning electron microscope in the Geological Survey of
Israel Laboratory [8]

13



Figure 6. SEM micrographs of (a) clay I, (b) clay Il, (c¢) clay III, (d) Al,O3, and (e)
CeO7 nanoparticles used in the fabrication of nanofluids [§]

14



3. APPROACH

Several methods were used to fulfill the tasks and to accomplish the objective of
the project. First, to survey the previous studies about the specific heat of nanofluids, the
materials were collected through the website and Evans library. As a result, more than
forty papers and three books about nanofluids were downloaded and borrowed. There
was another book about the thermal energy transfer at a nanoscale level from Dr.
Thomas Lalk. All of these materials were reviewed to choose the ones that provide the
models, the explanations, or the experimental data of nanofluids’ specific heat.

Second, the selected papers were organized in chronological order to form the
literature review, and then it was recognized that there was no agreement on the trends of
nanofluid specific heat change. Next, the experimental data of nanofluids’ specific heat
was categorized into different tables by trends. The trends of the experimental result
were easily observed by reading the numbers. In order to illustrate the change of
nanofluids’ specific heat by adding the nanoparticles, several selected sets of
experimental result were evaluated through a simple calculation. Then, the results of the
calculation were plotted in figures.

Third, the papers did not provide models were screened out, and those with them
were listed in the corresponding tables: each table contains the models that predict the
experimental result in one same trend. The tables showed that more than one papers
adopted the same models to predict the experimental result. Then, total different models

that have been proposed were summarized. Each model was analyzed independently to
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determine if any of them was able to adequately predict all the experimental result of the
specific heat of nanofluids. To achieve this, for example, the predictions of the models
were compared with several different sets of experimental result. Meanwhile, the
theoretical explanations from each paper were reviewed and organized to illustrate each
trend of the specific heat of nanofluids.

Fourth, references about thermal energy transfer particular at the nanoscale were
reviewed to explain the interaction between the nanoparticles and the base fluids at a
nanoscale level. It was also effective for proposing novel explanations of the change in
specific heat of nanofluids. Based on the findings, several suggestions for future

nanofluids’ specific heat study were proposed.
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4. LITERATURE REVIEW

Since “nanofluid” was first proposed by Choi [9] as a term, its unique
characteristics have attracted attention from more and more researchers. The
investigation of the specific heat of nanofluids has been carried out through experiments
and theories. Models that predict the behaviors of the specific heat of nanofluids have
been developed.

The specific heat values of nanofluids are tested by adding different
concentrations of nanoparticles in the same base fluid. The models are used to predict
the change of the specific heat of nanofluids as a function of the nanoparticle
concentrations. In 1998, Pak and Cho [10] dispersed SiO: into water and ethylene
glycol. The specific heat of the nanofluid is found to be decreased when the nanoparticle
concentration increased. Pak and Cho [10] also used a model to precisely predict their
experimental result.

In 2007, Namburu et al. [11] found that the specific heat values of SiO> nanofluid
in ethylene glycol and water decreased as nanoparticles’ volumetric concentration
increased. SiO2 nanoparticles were selected in the experiments due to their economic
budget. The experiments showed that with a 10% silicon oxide nanoparticle
concentration, the specific heat was about 12% lower than the base fluid.

In 2008, Zhou and Ni [12] investigated a water-based aluminum oxide nanofluid
with a differential scanning calorimeter. For example, they discovered that the specific

heat of nanofluids decreases gradually as the concentration increases from 0.0% to
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21.7%. Zhou and Ni [9] pointed out their experimental result agrees with the prediction
from the model.

In 2009, Zhou [13] showed that the 0.1%-0.6% of CuO particles slightly
decreased the specific heat values from 2550 to 2450 kJ /kg - K. Zhou [13] employed a
DSC to measure the specific heat of the nanofluid. The measurements showed that the
specific heat values decreased consistently with the increase of nanoparticles. Zhou [10]
used a computer model to successfully predict the measurements.

In 2011, Murshed [14] used the transient double hot wire technique to measure
several types of nanofluids. The nanofluids were prepared by suspending different
volume percentages of TiO2, Al2O3, and Al nanoparticles in ethylene glycol and engine
oil. The specific heats of these nanofluids decreased substantially with nanoparticle
volume fraction. The prediction from the model showed an agreement with the
experimental result. Murshed [14] also demonstrated that the volume fraction, the
material and shape of particles, and the type of base fluids influence the specific heat of
nanofluids.

In 2011, O’Hanley et al. [15] used a heat-flux-type DSC to measure the specific
heat of nanofluids, which decreased with adding nanoparticles. Then they compared
their experimental result with Zhou [13]’s model, and found them to agree.

In 2012, Barbés [16] measured the specific heat of nanofluids with a Micro DSC
I microcalorimeter. The nanofluid was formed by dispersing Al,O3 in water and
ethylene glycol. The specific heat of the nanofluid showed a decreasing specific heat of

nanofluids as nanoparticles increased. Further, his experimental result was predicted
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accurately through the model.

In 2013, Lu and Huang [ 17] showed that the specific heat of the molten salt-
based Al nanofluid decreased as nanoparticles concentration increased. Lu and Huang
[17] proposed a new model considering the nanolayer between the nanoparticles and the
base fluid. The prediction of the model coincided with their experimental result.

The above-mentioned experimental result show the nanofluid specific heat
decreases with the increased nanoparticle concentration. This phenomenon could be
explained because the specific heat of nanoparticles lowers that of nanofluids, since the
nanoparticles showed smaller specific heat values. However, since 2011, it was found by
three different research groups that nanofluid specific heat changes in a different trend
along the concentration of nanoparticles.

In 2011, Shin and Banerjee [18] dispersed SiO» nanoparticles into pure eutectic
of chloride salts to investigate specific heat of the formed nanofluid. The specific heat of
the nanofluid was measured at 1% weight concentration of Si0> nanofluid, which
showed the maximum enhancement of nanofluid around 14.5% in the liquid phase. Shin
and Banerjee [18] claimed the traditional models that Zhou and Ni [12], Zhou [13], and
O’Hanley et al. [15] used could not explain the anomalous enhancement of the specific
heat at such low concentrations of the nanoparticles (0.6% by volume). Shin and
Banerjee [18] stated that this anomalous enhancement of the specific heat of the
nanofluid demonstrated that alternative transport mechanisms need to be accounted for
in the traditional theoretical models. Shin and Banerjee [15] proposed three independent

competing inter-molecular interaction mechanisms to explain the unusual enhancement
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of the specific heat instead of a theoretical model:

Mechanism I: higher specific surface energy led to enhanced nanoparticle
specific heat;

Mechanism II: the interfacial interactions between the nanoparticles and the base
fluids led to thermal storage ability of the nanofluid;

Mechanism III: the semi-solid layer between nanoparticles and base fluid had
enhanced specific heat.

In 2013, Chieruzzi [19] used four different types of nanoparticles (SiO2, Al>O3,
TiO; and Si02-Al>03) embedded into an identical molten salt base (NaNO3-KNOs3). The
nanofluids’ specific heat measurements were tested against three nanoparticle
concentrations, which were 0.5 wt.%, 1.0 wt.% and 1.5 wt.%. The specific heat values of
the four nanofluids all reached the maximum at 1.0 wt.% of nanoparticles. Chieruzzi et
al. [19] pointed out that the 1.0 wt.% of Si02-Al203 nanoparticles enhanced the specific
heat value by 22.5% in the liquid phase. Chieruzzi et al. [19] did not provide any
theoretical model to predict the tested results.

In 2013, Shao [20] reported that the specific heat of the nanofluid showed a
parabolic curve within a low concentration of nanoparticles. Shao [20] found out that the
addition of Al,O3 nanoparticles to nitrate eutectic salts resulted in an increase of the
specific heat of the material at first, then a decrease after it reached the maximum value.
The maximum specific heat value happened at an optimal concentration of
nanoparticles. Shao [20] showed the maximum enhancement of specific heat was 31%,

which happened at 0.78 wt.% actual A1>O3 mass fraction.
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Discussed above are two types of experimental result of specific heat of
nanofluids. The first type is that the specific heat of nanofluids decreases when the
nanoparticles concentration increases; the second type is that the specific heat of
nanofluids reaches its maximum at a low concentration, then decreases consistently.
Thus, it is meaningful to determine if there exists a unified model and/or theory to
predict and/or explain all the types of experimental result. The analysis of these models

is provided below.
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5. RESULTS

In this chapter, papers published in recent years about the investigation of
specific heat of nanofluids have been reviewed and evaluated. The overviews of all the
proposed experimental data and models of the specific heat of nanofluids are presented
in tables. The experimental data is listed in Table 3 and Table 4, and the models are
listed in Table 5 and Table 6. To analyze the effect of nanoparticles on the base fluids,
the percentage changes in the specific heat of various nanofluids as a function of the
concentration of nanoparticles are plotted in Figure 7, 8, 9, 10, 11, and 12. This chapter
also introduces the comparisons between the predictions of the models and the

experimental result.

5.1 Summary of experimental studies on specific heat of nanofluids

By reviewing all the experimental result of specific heat of nanofluilds, two types
of experimental result were discovered. The first type is that the specific heat of
nanofluids decreases substantially with an increased concentration of nanoparticles; the
second type 1s that the specific heat of nanofluids initially increases, and then decreases
as the concentration of nanoparticles increases. Table 3 and Table 4 are created to
indicate the two types of experimental data. The first type is contained in Table 3, and
the second type is in Table 4.

The concentration of nanoparticles is a key factor in effecting the specific heat of

nanofluids. Besides nanoparticle concentration, nanoparticle size, nanoparticle and base
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fluid materials, and temperature also influence the specific heat of nanofluids. These
multiple variables are listed in Table 3 and Table 4 to compare and evaluate the
nanofluids’ specific heat under different circumstances. The years of the publications are
also listed in Table 3 and Table 4 to track the timeline of the development of nanofluids
research.

Some nanofluids are phase change materials. However, in most of these cases,
the nanofluids are meant to be used in their liquid phase. The specific heat of nanofluids
in the liquid phase is constant, while in the solid phase it increases with temperature.
Thus, in Table 3 and Table 4, the specific heat of nanofluids in the liquid phase is
recorded.

After the Table 4, the figures that show the ratios of the measured specific heat of
nanofluids to the measured specific heat of base fluids are presented in Figure 7-12. This
is aimed to clear illustrate the enhancement or decrease caused by nanoparticles of

specific heat.
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Table 3.Summary of experimental studies on specific heat of nanofluids - |

Author | Year Bas:e Naqo- Particle (I;I;?:pfllrl; *SH T Vol. | Nanofluid *SH g;:ggr;slgg
Fluid | particle | Size (nm) Measurements (K) % (kJ/kg - K) ullieaiions
0 2.4
1 2.23
transient Double
Murshed | 5y | ethylene |- 5y, 15 Hot-Wire B - 22 +2.1%
[14] glycol technology 3 2.15
4 2.1
5 2.1
0 4.2
1 4.0
.. transient Double
Murshed 2011 deionize TiO, 15 . Hot-Wire . 2 3.95 +21%
[14] d water technology 3 3.75
4 3.65
5 3.55
0 2.4
1 2.21
transient Double
Murshed | ), | ethylene | .y 10x40 Hot-Wire 2 2.19 +2.1%
[14] glycol technology 3 2.15
4 2.1
5 2.1
0 1.9
1 1.78
engine transient Double
Murshed | ) |5 Al 80 Hot-Wire S - L.76 +2.1%
[14] technology 3 173
4 1.68
5 1.63
0 2.4
1 2.34
transient Double
Murshed |, | ethylene | 80 Hot-Wire B - 2.3 +2.1%
[14] glycol technology 3 2.28
4 2.24
5 2.22
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Table 3. continued

Base Nano- Parjucle Nanofluid *SH T Vol. Nailoﬂuld Uncer'talnty cited
Author | Year Fluid article Size prepare Measurements (K) Y SH in the
P (nm) ’ (kj/kg - K) publications
0 24
1 2.3
transient Double
Murshed 2011 ethylene ALO: 20 . Hot-Wire . 2 2.16 +2.1%
[14] glycol technolo 3 2.09
& 4 2.03
5 1.93
1 2.4
Barbé T Micro DSC 11 25 233
A 12012 | water | ALOs | 40-50 | WOSIeP | Wiero DS 303.1 [ 4 2.25 not found
[15] method | microcalorimeter
5.8 2.18
8.2 2.1
1 2.51
Barbé T Micro DSC 1I 25 245
arves | 2012 | water | ALOs | 40-50 | YOstep | Whero DS 3304 | 4 24 not found
[15] method | microcalorimeter
5.8 2.3
8.2 22
3.9 3.79
Barbé thyl T Micro DSC 1T 4.5 2.69
arves | o1z | CYINC | ALOs | 40-50 | Wostep | Whero DS 303.1 | 5.8 3.59 not found
[15] glycol method | microcalorimeter
7.5 3.43
9.5 3.34
3.9 3.8
Barbé thyl T t Micro DSC 1T 4.5 3.7
ADES | 012 | SMYINC 1 ALOs | 40-50 | SVosstep | Micro U 3304 | 5.8 3.6 not found
[15] glycol method | microcalorimeter
7.5 3.45
9.5 3.36
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Table 3. continued

Base Nano- Par.ticle Nanofluid *SH T Vol. Nanofluid Uncer'tainty cited
Author Year Fluid e Size prepare Measurements (K) o, *SH in the
(nm) (k]/kg - K) publications
0 3.190
Namburu ethylene ' 2 3.120
(1] 2007 glycol SiO, 20 - - - 4 3.100 not found
+water 6 3.040
8 2.850
--- 10 2.808
4 3.100
Zhou et ethylene uasisteady-state 6 3.040
al.[13] | 20 gl§c01 CuO >0 H ethod g 2.850 not found
10 2.808
0.6 2450
0 4.1707
2 4.0
3.5 3.8
Zhou and power 7.5 3.5
Ni[12] 2008 water AlLO; 45 - compensated 80 °C 10 3.25 not found
DSC 12.5 3.125
15.8 2.875
17.5 2.75
21.7 2.37
1.34 0.675
Two-ste ower
Pak and 1998 water re 13 methodp conrl)pensated 300 278 0.745 not found
Cho [10] AlO3
DSC 433 0.810
0.99 0.634
power 2.04 0.647
(lj)}?l(: El]n (;1] 1998 water TiO, 27 TX;}IS(EZP comge:snéated 300 3.16 0.662 not found
4.35 0.679
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Table 3. continued

4 Fluid | particle (nrzn) prep Measurements | (K) % (kJ/kg - K) pu

0.01 3.95

, 0.015 3.73
OHanley | Ho11 | water | Al heat-flux-type | 350 70,045 3.49 £0.07

etal. [15] DSC 0.065 3d

0.01 3.95

O’Hanley heat-flux-type o 0.015 3.73
etal. [15] 2011 water Al - - DSC 45°C 0.045 350 +0.07

0.065 3.4

0.01 3.95

O’Hanley heat-flux-type o 0.015 3.73
etal. [15] 2011 water Al - - DSC 55°C 0.045 3355 +0.07

0.065 3.39

0.025 3.64

O’Hanley heat-flux-type o 0.05 3.22
etal. [15] 2011 water CuO - -—- DSC 35°C 0.08 276 +0.07

0.13 2.28

0.025 3.61

O’Hanley heat-flux-type o 0.05 3.2
etal. [15] 2011 water CuO --- --- DSC 45°C 0.08 27 +0.07

0.13 2.28

0.025 3.61

O’Hanley heat-flux-type o 0.05 3.19
etal. [15] 2011 water CuO - - DSC 55°C 0.08 260 +0.07

0.13 2.24

0.04 3.81

O’Hanley . heat-flux-type o 0.085 3.54
etal. [15] 2011 water Si -—- -—- DSC 35°C 0.138 327 +0.07

0.185 2.95
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Table 3. continued

nator | v | Be | Moo [P TR e T v | anotia i | (et g
Fluid particle (o) Measurements | (K) % (kJ/kg - K)
0.04 3.86
O’Hanle . heat-flux-type o 0.085 3.56
otal. [1 53]V 2011 | water Si DSC YPE 1 450 RER 37 +0.07
0.185 2.94
Lu and NaNOs: heat-flux-type 290- 0.9 1.54
Huang 2013 | KNO; Al 13 - DSC 335 2.7 1.44 0.01~0.02
[17] (60:40) °C 4.6 1.37
Lu and heat-flux-type 290- 0.9 1.575
Huang 2013 water Al 90 - DSC 335 2.7 1.49 0.01 ~0.02
[17] °C 4.6 1.45

* SH stands for Specific Heat, DSC stands for Differential Scanning Calorimeter, T stands for Temperature.
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Table 3 contains the experimental results from eight papers. They tested the
nanofluids in different combinations of nanoparticles and base fluids under different
circumstances. It is hard to make a horizontal comparison of the nanofluids from
different papers.

To intuitively illustrate the percentage change caused by the nanoparticles,
several figures are plotted, as shown in Figure 7, 8, and 9. These figures show the
percentage changes in the specific heat of various nanofluids as a function of the

concentration of nanoparticles [ 14, 12, 17]. The percentage change is calculated as:

Measured nanofluid’s specific heat — base fluid's specific heat
base fluid's specific heat

x 100

Percentage change=

4

The materials of the nanoparticles and base fluids are shown in the title, and

separated by “/.” In these figures, the plots all start from zero because at zero

concentration, the nanoparticles have zero effect on the nanofluids. The plots indicate the

decrease percentage of specific heat caused by adding the nanoparticles. Figure 7 shows

the maximum decline of specific heat of base fluids happens in the nanofluid formed by

80-nm sized Al dispersed in engine oil. The specific heat of the nanofluid is reduced by

up to 16.5%. Figure 8 shows that adding 21.7% Al>Os into water decreases the water’s

specific heat up to 56.8%.
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Figure 7. Percentage change in the specific heat of various nanofluids as a function of
the volumetric fraction of nanoparticles [14]
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Figure 8. Percentage change in the specific heat of the nanofluid as a function of the
volumetric fraction of Al,O3 nanoparticles [12]

Percentage change

0 0
-2 Al(13nm) / NaNO;:KNO, 5 Al(90nm) / water
(0] [0
2 4 &
2 S
o 6 o
2 ®
£ 8 t -6
8
g a':) _8
-12
14 -10
0 1 2 3 4 5 0 2 4 6
Volumetric fraction (%) Volumetric fraction (%)

Figure 9. Percentage change in the specific heat of the nanofluids as a function of the
volumetric fraction of different sized Al nanoparticles [17]

Basically, the authors of Table 3 show a decrease by adding nanoparticles.
Additionally, Lu and Huang [17] demonstrated that larger sizes of nanoparticles lead to
higher specific heat of nanofluids. Then Table 4 shows the maximum specific heat of
nanofluids at certain concentrations of nanoparticles. The maximum specific heats from
different authors happen at different concentrations of nanoparticles, which are below or

around 1% mass concentration.
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Table 4.Summary of experimental studies on specific heat of nanofluids - 11

. Nanoflui | Uncertainty
- *
Base Nano Par‘t1cle Nanofluid SH T Volume d*SH | cited in the
Author | Year : particl Size Measure S L
Fluid prepare (K) Fraction % (kJ/kg - | publication
e (nm) ments K) s
0.5 (mass fraction) 1.329
Chieruz NaNO:s: . o -
Zi ot al. 2013 KNOs Si0, 7 Hot plate DSC 300 °C 1.0 (mass fraction) 1.661 +6%
[19] (60:40) method
’ 1.5 (mass fraction) 1.624
0.5 (mass fraction) 1.522
Chieruz NaNO:s: o - 0
Zi et al. 2013 KNO: AlLO3 3 Hot plate DSC 300°C | 1.0 (mass fraction) 1.745 +6%
[19] (60:40) method
’ 1.5 (mass fraction) 1.590
0.5 (mass fraction) 1.390
Chieruz NaNOs: . o - 0
Zictal 2013 KNOs TiO; 20 Hot plate DSC 300 °C 1.0 (mass fraction) 1.544 +6%
[19] (60:40) method
' 1.5 (mass fraction) 1.454
0.5 (mass fraction) 1.525
Chieruz | 3 | NaNOst | i | 2200 | Hot plate 300°C | 1.0 (mass fraction) | 2.018 +6%
zi et al. KNO3 DSC
[19] (60:40) ALOs method
’ 1.5 (mass fraction) 1.673
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Table 4. continued

- * ]
Base Nano- Parpcle Nanofluid SH T Volume Nanofluid *SH (kJ/ U.n certainty
Author Year Fluid rticl Size Measure () Fraction % ka-K cited in the
u particte (nm) prepare ments raction 7o 9K publications
0 1.47
0.09 1.69
. Hot plate 0.17 1.62
Shao | 2013 | NaNOs 410, MDSC | 350°C 0.30 .77
KNO; +3.6%
[20] (60:40) method 0.53 1.83
' 0.78 1.92
0.96 1.82
1.19 1.68
2.03(sample #1)
Tiznobai 2012 LiCOs: . 5 Hot plate | modulat | 300°C | 1 (mass fraction) 1.97(sample #2) not found
k and K2C03 SlOz
Shin[21] (62:38) method | ed DSC
1.90(sample #3)
2.10(sample #1)
Tiznobai 2012 LiCOs: . 10 Hot plate | modulat | 300°C | 1 (mass fraction) 1.90(sample #2) not found
k and K2C03 SlOz
Shin[21] (62:38) method ed DSC
' 2.02(sample #3)
2.03(sample #1)
Tiznobai 2012 LiCOs: . 30 Hot plate | modulat | 300°C | 1 (mass fraction) 1.90(sample #2) not found
k and K2C03 SlOz
Shin[21] (62:38) method ed DSC
' 1.92(sample #3)
2.02(sample #1)
Tiznobai | ), | LiCOs: . 60 Hotplate | modulat | 300°C | 1 (mass fraction) | 2.01(sample #2) not found
k and K05 | SIO; method | ed DSC
Shin[21] (62:38)

1.97(sample #3)
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Table 4. continued

- - -
Base | Nano- Particle Nanofluid SH T Volume Nanofluid *SH Uncertainty
Author | Year Fluid article Size repare Measure (X) Fraction (k] Jkg - K) cited in the
p (nm) prep ments % 9 publications
0.97 (#1)
Shin . .
and Chlgnd Hot plate S‘}i’;r;c;i 1(mass 20 ~ 40
. . o 0 ~ 4%
Bea[riegrie 2011 eutectic S102 26 method < 560 °C . 1.00 (#2)
s method raction)
1.98 (#1)
Shin Li:CO; Hotplate | DSC mass | 203(2) |
Banerje | 2011 | K2COs | Si 10 method | (ASTM- | 560 °C 0T
e[22] (62:38) E1269) fraction) 1.93 (#3)
1.97(fine
powder #1)
1.81(fine
powder #2)
: 1.77(fine
Shin | 5513 | (mass | powder #3)
and Li>COs . Hot plate o 1.9% ~ 2.4%
Baneri . Si 2-20 DSC 560 °C 1.18(coarse
anerje :K2COs method .
e[23] (62:38) fraction) powder #1)
1.31(coarse
powder #2)
1.29(coarse
powder #3)

* SH stands for Specific Heat, DSC stands for Differential Scanning Calorimeter.
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Figurel0, 11, and 12 are plotted to analyze the effect on the specific heat of
nanofluids by adding nanoparticles. Chieruzzi et al. [16] dispersed four types of
nanoparticles into the same base salt mixture, which shows the maximum specific heat
of nanfluids at 1 wt.%. SiO», Al,O3, and Si0;-Al>O3 all increase the specific heat of the
base salt mixture at 1 wt.% except that TiO; still decrease the specific heat of the base

salt mixture even at 1 wt.%, as shown in Figure 10.

60 60
Si0,(7nm) / NaNO;:KNO, Al,04(13nm) / NaNO;:KNO,

40 40
! m5

20 20

-20 -20

Percentage change
o
Percentage change
o

-40 -40

-60 -60
Mass fraction (%) Mass fraction (%)

60 60
Ti0,(2-200nm) / NaNO;:KNO, Si0,-Al,04(20nm) /
40 40 NaNO,;:KNO,

20 20

0 g —" 1 &

-40 -40

-20 -20

Percentage change
o
Percentage change
o

-60 -60
Mass fraction (%) Mass fraction (%)

Figure 10. Percentage change in the specific heat of various nanofluids with the same
base fluid and different nanoparticles as a function of the mass fraction of
nanoparticles [16]

Tiznobaik and Shin [21] only tested the specific heat of nanofluids at 1% mass

35



fraction of nanoparticles. Four different sized Al nanoparticles were dispersed into the
same molten salt eutectic. Figure 11 depicts the increased ratio of specific heat of

nanofluids.

25
Al/ LINO;:KNO;
60-nm Al
o 245
Qo
s
S 24 5-nm Al -
(0]
1)
]
c 235
9]
e
&
23 10-nm Al
30-nm Al
22.5
0.8 0.9 1 1.1 1.2

Mass fraction (%)
Figure 11. Percentage change in the specific heat of the nanofluid as a function of the
mass fraction of different sized Al nanoparticles at 1 wt.% [21]
Figure 12 shows the percentage change in the specific heat of the NaNO3:KNO3
based nanofluid with Al,Os as a function of the mass concentration of A1,O3 [20]. It is

shown that adding different concentrations of Al2O3 nanoparticles into the base fluid all

results in an increase of the specific heat.
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Figure 12. Percentage change in the specific heat of the nanofluid as a function of the
mass fraction of different sized Al>O3 nanoparticles at 1 wt.% [20]
5.2 Overview of models for specific heat of nanofluids
To predict the specific heat as a function of the concentration of nanoparticles,

different models were developed in the previous studies. They were used to compare
with the experimental result. To illustrate the comparison, Table 5 was created for the
models that were used to predict the specific heat of nanofluids; Table 6 was created for
the models that were proposed to predict the specific heat of nanofluids with a parabolic
shape. The comparisons of models and experimental result that are discussed in the same
paper are also showing in Table 5 and Table 6. After Table 6, each model will be
compared with selected sets of experimental result to verify if it is suitable for predicting

all types of experimental result.
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Table 5.Summary of models on specific heat of nanofluids - I

Author Year Model Remark
No comparison between the experimental
Palcand Cho [10] 1998 Cong = Prplpnp + (1= bnp)Cp result anrzi the model. P
Murshed [14] 2011 Coms = PrnpPnpCpnptPrdsCp s The model is ig good agreement with the
PnpPnptPrds measurements in the paper.
C _ PrpbnpComptPrdrCos The model is in good agreement with the
Barbés [16] 2012 pnf Prpdnp+prds measurements in the paper.
. + (1= dnp)C,y The predictions of two models are used to
Cons = Prplpnp P compare with the experimental result. The
Zhou et al. [13] 2009 first model fails to predict the experimental
C. . = Pro®uwlpnptPr®slps result, while the second one agrees with
pnf PrpPnp+Prbf the experimental result.
Cong = PrnpCpnp + (1 — Gnp)Cy f The predictions of two models are used to
compare with the experimental result. The
Zhou and Ni[12] 2008 c _ PrpPnpComp+PrdsCp s first model fails to predict the experimental
pnf — Prpdnptprdf result, while the second one agrees with
the experimental result.
Cong = PrnpCpnp + (1 — dnp)Cy The predict.ions of two rpodels are used to
compare with the experimental result. The
O’Hanley et al. [15] 2011 c _ PrpPnpComptPrdsCp s first model fails to predict the experimental
pnf — Prpdnp+prdr result, while the second one agrees with
the experimental result.
C. . = PrbnpConptPrérCps The predictions of two models are used to
pnf PrnpPnptord 1 i
pPnptPror compare with the experimental result. The
Lu and Huang [17] 2013 Cp (@ — ') + Cymar first mode'l fails to predict the experimental
Conf = result, while the second one agrees with

a

the experimental result.
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Table 6.Summary of models on specific heat of nanofluids - II

Author Year Model Remark
Doy o b The model cannot predict the increase of
Chieruzzi et al. [19] 2013 Cpnp = —2— p'np+ Lop] nanofluilds’ specific heat with the 1.0
Prp $np+Pr s wt.% of nanoparticles.
Doy Co 4 b pC The model cannot explain the anomalous
Shin and Banerjee[ 18] 2011 Cong = PP qf'ni fq) [pf enhancement of the specific heat at low
Prp@npTPIOS concentrations of nanoparticles.
Doy Co 4 b £ The model cannot explain the observed
Tiznobaik and Shin [21] | 2013 Cong = PP p'np+ LoIp] enhancement in the nanofluids’ specific
PrpPnptrrds heat
Coms = Prip®np CpnptPrPfCp s The predictions of two models are used to
: Prpbnp Py s compare with the experimental result. The
Shin and Banerjee[23] 2013 Coms first model fails to predict the

_ PrpVapCpnp + PVeCpc + prViCor

pnpvnp + pch + prf

experimental result, while the second one
agrees with the experimental result.
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From the above two tables, it is clear that some models have been repeated in many
papers. The same model can be adopted to compare with different sets of experimental
result. Through summarization, among all the published papers, only four different models
of specific heat of nanofluids have been proposed.

The following sections will introduce these four models separately. The four
models are named as Model I, Model II, Model 111, and Model IV. These four models will
be compared to determine if there is a unified model that predicts all the types of

experimental result.

5.2.1 Model I

Model I is the simplest model and is similar to mixing theory for ideal gas
mixtures, as shown in equation (5). Equation (5) has been used as a known formula in
the assessment of the heat transfer performance of nanofluids in many papers [10, 12,
13, 15]. It is a direct average of specific heat values of the base fluid and the
nanoparticles based of the volume fraction. Model I calculates the specific heat of

nanofluids as:

Cp,nf = ¢anp,np +(1- d)np)cp,f (5)

v, )
“P_ and base fluid volume
Vnp+Vf

Nanoparticle volume fraction is calculated by ¢, =

. . 4
fraction is ¢ = " fV , thus ¢y, + pf = 1.
npTVf
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5.2.2 Model I

The second model, as shown in equation (6), is the most commonly used.
According to the literature review, more than 80% of papers adopt Model II. Model II is
also the foundation of Model III and Model IV. Model II is based on the assumption of
thermal equilibrium between the particles and the surrounding fluid. It excludes the
effect of the interaction between the nanoparticles and the base fluid for the specific
heat. Model II does not consider the change in specific heat of the base fluid or the
nanoparticles after they combine. The density of nanofluids is defined as p,,5 =
Myr/Vor = &ppr + (1 — &f)ppyp- Therefore, the specific heat of nanofluids is

expressed as:

c. . — PuwbnpConptPrPrlps (6)
pnf PrpPnptPfrdr

Zhou et al. [13], Zhou and Ni [12] and O'Hanley [15] all compared Model I and
Model II in their papers, and concluded that Model Il is able to better predict the specific
heat of nanofluids than Model I. Thus, only Model II will be used to verify if it is
suitable for all the experimental result.

Model II shows an agreement with the experimental result from several
published papers [12,13,14,15,16], which are all decreasing with the increased
nanoparticles concentration. To verify if Model I is available for predicting all the
experimental result, it is plotted to compare with Ref [17], as shown in Figure 13. The
ratios of the predictions and the measurements are also plotted in Figure 13. Ref [17]

shows the experimental result that are decreasing with the increased concentration.
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However, Figure 13 shows that Model II cannot predict the experimental result from Ref
[17], which means that Model II is not suitable for predicting all the specific heat of
nanofluids that decreases with increased nanoparticles. Figure 13 clearly shows that
Model II’s prediction decreases when the fraction of nanoparticles increases, thus it
cannot predict or verify the experimental result with a parabolic shape [19, 20, 22]. This
indicates that Model II is not a unified model that can predict all the specific heat

experimental result.
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Figure 13. Prediction of Model II compared with Ref. [17]
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Figure 13. Continued
5.2.3 Model 111

Both Model III and Model III are lack of the consideration of the interaction
between the base fluids and the nanoparticles. To improve this, Lu and Huang [12], who
introduced a “nanolayer” as a contribution into Model III, considered that the specific
heat of a nanolayer (Cp 14y¢r) 1s dependent on the size of nanoparticles or the
combinations of nanoparticles and a base fluid. However, there is no experimental or
theoretical result available for the nanolayer’s specific heat (Cp j4yer)- The measured
specific heat of a nanofluid (C, ;,,) at a certain nanoparticles’ concentration is a function

of the specific heat of a nanolayer (Cp 1qyer):

_ CplayerWiayertCpnpWnp+Cp r(Wr—Wigyer)

(7)

Com b

The measured specific heat of a nanofluid (C,, ) is a result of the superposition
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of the specific heat of the nanolayer (Cp qyer), the nanoparticle (Cp »p), and the base
fluid (C, f). Due to this, the specific heat of the nanolayer (Cp 14y¢r) can be derived from

Equation (7):

— Cp,man_Cp,annp_Cp,f(Wf_Wlayer) (8)

C
player Wiayer

Once the specific heat of the nanolayer (Cp 1qyer) is known, the specific heat of

the nanofluid (Cp ,,5) at any nanoparticles’ concentration is expressed as:

! !
C _ Cp,anr’Lp +Cp,layeTWlayer+Cp.f(Wf_Wlayer) 9
pnf — W,f ( )
n

Substituting the specific heat of the nanolayer (Cp, jqyer) from Equation (8) into
Equation (9), the specific heat of the nanofluid (C,, ,,5) at any nanoparticles’

concentration can be obtained in Equation (10):

_ Cprla—a’)+Cpma’
Cons = a (10)

The relation between the volume fraction and mass fraction is:

0 = a? (1—ﬁ)+a([%) (11)

Pnp

Figure 14 shows the predictions of Model III and Model II compared with the
experimental result from Lu and Huang [17]. It shows that the predicted plots of Model

IIT and Model II decrease continually, and Model II shows a larger deviation than Model
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II1. In Figure 14, the ratios of the calculated numbers from the models versus the
experimental result are plotted to illustrate the deviation of each model. The ratio plots
also indicate that Model III has a closer prediction than Model II. Thus, Model III
appears to be a better predictor than Model II.

To verify if Model I1I is suitable to predict other author’s experimental result,
Model IIT is used to predict the experimental result published by Chieruzzi [19], as
shown in Figure 15. The experimental result from Ref [19] reaches the maximum at 1%
of nanoparticles, which is a typical distinction compared with the first type of

experimental result.
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In Figure 15, the prediction from Model III shows a large deviation with the
experimental result, which indicates that Model III is not be able to predict other authors’
experimental result. Thus, it is definitely not the case to determine that Model I1l is a
unified model to predict all the experimental result.

Furthermore, there are also two restrictions in using Model II1. First, in order to use
Model I1I, at least one specific heat at a certain concentration of nanoparticles needs to
be measured in an experiment. This measurement is required in equation (10) to
calculate the specific heat at other concentrations. It is also the reason Figure 14 and
Figure 15 show the same starting points instead of the prediction. Second, Model III can
be only used to predict the specific heat of nanofluids with same sized nanoparticles
instead of different sized nanoparticles [19]. These two restrictions show that Model III

is limited, since it cannot independently predict without the measurement.

5.2.4 Model IV

Since none of Model Model I, Model II, and Model III could predict all the
experimental result, IV was developed. It was proposed by Banerjee [23], and accounts
for the contribution of the compressed phase to the total specific heat of nanomaterials. It

is as follows:

C _ PrpVnpCpmp+tPcVeCp,ctPrViCpf 12
= (12)
PnpVnp+pPcVetprVy

The properties of the semisolid layer are the key issues required to use Model V.

However, Banerjee [23] pointed out that terms like the density, the volume fraction and
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the specific heat of the semisolid compressed layer cannot be measured directly.
Banerjee [23] assigned empirical numbers for these crucial terms. But his explanation
was not specific, and his result was hard to replicate for other people. A 0.336J/g K of
specific heat of nanofluids was calculated, which was far below Banerjee’s calculation,

3.31 J/g K. Thus, Model IV is inappropriate to predict the specific heat of nanofluids.
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6. EXPLANATIONS AND RECOMMENDATIONS

The previous models cannot successfully explain the observed change of the
specific heat of nanofluids due to insufficient understanding of the basic mechanisms
involved. Thus, this chapter outlines how the nanoparticles improve the specific heat of a
base fluid at a nanoscale level. It focuses on explaining how nanoparticles contact with a
base fluid at a nanoscale level. Two newly developed explanations are proposed to
explicate the enhancement of specific heat. Furthermore, suggestions are proposed based

on the new findings.

6.1 Explanations of the mechanisms of the variation of specific heat of
nanofluids

Adding nanoparticles in a base fluid results in two types of experimental results
of the specific heat of nanofluids. Since no consensus exists on the effect of adding
nanoparticles on the specific heat in either experiments or theories, the explanations will
be presented according to the two types of experimental results.

The first type of experimental result of the experimental result shows that
nanfluid specific heat is decreasing when the nanoparticles concentration increases. This
is because the nanoparticle has a relative lower specific heat than the base fluid. When
the nanoparticles are added to the base fluid, they lower the mixing nanofluid’s specific
heat. Thus, the specific heat of the nanofluid is lower than the base fluid.

The second type of the experimental result shows that the specific heat of
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nanofluids reaches its maximum at a low concentration of nanoparticles. The second
type of experimental result is provided at a nanoscale level and results in an
enhancement.

The researchers (Shin and Banerjee [15], Chieruzzi et al. [16]) who found the
enhancement of the specific heat all stated in their papers that the formation of a
nanolayer on the surface of the nanoparticle should be responsible for the enhancement
of the specific heat of nanofluids. When nanoparticles disperse into the base fluid, both
of their original states are destroyed. At the same time, the interaction between the
nanoparticles’ surfaces and the surrounding liquid molecules is considered. Some of the
liquid molecules around the nanoparticles adhere to the surfaces to form layers.
Chieruzzi et al. [19] also used SEM micrographs of the nanofluids at different
concentrations of nanoparticles to prove the presence of an interaction between the
nanoparticles and the base fluid. Oh [24] also demonstrated the existence of the
nanolayer by presenting TEM images. The layer’s thickness is 2-5 nm, which is about 10
molecules or less. Li [25] found that a thin layer of liquid is formed at the interface
between the nanoparticle and liquid by tracking the atoms’ positions.

The nanolayer between the nanoparticles and the base fluid is formed due to the
unique characteristics of nanoparticles. Due to the nano-size of nanoparticles, they have
high specific surface energies associated with the high surface area per unit mass. The
larger surface energy results in an increased thermal resistance between the nanoparticles
and the base fluid. The thermal resistance can be considered as thermal storage that

stores the heat. The thicker the adhesion layer, the larger the thermal resistance will be,
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which contributes to enhance the specific heat of nanofluids. Li [25] found that more
attracted atoms form the layer around the nanoparticles when the diameters of the
nanoparticles are larger. Therefore, the larger diameters of the nanoparticles lead to more
significant enhancement of the thermal conductivity of the nanofluids. This is speculated,
the specific heat of nanofluids is affected by the adhesion layer between the
nanoparticles and the base fluid and is dominated by the thickness of the adhesion layer.
For nanofluids, the unique feature of specific heat is caused by the small size of
nanoparticle, and larger sizes increase specific heat. Lu and Huang [17] showed good
corresponding results with this conclusion: comparing 13- and 90- Al nanoparticles,
small size reduces the specific heat of nanofluid for a given volume fraction.

However, the above theory can only explain the enhancement of the specific
heat, but cannot explain why the specific heat is lower above and below the
concentration where the enhancement happens. To expand on the theory, two additional

explanations are proposed based on.

6.2 Two novel explanations for the change of specific heat of nanofluids and
recommendations

Before proposing the original explanations on a nanoscale level for the
enhancement of specific heat, several concepts need to be introduced first.

The concepts of “lattice” and “phonon’ are important to understand nanoscale
theory. Atoms in a crystal are ordered based on image patterns and can be considered as

dots. There are imagined linkages between the dots which are called “lattices.” The
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lattice vibration waves are considered as “phonons.” A phonon is a quantum of sound,
that is, a quantized sound wave. It is a lowest energy, quantized state of a vibration
within a lattice structure. They can be considered as particles that carry the lattice
vibration energy. A phonon is a collective excitation in a period. The surface atoms in the
lattices of a nanoparticle have less bonds and constraints than the inside ones. The
energy between two objects is transferred by carriers such as phonons, electrons and
fluid particles. The bonds between the atoms can be treated as a spring problem (F =
kx). The surface atoms vibrate at a lower natural frequency and higher amplitudes, and
generate potential energy in a harmonic approximation. The nanoparticle surface-to-
volume ratio is larger the micro-sized particles, which causes surface energy to take a

larger proportion.

6.2.1 First novel explanation for the change of specific heat of nanofluids

The following is the first proposed explanation of why the nanofluids’ specific
heat initially increases and then decreases. At a lower concentration of nanoparticles,
there are not enough nanoparticles to adhere liquid molecules. Thus, little adhesion
layers are formed, which lead to an enhancement of nanofluids’ specific heat. As more
nanoparticles are added into the base fluid, the specific heat increases. When the
concentration of nanoparticles reaches the optimum value, the distance between two
nanoparticles is the shortest length to avoid the effect of phonon scatterings from each
other. With more nanoparticles in the nanofluid, the concentration of nanoparticles

passes over the optimum value. Since the distance between two nanoparticles is shorter
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than the optimum length, phonons scattering from each nanoparticle start to affect each
other. This distance might be short enough to cancel or weaken the other nanoparticle’s
phonon scattering effect or atom vibration. Meanwhile, when two atoms come close to
each other, their electrons begin to share orbitals. These phenomena will decrease the
available degrees of freedom. Translation, rotation and the two types of energy,
including potential energy and kinetic energy in vibration, represent the degree of
freedom of motion which classically contributes to the heat of a thermodynamic system
[26]. The loss of degrees of freedom weakens the specific heat of the nanofluid.

Based on these findings, an experimental suggestion is to add an additional
process of measuring the molecules’ forces in a nanofluid at different concentrations of
nanoparticles. It is necessary to measure the specific heat and molecules’ force at the
same concentrations of nanoparticles. Then the relation between the measured specific
heat and molecules’ forces can be tracked. Since the distance between two atoms affects
the molecules’ forces, the relation of the specific heat and the distance between
nanoparticles will be observed. This might be a reliable method to prove the proposed
explanation and a more complete way to understand the interaction between the

nanoparticles and the base fluid.

6.2.2 Second novel explanation for the change of specific heat of nanofluids
There is another proposed explanation of the change of specific heat of
nanofluids. Specific heat quantifies the ability of a certain number of carries to store

thermal energy. The energy is stored by a rise in the temperature of the carrier. Specific
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heat of a metal can be expressed as a sum of specific heat of electrons and phonons. The
phonons include acoustic and optical phonons. Acoustic phonons are similar to the way
sound moves, so they are described as ‘acoustic vibration.” We suppose that in a chain,
the atoms bonded together by the lattice, the atoms vibrate along the wave propagation
directions in the longitudinal and transverse modes [27]. Debye approximation (Debye,

1912) is a sine function to estimate the acoustic phonon specific heat:
w(K) = vgaveK (13)

The acoustic phonon specific heat expressions equation (14) for low temperature

and equation (15) for high temperature [26] are:

T 3
Copspiow = 2340k (3-) (T < 6p) (14)

Cv.p,3phigh = 3Makg (T >> 6Op) (15)

where 1, is the number of unit cells per unit ‘volume’ of the given dimensionality, and
7 18 true volume for 3D. kg is the Boltzmann’s constant; 85, is the Debye temperature.
We can tell that for the high temperature, the acoustic phonon specific heat is
independent from the temperature.

Optical phonon contribution is neglected for specific heat at low temperatures. In
1906, Einstein proposed a model that a single frequency assigned to each branch of the
phonons causes flat dispersion vibration. While Debye’s model is accurate to predict the

specific heat of acoustic phonons, Einstein’s model should be applied to the specific heat
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of optical phonons. The electron specific heat calculated by Einstein’s model is

expressed as [26]:

2,2
Cre =0 (16)

Both phonons and electrons store energy through a distribution of energy state,
which also is called energy level. Since phonons and electrons are governed by different
distribution laws, such as the Bose-Einstein distribution and the Fermi-Dirac distribution
law, respectively, a given state carries two electrons and unlimited phonons.

The interaction between the incoming and outgoing phonons is through a process
known as Fermi’s golden rule. The scattering rate increases with frequency as the
phonon density of states increases. The scattering rate increases with temperature

generally. The effective scattering rate is expressed as [26]:
Tofr = 101071 + (107 s /K)w?T (17)

For a 1D material, the thermal conductivity is:

1 o0 afg
Kip = Efo ‘L'_l‘!(;w) h(l)ﬁdw (18)

There are three typical types of phonon scattering processes. Type 1 is two
incoming phonons scattering into a third while conserving energy and momentum. Type
2 is one phonon decaying into two outgoing phonons while conserving energy and

momentum. Type 3 is two incoming phonons scattering into a third while conserving
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energy but not momentum [26]. A U process is similar to type 1 of the scattering process
of two incoming and one outgoing phonons. When temperature increases, U process
scattering becomes dominant and the specific heat begins to asymptote toward a constant
value. As temperature increases further, the scattering rate continues to rise, resulting in
a decrease in thermal conductivity.

The second proposed explanation of nanofluids’ specific heat change is obtained
from the above equations. Based on the observation through the above equations, when
the status (s) changes from zero to infinity, the specific heat of nanofluid first increases
and then decreases.

It is not hard to tell in equation (17) that the scattering effective rate is effected
by the terms of phonon wavevector (K), natural frequency (w) and status (s). If the
wavevecter and natural frequency are assumed to stay at certain constants, then effective

scattering rate (7, flf) first decreases then increases as the status changes from zero to

infinity. When effective scattering rate decreases, thermal conductivity (k) from equation
(18) increases, which leads the specific heat values of electrons (equation (16)) and
phonons (equation (15)) to increase. The specific heat of the electrons and phonons
assemble the specific heat of a nanofluid. Therefore, the specific heat of a nanofluid
increases with the effective scattering rate decreasing. In contrast, as the effective
scattering rate increases, the specific heat value will decrease. The peak of nanofluid
specific heat occurs at the critical status.

In order to prove the above explanation, more calculations are needed for

equations (13) to (18). If the number of the critical status can be calculated, it will be
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easier to predict the peak value of specific heat and prove the explanation is reasonable.
This will help improve better understanding, and even allow the prediction, of the
change of specific heat. From equation (17), it is seen that the increased temperature
results in an increase in the effective scattering rate. Both of the proposed explanations
mention the scattering effect, it is also interesting to know the relation between the

temperature and the scattering effect.
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7. FINDINGS AND CONCLUSIONS

Based on the research, several findings are listed below:

1. Two types of experimental results of the specific heat of nanofluids have been
discovered. The first type is that the specific heat of nanofluids decreases consistently
when adding nanoparticles. The second type is that the specific heat of nanofluids first
increases, then decreases after reaching the maximum.

2. Four different models that predict the change of specific heat of nanofluids from
the previous studies have been summarized. None of them are able to adequately predict
all the experimental results.

3. Atheory at a nanoscale level that can only explain the enhancement of the
specific heat of nanofluids was outlined. However, it cannot predict the trend of the
specific heat of nanofluids.

4. Thus, two novel explanations at the nanoscale level predicting the trend of the
specific heat of nanofluids have been proposed.

Considering all the findings of the research project, several conclusions can be
drawn:

1. No agreement has been reached on the previous experimental results of the
specific heat of nanofluids.

2. A unified model or explanation that is able to adequately predict the change of
specific heat of a nanofluid of concentrations of nanoparticles does not appear to exist.

No existing model is able to verify the experimental data of nanofluids’ specific heat.

59



3. There does not seem to be a unified explanation for the change of the specific

heat of nanofluids.
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8. RECOMMENDATIONS FOR FUTURE RESEARCH

Three recommendations for future research on nanofluids’ specific heat are listed
below:

1. A factorial experiment is necessary to evalute the effects on nanofluids of various
factors such as nanoparticle size, nanoparticle and nanofluid materials, and nanofluid’s
specific heat measurement method.

2. It is necessary to add an additional process of measuring the molecules’ forces in
a nanofluid at different concentrations of nanoparticles in experiments. This might be a
reliable method to prove the proposed explanations in a better way to understand the
interaction between the nanoparticles and the base fluid.

3. In order to gain better understanding, and to predict the change of specific heat,
more calculations need to be taken on the equations mentioned in Chapter 5: the value of
the critical status, where the optimal specific heat happens can be calculated, and this
method can be used to precisely predict the peak value of the specific heat and its optimal
concentration.

4. 1t 1s interesting to track the relation between the temperature and the scattering

effect of nanofluids.
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