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Nanofluids, which are suspensions of hanoparticle®nventional heat transfer fluids,
attracted research studies on different heat transipplications, while they enhance

thermal transport properties in comparison with gentional base fluids.

Recently, the use of these new fluids has beenimggowcreasingly. However, the
ambiguities of their thermo-physical properties sauhem to function inefficiently in
industrial design. The recognised important paraenetthat affect the properties of
nanofluids include the volume fraction of the naartiples, temperature, nanoparticle
size, nanolayer, thermal conductivity of the bdself pH of the nanofluid and the
thermal conductivity of the nanoparticles. Howevdigre is a distinct lack of

investigation and reported research on the nanalaywl its properties.

In this study, the effect of uncertainty of thealayer properties on the effective thermal
conductivity and viscosity of nanofluids, and hteatsfer are discussed in detail. The
results show that the uncertainties can cause 2006 & the calculation of the Nusselt

number and 24% for the Reynolds number. Thereimi@e research needs to be

conducted on nanolayer properties in order to idfgrinem accurately.

The density of some nanofluids, such as-8i&@ter, SiQ-EG-water, CuO-glycerol and

MgO-glycerol, has also been investigated experiaigntTherefore, the effects of
nanolayer thickness and density on nanofluid properare discussed in detail. The
results show that nanolayer density and thicknes® la significant effect on nanofluid
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density, and nanolayer density is found to be betweoid and base fluid density.
Consequently, by analysing experimental resultspartbrming a theoretical analysis,

a model has been derived to calculate the densinaoofluids.

Specific heat capacity is the other nanofluid propehat is discussed in this study.
Experimental data from literature, available forraal and the presented model for
nanofluid density have been used to identify narb8pecific heat capacity, while
nanofluid density is one of the parameters in daling specific heat capacity. This
investigation was performed using a model — usedliffgrent authors — that also
considers the nanolayer. The specific heat capatihanofluids that resulted from two
methods of calculation has been compared with alkel experimental data. This
investigation shows that the proposed model fod#resity of nanofluids provides better

agreement for specific heat capacity in comparigoaxperimental data.

Keywords: Nanofluids, nanoparticle, nanolayer, thermal conlity, viscosity,
specific heat capacity
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CHAPTER 1: INTRODUCTION

1.1 Background

Conventional heat transfer fluids like water, ergail and ethylene glycol (EG) have
limitations on heat transport. On the other hahd,rapid development of technology
and methods to generate an enormous amount oihheaiv heat transfer systems, such
as micro electromechanical machines and high effey heat exchangers, require an
enhanced heat transfer fluid.

The main factor in the efficiency of the thermalsport ability of a heat transfer fluid
is its thermal conductivity. However, conventiohaht transfer fluids have poor thermal
properties compared to solids. A way to improve thermal conductivity of

conventional fluids is to disperse solid partialeshem.

The idea of dispersing micrometre- or millimetreesi solid particles in fluids can be
traced back to the theoretical work of Maxwell [171L873. Numerous theoretical and
experimental studies have been performed to inerdhs thermal conductivity

properties of fluids by dispersing millimetre- oicnometre-sized particles in fluids.

Although adding these solid particles may imprdwethermal conductivity properties
of conventional fluids, they could cause stabilityeological, sedimentation, clogging
and pressure drop problems.

Choi [1] proposed using nanofluids, which are stiidid composite materials that
consist of nanometre-sized solid particles (1 @ 4®), fibres, rods or tubes suspended
in different base fluids. The thermo-physical pntigs of fluids play a vital role in
developing heat transfer equipment with a higkcefficy. Numerous studies have been
performed for calculating the effective thermal doativity and viscosity of nanofluids
as key factors in order to introduce nanofluide imdustrial design and applications.
Several authors have introduced the volume fractibmanoparticles, temperature,
nanoparticle size, nanolayer, thermal conductieftihe base fluid, pH of the nanofluid
and the thermal conductivity of the nanoparticleggportant parameters that affect the

properties of nanofluids [2] [3].

© University of Pretoria
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Chapter 1: Introduction

Even nanofluids can enhance heat transfer, butléhsity of nanofluids has not been

investigated in much detalil.

1.2 Motivation

In view of industry’s interest in nanofluids, esiadly their heat transfer applications, it
was deemed necessary to study the thermo-physiopkmgiies of nanofluids. For a
better understanding of nanofluid properties, ihéessary to consider solid-liquid
interfacial layer, nanolayers, and their charasties like thickness, thermal

conductivity, density and specific heat capacity.

The aim of this dissertation is to study the eSecf nanolayers on the other

characteristics of nanofluids, which can be ablmé&asure.

The next chapter reveals the lack of reported datbformulae on the thermo-physical
properties of nanofluids with regard to nanolaydiserefore, this research explains

nanolayers and their influence on nanofluid prapsrt

1.3 Objectives of the present research

The research presented in this dissertation airashieve the following goals:

» To analyse effects of nanolayers on nanofluids'iteephysical properties

 To measure the density of SH¥ater, SiOx-EG-Water, CuO-glycerol and
MgO-Glycerol nanofluids from 10 to 40 °C at volurftactions ranging from
110 6%

* To develop a correlation for nanofluid density witleasurable variables

* To use data from developed nanofluid density cati@hs for optimising

nanofluids’ heat capacity data

1.4 Organisation of the dissertation

The dissertation consists of six chapters. Chdppgesents the background, objectives,

motivation and organisation of the study. Chapterobhprises the literature review
2

© University of Pretoria
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Chapter 1: Introduction
relevant to the nanolayers’ effects on the theroealductivity, viscosity, density and

heat capacity of nanofluids. It also presents trelable experimental correlations for
and models of the thermal conductivity, viscositensity and heat capacity of

nanofluids.

Chapter 3 shows the experimental work for measu8ii@-water, SiQ-EG-water,
CuO-glycerol and MgO-glycerol nanofluid density gardsents an uncertainty analysis.
Chapter 4 discusses the effects of nanolayers noflo@ properties and develops a
model for nanofluid density and optimising the nidund heat capacity model. Chapter
5 deals with the results of the analysis, and ttpeements that have been done are
presented in Chapter 4. Chapter 6 presents a synohéne previous chapters and a

conclusion.

© University of Pretoria
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CHAPTER 2: LITERATURE REVIEW

2.1. Introduction

This chapter reviews the literature that is relévarthe solid-liquid interfacial layer. It

also explains the thermal conductivity, viscositensity and heat capacity of
nanofluids. The chapter presents the literature ¢basiders the effects of nanolayers
on the thermal conductivity, viscosity, density ahdat capacity properties of
nanofluids. This chapter also presents the availakperimental correlations for and

models of the thermal conductivity, viscosity, dgnand heat capacity of nanofluids.

2.2. Solid-liquid interfacial layer physics

Many theoretical analyses and molecular simulatitvasve been performed to
investigate the properties of layers at solid-kfjuiterfaces. Probing the structure of
these interfaces was difficult and the theoreticalalyses were not verified

experimentally.

Broughton and Abraham [4] used molecular dynamiosikation to study the influence

of crystal orientation on the structure of the igjoeighbouring the crystal face. In their
study, density oscillations were also observedHerliquid close to the solid interface.
These oscillations occurred in five or six layef$igquid neighbouring the crystal face,

which shows the ordering of liquid molecules cltséhe solid interface.

Henderson and Van Swol [5] analysed the propeosfiesfluid in the presence of a hard
wall. They performed theoretical analysis and ukedesults of the molecular dynamic
simulation of hard sphere fluid bounded by a péiplanar walls. They predicted the
density oscillation of molecules close to the stitydid interface from the simulation

results. They also discussed the presence of laykre molecules in the interface of

the planar wall and fluid.

© University of Pretoria
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Thompson and Robbins [6] worked on the epitaxideorof fluids near solids. They
showed that the degree of slip on the solid isctliyeelated to wall-fluid interaction.
They indicated that substantial epitaxial ordemmegurs at large interactions, and that
the first of two fluid layers becomes locked to thell. Additionally, as wall-fluid

interactions increased further, the density offits layer increased to that of the solid.

Han and Hunt [7] measured the number of particiehe fluid that attach to artificial
interfaces under different flow conditions. Theyided the process of particle pushing
by a freezing front into three steps. The firspstethe presence of particles at the solid-
liquid interface, the second is the attachmentasfigles to the interface, and the third
is the interaction of the particles with the growisolid. In their investigation, they
discussed the second step. Particles pushing tedle surface were measured in
vertical and horizontal flow for different partickezes, densities and interface surfaces
in lamina and turbulent flows. Their results shovtieat more particles pushed to the
interface in turbulent and rough surfaces. They &snd that particle size and density

influence the results.

Liu, Bennema, Meijer and Couto [8] used self-caiesisfield lattice models to study
the structure of molecules in the solid-liquid nfiaee. Oscillation of segmental density
profiles, which depend on the structure of the hiie molecules at the solid-fluid

interface, has been developed. Rigid molecules shtemdency towards ordering and
adsorption in the solid-liquid interface to achiemaximum adsorption energy.

Teramoto and Nakanishi [9] studied molecular oagoh by using the density-
functional method and compared the results with tdd@arlo simulation. In both
methods, the density profile close to the solideszg showed a higher density compared
to that of the liquid.

Steitz, Braun, Lang, Reiss and Findenegg [10] msedron reflection analysis to study

the solid-liquid interface and supported the cotujex of ordering liquids at the

interface.

© University of Pretoria
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Huisman, Peters, Derks, Abernathy and Van der YEHnnvestigated the structure of
the solid-liquid interface with a synchrotron X-rdi§fraction method. This method can
be used because of the X-ray's deep penetrationnigitter. The specular reflectivity
was measured in the Ga/diamond (111)-2x1 interfabey reported exponentially
decaying density oscillation in the Ga/diamond riiatee. In the experiment, liquid

gallium was super cooled so that the layering cbalthe consequence of local freezing.

In 1998, Huisman and Van der Veen [12] introducedaalel for the density profile in
the solid-liquid interface. Figure 1 shows the &lae density distribution of the solid-
liquid interface. The solid line in the graph iethlectron density distribution in the
Ga/diamond (111)-2x1 interface, which is calculdtredn their model, and the dashed
line curves are the solid and liquid distributioAs.shown in the graph and schematic,
the model for the interface structure of galliuronas close to the solid surface forms a
solid-like layer with a high electron density. Thallium atom structure close to the
diamond surface is Ga2 dimer, which is a stablédsphase of gallium at low

temperature and ambient pressure.

Doerr, Tolan, Seydel and Press [13] studied thlgnidl hexane films on silicon with

specular and off-specular X-ray scattering. Thepegimental results show one solid-
liquid interfacial layer extended to 4 nm from tinéerface. They concluded that the
ordering of an interfacial layer in the solid-liguinterface is independent of the

thickness of the liquid film.

Yu, Richter, Datta, Durbin and Dutta [14] studibd tnterfacial properties of thin liquid
film of tetrakis(2-ethylhexoxy)silane (TEHOS) origdn (111) substrate with X-ray
reflectivity. They showed three electron densitgiketions near the interface with a

period of~1 nm, which is consistent with the molecular densit

In 2000, Yu, Richter, Datta, Durbin and Datta [BEiidied the interface layering of
TEHOS as a normal liquid at room temperature tha$ Wigher than freezing point.
Samples of various thicknesses were tested andtylessillations of a period of 1 nm

independent of film thicknesses was reported.

© University of Pretoria
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Chapter 2: Literature review

Yu, Richter, Kmetko, Dugan, Datta and Datta [1&disynchrotron X-rays to study the
solid-liquid interface of three different liquidsnosilicon substrates. They studied
ultrathin (45 to 90 A) and thick (5 000 A) liquidris. They found that the liquid

molecules form three to six layers at the interfadth the plane close to molecular
dimensions.

According to the abovementioned studies, thereisloubt of the presence of liquid
ordering in the solid-liquid interfaces. Howevehete are no certain models for

predicting the interfacial layer properties.

i
la}

o n

Electron density (87)
O
n

Figure 1: Electron density distribution of the sold-liquid interface [12]

2.3. Nanofluid thermal conductivity

After Choi [1] dispersed nano-sized particles inantional fluids, many experimental

studies have been done to determine the effedtemenal conductivity of nanofluids.
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The model of Maxwell [17], which calculates theeefive thermal conductivity of
fluids with suspended particles, is based on sofrideo models for calculating the
effective thermal conductivity of nanofluids. Tmsodel considers particle and base

fluid thermal conductivities and particle volumadtion:

_ kp*+2ke+2(ko-ke)
kMaxweII - w f (1)

In 1935 Bruggeman, as reported in [18], presentatbdel that was valid in a wider
range of concentration.

The factors that play a role in this model aresamme as in Maxwell’'s model:
kepr = Be — D+ [3(1— ) — 1lks + VA 2
VA= (3¢ — 1)%k,” + [3(1 — @) — 11%k;* + 20k, ks (3)

Hamilton and Crosser [19] developed a model by idensg shape factor influences
on the effective thermal conductivity of fluids wisuspended particles as:

kerr  ept(z-1)—-(-1)(1-¢&p)e (4)
kg - ept(E-1+(1—-¢gp)g

o ="k, ®

Wherert is the empirical shape factor, and calculatingnftbe equation below:
T =3/yY (6)
1y is particle sphericity, and in the case of splaparticles, is equal to 1.

In 1973, Jeffrey [20] extended Maxwell’'s model mynsidering interactions between
pairs of spheres as:
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kerr _ 2, 307 | 90° &2,
7 1+30¢+ (30" +—+— 2gpﬂ)(p (7)
g1
a o sp+2 (8)

Davis [21] worked on the effective thermal condutyi of composite material with

spherical inclusions and presented a model slightfgrent from that of Jeffrey.

=14 e [ + £ (6)9? + 09 )] (9)
f(ep) = Z5zel (B, = 38,)/ (0 — 3) 2773], (10)

where B and A are functions ofp.

Independent experimental results show that thectffe thermal conductivity of
nanofluids is an order of magnitude larger thanddleulated amount from developed
models. Many studies have been performed to fiadabtors that enhance the effective
thermal conductivity of nanofluids, and a variefyassumptions have been made to
explain the mechanisms that cause the enhancemsi@heonductivity of nanofluids,

which will be discussed in detail in the followisgctions.

Eastman, Choi, Li, Yu and Thompson [22] indicatieat the dramatic enhancement in
the thermal conductivity of nanofluids occurs besmawf increasing surface area to
volume ratio. This enhancement can be improveddayahsing particle size. They also
compared experimental results with theoretical jotemhs and recounted the
weaknesses of the Hamilton-Crosser model in terdmmadicle size in predicting the

effective thermal conductivity of nanofluids.
On the other hand, some studies [5] showed tha¢entds of liquids close to a solid

surface form a solid-like layer. This layer was mordered than bulk liquid, so should

have better thermal properties than liquid [15].
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Some researchers tried to determine the effecthisfinterfacial nanolayer on the
effective thermal conductivity of nanofluids, whighll be discussed in the following

paragraphs.

Keblinski, Phillpot, Choi and Eastman [23] explopazksible solutions to the challenge
of anomalous effective thermal conductivity enhaneet, namely the Brownian

motion of particles, interfacial nanolayer, baistonduction and particle clustering.

In the case of Brownian motion, the analysis shotwatithe movement of nanopatrticles
could not transport a significant amount of heatbkhski et al. [23] concluded that

there should be other reasons for such enhancement.

They conducted an analysis and a computer simuol#tiat demonstrated the important
role of the nanolayer in the effective thermal aactdvity of nanofluids, because this
liquid layer is more ordered than bulk liquid. Théser also increases the effective

volume fraction of nanopatrticles.

In their analysis, the nanolayer’'s thermal condugtiwas assumed equal t@ to
estimate upper limit of the nanolayer that enhanlcesmal conductivity. Keblinski et
al. [23] mentioned that, if a double effective volel fraction is required for an amount
of enhancement, the nanolayer should have a thésko10 nm, which is larger than
the experimental and simulation data for liquidelayg on solid surfaces. They
concluded that the forming nanolayer could not hsweh a big effect on effective

thermal conductivity as was shown in experimentltes

They also concluded that ballistic conductivity gratticle clustering do not support

such an enhancement in effective thermal condugtivi

Xue [24] derived a model for predicting the effgetthermal conductivity of nanofluids
based on Maxwell’'s model and average polarisatienries. He considered the particle

and nanolayer as a “complex particle” and derivedguation for this complex particle.

10
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A flaw of his analysis is that he selected nanaldagiekness and thermal conductivity
to fit experimental results. The size of the carbhanotube used in the experiments had
a mean diameter of 25 nm andg@. In this analysis, nanolayer thickness and therma

conductivity were fitted as 1, 2, 3 and 5 nm and\2nK respectively.

The AbOs particle sizewas 60.4 nm in diameter, and for®k-water, nanolayer
thicknesses were fitted as 1, 2 and 5 nm, and A@&aW/mK for thermal conductivity.

Xue [24] did not mention any reason for these selps.

Yu and Choi [25] renovated Maxwell’'s model and adased the effects of the
interfacial layer on the effective thermal conduityi of nanofluids. They used the
theory of formation of the layered structure ot molecules on solid surfaces, and
proposed that this solid-like nanolayer around rla@oparticle plays a key role in
enhancing the thermal conductivity of nanofluidattlact as a thermal bridge. The
nanoparticle and surrounding nanolayer assumeduinaent nanoparticle and defined

an increased volume concentration as indicatedabelo

4 4 t
Pe =m0 +t)°n = smr’n(l + é)g =p(1+7)°, (11)

wheren is the particle number per unit volume. Basedheneffective medium theory
of Schwartz et al. [25], they calculated the egi@rtinanoparticle thermal conductivity

as indicated below:

_ [a-9)+@+y)2@+29)]9
fpe = —(1-9)+(147)3(1+29) ey (13)

(14)

Then they modified Maxwell’'s model for the thernw@inductivity of nanofluid as
indicated below:

11
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kovr = kpe+2kg+2(kpe—kr)(1+1)°@
eff ™ kpe+2k—(kpe—kr)(1+1)30 T

(15)

Therefore, they compared their model with the aotaséaxwell model for Cu-EG
nanofluid and concluded that the effects of nareiaye significant when nanopatrticles

are smaller than 5nm,(~t;). Their modified model results will reduce to theginal

Maxwell equation when, >> ;.

The effects of the thickness and thermal condugtioi the nanolayer on thermal
conductivity enhancement for a nanofluid were disewd. According to Schwartz et al.
[25],thermal conductivity enhancement is strongipendent on the thickness of the
nanolayer, but it is almost invariant to the thdrownductivity of the nanolayer when
k >10k:. They concluded that the nanolayer thicknessusial to thermal conductivity

enhancement.

They compared the results from their model withrdeailts from Maxwell’s model and
some experimental results from previous studie€teEG (with surfactant and without

surfactant) and CuO-EG nanofluids.

They concluded that thermal conductivity enhancdnestrongly dependent on the
thickness of the nanolayer, but it is almost insatito the thermal conductivity of the
nanolayer wherki >10k;, and nanolayer thickness is crucial to thermaldcetivity
enhancement. They assumed intermediate thermal uctvity between the
nanoparticle and base fluid thermal conductivifies the nanolayer, and nanolayer
conductivity is considered to be constant ovemisueolayer. Drawbacks to their model
are the nanolayer thickness and thermal condugtarntount, which has been adjusted

to match experimental data.

Yu and Choi [26] renovated the model of Hamiltores¥er to include the solid-liquid
interface effects on effective thermal conductiidy non-spherical particles. Particles
are assumed to be elliptical. The particle anchreolayer are considered as a complex

particle.

12

© University of Pretoria



+
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf YUNIBESITHI YA PRETORIA

Chapter 2: Literature review

Equivalent thermal conductivity and volume fractiwere calculated for these elliptical
particles. In order to analyse the model, theycdetban unknown in their equation to

fit a nanolayer thickness of 2 nm.

Their investigation included equal to 10k 10&ks andk,. Therefore, they found that
the effective thermal conductivity is less than ¢hse oki=ki whenki=10ks, in contrast
with nanofluids with spherical particles. This igdause the nanolayer increases
sphericity and reduces the empirical shape faetbich reduces the effectivity of the
thermal conductivity of nanofluids. However, if tlileermal conductivity is large
enough, the effective thermal conductivity will irase. Yu and Choi claim that their
model is in good agreement with the experiment,ibigt unable to predict effective

thermal conductivity in non-linear behaviour.

Xue, Keblinski, Phillpot and Choi [27] conductedhalecular dynamic simulation on a
simple (mono-atomic) liquid to discover the effecfordered interfacial liquid layers

on thermal transport. They proved that this int@eidayer does not have any significant
effect on the thermal transport properties of nlndd. Nevertheless, they stated that
this result is for a simple liquid and that theeets of ordered layers could be more

significant in more complex liquids.

Jang and Chdi8] considered the dynamic nanoparticles in nandfand derived an
equation for effective thermal conductivity by cmlesing the effects of Brownian
motion. They concluded that Brownian motion hasefeeffects than other heat transfer

mechanisms and that it can be neglected.

In a part of their theoretical analysis, the hygmaimic boundary layer thickness around
nanoparticles should be calculated, and they asstina¢ nanolayer thickness is equal
to the thickness of this boundary layer. The selbcanolayer thickness is 3 nm; refer
to the theory of Yu et al. [15].

Xue and Xu [29] assumed the nanoparticle in thelager as a complex particle. They
solved the temperature distribution equation indbmaplex nanoparticle and presented

a model for the effective thermal conductivity bistcomplex nanoparticle.

13
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They used Bruggmen’s effective media theory for s@mposite phases to derive the
following equation for the effective thermal contluity of nanofluids:

_ Kerr—Ky (Kepr—Ki)(2Ki+Kp)—a(Kp—Ki)(2Ki+Keps)
1= %) 2epp+Kp | 1€ (2Kepp+Ky) (2K +Kp)+2a(Kp—K1) (Ki=Keps) 0 (16)

@ = (r_P)3 a7)

T‘p+tl

They also compared the results from their prop@sgdition with experimental data.
Drawbacks of their model are selecting a nanoldlymkness equal to 3 nm and a
nanolayer thermal conductivity 5 WhK in Al,Os-water, 10 W it Kt in CuO-EG
and 1.2 W it Kt in CuO-water nanofluids to fit experimental resulth order to select
a nanolayer thickness equal to 3 nm, they ref&iutet al. [15] who concluded that the
thickness of liquid layering on solids is severahametres.

Xie, Fujii and Zhang [30] discussed the role otio# size, nanolayer thickness, volume
fraction and the thermal conductivity particle-task ratio of the fluid on enhanced
thermal conductivity. They derived a model by imigeting the contribution of
nanoparticles, base fluids and nanolayers to thertal conductivity of the nanofluid,

as well as following the study of Lu [31]:

keff—kf _ 392([)5
—kf = 30¢, + . (18)

9 = i [(A+Y)3 - Op1/If1)]

(1+)/)3+2‘L91f19pl (19)
Where,
_ ks
if = kl+2kf (20)
_ kp—ki
Op = kp+2k; (21)
_ kg-ky
FU™ kpt2k (22)
14
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They assumed that the thermal conductivity of #gahayer in an intermediate physical
state between nanoparticle and base fluid would bdeaner distribution, using Yu and
Choi [25]:

kfM?

lo = M-y) iIn(1+M)+yM (23)
M=¢g(1+y)—-1 (24)
& = ky /Ky (25)

Yu and Choi [25] also concluded that, with decnegsnanoparticle size, effective
thermal conductivity will increase. The reasonhie tontribution of the nanolayer in
small nanoparticles. The specific surface area (SieAnition has been used to describe
effects of the nanolayer on effective thermal canigity. Therefore, they indicated that
the SSA in micro-sized particles is so small aredefiects of the nanolayer that formed
on the surface is negligible, whereas the SSA fanoparticles is large, so the

nanolayer’s effects could not be neglected.

By using the above expression kbend comparing thermal conductivity rati&sks, in
Cu-EG nanofluid for different nanolayer thicknesgs, 1.0 and 2.0 nm), Yu and Choi
[25] concluded thalki/ks is strongly dependent on the particle size anckit@ss of the
nanolayer. With an increase in the thickness ofnidweolayer or a decrease in particle
size,ki/ks increases and the impact of the nanolayer woulchtwee effective when the

particle is small and the nanolayer is thick.

Yu and Choi [25] used their developed model to stigate the effects of the nanolayer
thickness and volume fraction of the nanopartioleCu-EG nanofluids with 10 nm-
sized nanopatrticles. Using the same nanofluid aBd% volume fraction, they also
discussed the effect of nanoparticle size on effecthermal conductivity. They
concluded that when nanoparticle size decreaseseffective thermal conductivity

increases. The reason is contribution of the ngeolia small nanoparticles.

15
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The model was compared with some available expatamhelata on Cu-EG, CuO-EG
and AbOs-water nanofluids. The results of the model of Y £hoi [25] for AbOs-
water nanofluids, when=6.5 nm andk=5ks, were in good agreement with experiments.
In their analyses, nanolayer thickness was selemte® nm and they validated their

results again with only a few experimental reswitisich are drawbacks of their work.

Yajie, Xie and Cai [32] built up a model for thefeaitive thermal conductivity of
nanofluids. They assumed linear intermediate theomaductivity for the nanolayer,
nanoparticle and nanolayer as a complex nanopgraad identified four types of heat
transfer in nanofluids: via the base fluid, via traoparticle, via the nanolayer and via
micro convection. They used the model of Lu anddgS[#2] for heat conduction in

suspension fluid and finally derived an equationdifective thermal conductivity:

36023
kepr = ky |1+ F(Pe) + 300, +222] (26)

_ O[3 =@Op1/I951)]
0= (1+)/)3+2‘L91f‘l9pl (27)

F is a function of the Peclet number and showsntiero convection heat transfer
portion of effective thermal conductivity.

They assumed a nanolayer thickness of 2 nm basttedheory of magnitude of liquid
layering on solids. They calculated ther of a Cu-EG nanofluid with a 5%
concentration and nanolayer thicknesses of 1, 23ndh, then concluded that the
enhancement of effective thermal conductivity iases with a decreasing nanoparticle
radius. An increase in nanolayer thickness leadsléwmger enhancement. Lu and Song
(1996) also compared the results of their modéh wiime available experimental data
for Cu-EG ¢,=3.0 nm), CuO-EG rg=15.0 nm) and AO3-H>O (r,=6.5nm), and
assumed a nanolayer thickness of 2 nm based othéloey of magnitude of liquid

layering on solids.

16
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A drawback of this comparison is that they validtgr results with experiments using
only nanoparticles smaller than 15 nm, and the lageo thickness is selected in this

analysis.

Leong, Yang and Murshed [33] developed a model tfog effective thermal
conductivity of nanofluids. The proposed model d¢dess the volume fraction,

thickness and thermal conductivity of the interdhtayer and particle as:

pe(kp—cky)[281° 83 +1]+(kp+2eks)8,%[@83 (8—1)+1]} (28)

feess = {kf 81° (kp+2eky)~(kp—ekyp) (617 +63~1]

rp+d

Where,§ =

Tp

When comparing this model with experimental ddtaytused a nanolayer thickness of
1 nm andk = (2~3) k, but they did not consider the effects of nanaldaiekness in
their model.

Sabbaghzadeh and Ebrahimi [34] used the modelngf dad Choi [28], and derived a
theoretical model for explaining the effective tinat conductivity of nanofluids with

cylindrical nanoparticles.

They discussed the following four mechanisms of treasfer in nanofluids:

Collision between base fluid molecules

Thermal diffusion in nanoparticles

Thermal diffusion in nanolayers

A

The thermal interaction of dynamic complex nanapkas (original nanopatrticle

and nanolayer)

Sabbaghzadeh and Ebrahimi [34] assumed an inteateextatus for nanolayer thermal
conductivity between the thermal conductivitiedate fluids and nanoparticles. They
also assumed a linear distribution for the theromalductivity of the nanolayer. They

referred to Yu and Choi [25] for both these assummst
17
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__ kyrp(epd—1)In(9d)
- In(dep)d

k, (29)

Where,s,, = k”/kf

Sabbaghzadeh and Ebrahimi [34] finally derive anatign for effective thermal

conductivity:

kerr = ke(1— (1 +M)) + ok, + M) + (1 + M')P%(o.ss +

0.56Re?>%)Prp3k, (30)
M=@F+1%-1, (31)

where, D is the diameter of the complex particle:
D=2(r,+t) (32)

Sabbaghzadeh and Ebrahimi [34] validate their madtél carbon nanotubes in engine
oil and distilled water and the results are in gagdeement. They concluded that, by
changing the nanolayer thickness in the calculatieffective thermal conductivity will

change significantly when the nanopatrticle diamestézss than 30 nm.

In these comparisons, they estimated nanolayekrnbgses of 1, 2 and 5 nm without
any explanation of these assumptions. This wasicgiming in their work.

Feng et al. [35] proposed a model for the effecthermal conductivity of nanofluids
by considering nanolayer and nanoparticle aggregatffects. The model of Yu and
Choi [25] was used to determine the effective tteroonductivity of non-aggregated

particles:

_ kpet2kp+2(kpe—ks)(14+Y)3 0

knon—agg B kpe+2kf_(kpe_kf)(1+7)3(l’ f (33)
_ a-p+a+n)*a+2p18

Kpe = o prarrareg P (34)
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Feng et al. [35] proposed a model for the effeatna¥mal conductivity of clusterkagg

— (13 3% o | Ly T2t D
kagg - [(1 2 (pe) kf + » Pe [w In (rp+d)(1-w) 1” (35)
—1_ K
W= oo (36)
keff =(1- (pe)knon—agg + (pekagg (37)

In order to compare the model with experimentabd&teng et al. [35] selected a
nanolayer thickness and thermal conductivity ofn2 and 3: respectively. This
nanolayer thickness was selected according to théehof Hashimoto et al. [36] to
determine the electron density profile at the iiatez, as well as the model of Li et al.
[37], which usedt, = v/2mo to determine interfacial layer thickness, wherdéas a
value between 0.4 and 0.6 nm. Thus, the interfa@ablayer thickness was expected
to be 1 and 2 nm. Xue et al. [27] also performetbéecular dynamic simulation, which
confirmed that the interfacial layer thicknesshis brder of magnitude of a few atomic
distances. The reason for usig ks was that several authors, including Yu and Choi
[25] and Xie et al. [30] considerdgdequal to 2 or &:. Thus, they usekl = 3k in their

calculations.

Results from the comparison of the experimentad ddthe models of Xue et al. [27]
and Feng, Boming, Xu and Zou [35] showed that Fengddel under predicts effective

thermal conductivity when thermal conductivity enb@ment is more than 15%.

Kole and Dey [38] measured the thermal conductigtyCuO-GO nanofluid as a
function of volume fraction and temperature. Theyfprmed this measurement at
between 5 and 80 °C in different volume fractiob$ o 2.5%).

In their study, the roles of Brownian motion, théerfacial nanolayer and nanoparticle
clustering in the enhanced effective thermal cotiditg of CuO-GO nanofluids have

been discussed. They compared the measuremertsresthl the model of Feng et al.
[35] and confirmed that thermal conductivity enhement is within 15%. The Feng

model excellently predicts the thermal conductiafyoxide-based nanofluids.
19
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Hari, Joseph, Mathewa, Nithyaja, Nampoori and Ridslanan [39] investigated the
thermal diffusivity of nanofluids with rod-shape@noparticles, and studied various
factors like the shape of the nanoparticle, cheheoaironment, the interfacial layer

around the particle surface and the thicknesseohdnolayer.

They stated that thermal conductivity may vary wité thickness of the nanolayer, but
further experimental investigation is required tady the influence of nanolayer

thickness on thermal conductivity.

In this study, Hari et al. [39] found that rod-skdmanoparticles improve heat diffusion
in the base fluid more efficiently than sphericahaparticles.

Kole and Dey [40] performed experimental invesigat on Cu-GO nanofluids and
measured the thermal conductivity and viscosit€ofGO for a volume concentration
between 0.11 and 2% at different nanofluid tempeest(10 to 80 °C). They observed
24% thermal conductivity enhancement in 2% voluraacentration of Cu at room
temperature and believed that the interfacial fdayering and ballistic transport of
phonons across the percolating nanoparticle agg@gdructures play a major role in

enhancing thermal conductivity.

They examined these experimental results withtiiberetical models of Maxwell [17],
Hamilton and Crosser [19], Leong et al. [33], Cheimg, He and Tan [41] and Feng et
al. [35]. They concluded that none of these mogetsiuces an acceptable prediction
for Cu-EG nanofluid.

Ghosh and Mukherjee [42] considered the effectsaablayers on the effective thermal
conductivity of nanofluids, and developed an exgims for the effective thermal
conductivity of nanofluids.

They used the Langmuir formula of monolayer adsonpdf molecules cited in Wang,
Zhou and Peng [43].

20
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= |2 (38)

1/3
V3 PfNA]

By assuming linear intermediate thermal condugtiiiir the nanolayer between
particles and fluid thermal conductivities, andveag the heat flow rate in spherical
particles with interfacial layers, they propose@ #quation below for the thermal

conductivity of the nanolayer:

1
k, = - (39)
1 Ity E Aty
™ (Tp +t7) [C ln(1+a)+m—z ln(l—E)]

k,—k
1= —”tl L (40)
A
C= W (41)
j=— (42)
(kp+Arp)
AZ
h (kp'“lrp)z (43)

They used the proposed expression for thermal ativity of equivalent particles
developed by Xue and Xu [29] and Bruggeman'’s efffecinedia theory, and offered

their model as:

(1 _ 2) kerr=kr @ (kerr=ki)(2ki+kp)-a(kp—ki)@kitkers) _ 0 (44)
al 2kepp+ky  a (2kesp+ky)(2ki+kp)+2a(kp—ky)(ki—keff)

a=(—2)° (45)

T‘p+tl

So far, the resulting thickness and conductivityhef nanolayer both have to be chosen

to match the measured thermal conductivity of teafiuid.
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Tillman and Hill [44] tried to derive an equatioorfdetermining nanolayer thickness.
In this study, a mathematical procedure was deeeldp determine nanolayer thickness

for any thermal conductivity profile.
The thermal conductivity in the nanolayer was as=linto be known. Nanolayer
thickness is then derived from the thermal conditgtiequation in the solid-liquid

interface.

They proposed three kinds of functions for k(r):

k(r) =ko(1 —ar)™ (46)
k(r) =ko(1 —a/r)™ 47
k(r) = kOe_rim (48)

Tillman and Hill [44] successfully used Equation 46d achieved results. They
calculatedko anda from thermal conductivity continuity in nanolayeterfaces with
the known nanoparticle and base fluid conductisiti®ubsequently, they solved the
steady thermal conduction equation by using an nasdufunction for thermal

conductivity in the nanolayé«(r):

18] 5, dT
r2or ar

|+ |kesing 22| = 0 (49)

r2sin0 06

By using the first-order Legendre function for soly the temperature field in the

nanolayer,
T(r,0) = A(r)cos 6 (50)

By substituting this equation in the thermal cortchrcequation,

‘12_A+(E+£)%_£A=O (51)

dr? T k/)dr 712
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The solution for the equation above is as follows:

T(r,0) = [Ey1(r) + Fy ()] cos 6 (52)

They derived Equation 53 for calculatitagby using temperature and conductivity

boundary conditions in the nanolayer.

[y2(p)/mplr _ [81p)°y1(8rp)]r
yarp)/rplr — [(67p)2y2(87p)]!

(53)

d. . . .
whered = % is the ratio of the outer and inner radius ofrthaolayer.
14

Mathematic analysis was done on the@IEG nanofluid, which shows that
approached 1.19 when was increased. This indicates that the nanoldyekness is

19% of the nanoparticle radius (Figure 2).

1.5

P

0.5

D||1|I||||I||-|I||r|

25 50 75 100

Figure 2: Ratio of the outer and the inner radius éthe nanolayer

The results for CuO-#D with the same analysis wés1.22.
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They tested their model f&¢ < 1 W m! K and various equilibrium constants. They
concluded that the nanolayer thickness for all flaits is between 19 and 22% of the

nanoparticle radius.

The effects of bonding between the nanoparticlethadbase fluid were not considered
in their model. There is also no evidence thaetipgation that was used for the thermal

conductivity of the nanolayer was accurate.
2.4. Nanofluid viscosity

In the heat transfer analysis, viscosity is asicaiitas thermal conductivity, while
nanoparticles increase the base fluid’s viscosityich causes an increasing pressure
drop. Therefore, recognising the factors that affemofluid viscosity and developing
a model for predicting nanofluid viscosity is craiciin nanofluid applications.
Consequently, in order to predict the flow and heanhsfer rates in convective
nanofluids, the viscosity and the correlation be&meiscosity and temperature should

be considered.

The investigati the rheological behaviour of flwiith dispersions can be traced back to
Einstein’s analysis of infinitely dilute suspenssasf hard spheres in 1906 [45]. Most of
the existing models are derived from Einstein’s kvddowever, the model does not

consider particle interactions and it is valid &olow particle volume concentration of

about 2%.

= “M—’j = (1+ 2.5¢) (54)

In 1952, Brikman, as reported in [45], extendedsEgim’s formula to a volume

concentration of up to 4%:

HUnf 1
o (1-e)? (53)

Frankei and Acrivos [46] proposed the following atjon:
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b _ 9 [ (@/om)"?
w8 li-(p/em) 'l (56)

where ¢, is the maximum attainable volume fraction that mhbe determined

experimentally.
Lundgren [45] proposed a model in the form of aldageries:
Enf = [1 +250+2 g2+ 0((p3)] (57)
ufr 4
Batchelor [47] includes the effects of Brownian mnton viscosity of dispersion as:
“ﬂ—"ff = (14 2.5¢ + 6.5 ¢?) (58)

Graham [48] considered interparticle spacing onuiseosity of dispersion and then

developed his model as:

‘;Lff =1+425¢ +45 [1/(%) (2 + Tﬂ) (1 + %)Zl (59)

14
where H is the interparticle spacing.

In 2006, Guo et al. [50] considered the effectantiple diameter on viscosity and

developed Batchelor's model for low concentrations:
”ﬂ—’;f =(1+25¢ + 6.5 ¢?)(1+350¢/r,) (60)
In their study, Avsec and Oblak [50] offered sh@acosity as:

iy = ‘;—ff =1+ (2.5¢.) + (2.50.) + (2.50.)% + (2.5¢,)* + - (61)
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They used the Ward equation and included the Fattthe nanolayer was affected by
changing volume concentration with effective voluceacentration, which was named

the renewed Ward equation.

Nguyen, Desgranges, Falanis, Roy, Maré, Boucherfagie Mintsa [45] discussed
the effects of temperature, particle size and aoinaBon on nanofluid viscosity. They
measured ADs-water viscosity for two different particle siz&6(and 47 nm) at room
temperature to nearly 75 °C. They proposed twoetations to determine the viscosity

ratio in Al,Oz-water with particle sizes of 36 and 47 nm respetyias:

Uy = ”ﬂ—’;f = (1+ 0.025¢ + 0.015 @?) (62)
Uy = “ﬂ—’;f = 0.904 e*1483¢ (63)

Lee, Hwang, Jang, Lee, Kim, Choi and Choi [51] perfed some experimental
analyses for understanding the behaviour eOédwater nanofluid in very low volume
concentrations (0.01 to 0.3 volume percentagey.tarmal conductivity and viscosity
of this nanofluid were measured in their experimeiibe experimental data has been
compared with available models and previous expartal results. An oscillation
viscometer was used to measure the viscosity asdaidn of temperature and volume
concentration. The experimental results showecdtrelinear behaviour of nanofluid
against the volume concentration. Lee et al. [Bdfesl that this behaviour implies that

some particle-particle interactions invalidate Enss model.

Murshed, Leong and Yang [52] studied the thermaldcativity and viscosity of
nanofluids theoretically and experimentally. Thégted that the classic models could
not predict enhanced thermal conductivity at theetbecause the effects of particle size,
distribution and interfacial layer were not incldd@hus, they assumed that nanofluids
include three component particles, as well aswadignd interfacial layer that includes

the effects of the interfacial layer on thermalaoctivity and viscosity.
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To calculate the thickness of nanolayer, the madeHashimoto et al. [36] was
employed. A nanolayer thickness of 1 and 2 nm wsexd for spherical and carbon
nanotubes respectively. Comparisons between tRperanental results and available
models showed that the models underpredict ther stie@sity. They concluded that
the clusters and surface adsorption could be @morefor this difference, and these two
factors can increase the hydraulic diameter ofigdast and result in higher viscosity.
They also stated that the nature of the partictease, ionic strength of the base fluid,
surfactants, pH values, interparticle potentialghsas repulsive (electric double-layer
force) and attractive (Van der Waals force) foroeay play a significant role in altering

the viscosity of nanofluids

Masoumi, Sohrabi and Behzadmehr [53] introduced adeh for calculating the
effective viscosity of nanofluids in which Browniamotion is considered.

Herr = By + Happ (64)

The pappis apparent viscosity and shows the effects obparticles on the viscosity of

nanofluids.

ppVedy?
Herr = Hr t+ p72CHp ; (65)

where C is the correction factor and was determirad experimental data associated
with Al>Osz-water nanofluid. The equation’s limitation ¢ < —b/a. However, the
effect of the solid-liquid interface was not coresiedd in the model of Masoumi et al.
[53].

Hosseini, Moghadassi and Henneke [54] presenteddeifior predicting the viscosity
of nanofluids. In their empirical model, nanofluitcosity is a function of the base
fluid’s viscosity, particle volume fraction, patécsize, properties of the surfactant

layer, and temperature as:

‘;Lff = exp [m +a (Tlo) +x1(pp) + Q(%)]. (66)

whereg,, is hydrodynamic volume fraction.
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3

dp+2s

P = [—”d ] , (67)
14

wherem s a factor that depends on the system’s prope(ilee the solid nanopatrticles,

the base fluid and their interactions), whilet, ande are empirical constants that were

determined from experimental data.

Yang, Du, Ding, Cheng and Jun [49] studied thectffef the surfactant monolayer and
interfacial nanolayer on nanofluid viscosity. Thegiculated the equivalent volume
concentration of particles by adding these tworldgeknesses to nanopatrticle radios
and putting a new volume concentration into Eimssemodel.

3
g+
Pnew = @ [rp - l S] (68)
p
1/3
_ 1 [aMy
e [PfNA] (69)

For the nanolayer thickness, Yang et al. [49] ubednodel of Hashimoto et al. [36]
and a nanolayer thickness of 1 nm.

3
pe =" = (142522 g (70)

ur Tp
2.5. Nanofluid density

Not much research has been conducted on densitgeasf the physical properties of
the nanofluids. However, density plays a major mlthe application of nanofluids. In
a number of studies, including Buongiorno [55],i@ali, Fohanno and Nguyen [56],
Ogut [57], Kumar, Prasad and Banerjee [58], Alldbyiet, Vasseur and Reggi [59],
Kuppalapalle [60], Ryzhkov and Minakov [61], Ming&2], Zhang, Diao, Zhao and
Zhang [63], Azimi and Kalbasi [64], Inakov, Lobasdsuzei, Pryazhnikov and Ya
Rudyak [65], Hassan [66], Cianfrini, Corcione, Habnd Quintino [67], Hemmat Esfe,
Saedodin and Mahmoodi [68], Pang, Jung and Tae [G8jgHemmat Esfe, Saedodin,
Mahian and Wongwises [70], Maddah, Alizadeh, Ghaseamd Rafidah
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Wan Alwi [71], Pang, Won Lee and Tae Kan [72], Apatyjhoul, Sopian, Mohammed,
Majdi and Al-Shamani [73], Hassan and Harmand Bf#] Najah Al-Shamani, Sopian,
Mohammed, Mat, Hafidz Ruslan and Abed [75], thesilaformula for a conventional
solid-liquid mixture has been used to calculateofiaids density, which does not

consider the nanolayer:

P =@ ppt+ (1 —@)ps (71)

In fact, the nanolayer [23] is an approved layetwieen the base fluid and the
nanoparticle. Thus, this layer needs to be constigr nanofluid density calculations.

2.6. Nanofluid’s specific heat capacity

Cooling is one of the most important challengegdiaby numerous industrial sectors.
On the other hand, it is known that the knowled§specific heat capacity is very
important in determining other heat transfer propsrin the study of nanofluid
performance in a thermal installation. Thus, adeuravalues are necessary in energy

balances.

Specific heat is one of the major factors that cfféhe fluid’'s heat transfer
characteristics. So, in the case of applying naimslin industry, knowing nanofluids’

specific heat capacity is one of the challenges.

In the absence of enough experimental data, diffeeguations have been used in

literature to predict the specific heat capacitiesanofluids.

The model that has been used in some studies, dingluParametthanuwat,
Bhuwakietkumjohn, Rittidech and Ding [76] and Pakl&ho [77], is derived from a
classic formula for measuring a conventional sbdid mixture, and is based on the

concepts of mixing theory for ideal gas mixture8][7

Comg = 9Cpp+ (1 —@)Cyp (72)
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Equation 72 is approximately correct only for dduguspensions for which density
differences between nanofluid and base fluids en&l78].

Subsequently, Xuan and Roetzel [79] modified tlugralation by assuming thermal
equilibrium between the nanoscale solid particles the liquid phase by rewriting the
above equation to include the density. Severalasthncluding Vajjha and Das [80],
Zhou, Wang, Peng, Du and Yang [81] and Bergman, [82¢d the following model

based on the assumption of thermal equilibrium betwnanoparticles and the

surrounding base fluid, which is more accurate fétetl better experimental results.

PnfCopnf = PPpCpp +(1- (p)pfcp,fl (73)

in which nanofluid density was calculated by ushgpation 71.

Some authors, including Starace, Gomez, Wang, Breaihd Glatzmaier [83] and Teng
and Hung [84], predict isobaric-specific heat cajmes by using the nanoparticle mass

concentration:

Cpnf =MiCpp + (1 —m)cy (74)

However, since solids typically exhibit inferior espfic heat capacity in relation to

liquids, nanofluids are also expected to presemietoheat capacities than their
corresponding base fluids. Based on existing erparial and theoretical results, it is
concluded that nanofluids’ specific heat decreaseshe nanoparticle concentration
increases. Nevertheless, some studies found thiadéngs heat capacity increases with
an increase in the concentration of nanopartigbg;h can be attributed to the addition
of dispersants into the dispersions, as pointedbp&harul et al. [78] This phenomenon
could also be attributed to the formation of chie-structures between the base fluid
and nanoparticles, as suggested by Shin et al. tretiterature review, it is concluded

that more research is necessary to determine fhenecconcentration and temperature

dependences on nanofluid heat capacities [78].

Therefore, from the studies presented in this @ragotd sections 1.1 and 1.2, it can be

concluded that there is a lack of research on ageolproperties.
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In the next chapters of this study, experimentsriie@asure the density of four different
types of nanofluids are explained in detail. Theref the results have been compared
with the density of nanofluid, calculated from thexture linear model, which has been
used in many studies on nanofluid density. A newdehdas also been presented to

calculate nanofluid density based on an examinatidhe nanolayer.

2.7 Conclusion

The literature shows that there are many availablkeelations on which to model

nanofluid thermal conductivity and viscosity, butlya few of them considered the
nanolayer in their calculations. On the other hdahdre is just one linear equation to
calculate density, and only a few to calculategpecific heat capacity of nanofluids.
None of them considered the effect of the nanolayer

In most of the thermal conductivity and viscosityrelations in which the effects of the
nanolayer are considered, the thickness and thezomaluctivity of the nanolayer are
not validated. Therefore, they are selected in saclay that they match the
experimental data. Consequently, more researchedgiired to understand the

nanolayer’s characteristics for using these charitics in nanofluid correlations.
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3.1. Introduction

This chapter discusses the experimental work elat@anofluid density measurement.
Four different nanofluids were prepared in différeslume fractions ranging from 1 to
6%. Subsequently, density measurements were takartemperature range of "0
40C.

3.2. Nanofluid density measurement

A two-step method was used for preparing nanofliddBadwag AS220-R2 scale with
a 0.1 mg readability and 0.2 mg accuracy and addisgite Organic dispenser with a
0.01 ml readability and an accuracy of 0.005 mlemesed to prepare the nanofluids.

(See Figure 3 and Figure 4.)

The Radwag AS220-R2 scale was used to measuredqoeed nanopowder for each
sample with a specific volume fraction. A dispenseas used to measure the required

volume of base fluid for each sample.

For preparing the water-based EG fluid with a vaduiraction of 60% EG and 40%
water, a Radwag scale was used to measure theedgumount of each fluid based on
its density at room temperature. The mixture os¢hevo measured fluids results in a
single fluid with 60% EG and 40% water.
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Figure 3: Radwag AS220-R2 scale with a readabilitgf 0.1 mg and an accuracy of 0.2 mg

Four different kinds of nanofluids — Si@ater, SiIQ-EG-water, CuO-glycerol and
MgO-glycerol — were prepared for density measurdragperiments. (See Table 1.)
The nanofluids were selected based on the experienmur laboratory, and the

nanofluids were used which were reported more stabl

Deionised water, EG and glycerol, with the respectiensities of 0.99704, 1.115 and
1.261 gr/cm at 25 °C, were obtained from Merck South Africa.

After scaling the required nanopowder and basd flui each sample, a sonicator, Q700
QSonica (In Figure 5), (20 kHz, 700 W) was useg@rapare a homogenous nanofluid
with as little agglomeration as possible. The nhmdfmixtures were stirred and
sonicated continuously for one to two hours withkal/ml energy density and different
amplitudes (70 to 90%), depending on the base #uaid volume fraction. For a more
viscous base fluid like glycerol and a higher votufraction, the sonication duration
was longer with a 90% amplitude. To keep samplebeatdesired temperature, they

were placed in a thermostatic bath during sonioatiepicted in Figure 6.

The nanofluids were prepared in different volunaefions — 1, 2, 4 and 8%. In figures

7 and 8 the nanofluid mixtures at 4% ZnO-glyceral 4%SiO,-water are shown.
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All the samples were prepared on the same dayrdityameasurement so that as little

settlement as possible occurs. The density of kiachof nanofluid was measured by a
DDM 2911 digital density meter (Figure 9), produ@sdRudolph Research Analytical.

Table 1: Nanopowder properties

Company name

Nanostructured and

Amorphous Materials

Nanostructured and
Amorphous Materials

Nanostructured and
Amorphous Materials

Nanoparticles Average Particle Density
size (nm) (gricm?)
SiO; 80 2.4
SiO 20 2.4
CuO 40 6.4
MgO 40 3.58

Nanostructured and
Amorphous Materials

Figure 4: Dispensette Organic dispenser with aakeiity of 0.01 ml and an accuracy of

0.005 ml
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Figure 6: Hielscher sonificator and Lauda thermostéc bath
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Figure 7: ZnO-glycerol 4% nanofluid

Figure 8: SiOz-water 4% nanofluid
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Figure 9: Rudolph Research Analytical DDM 2911 digal density meter

Before measuring the density, the density metercaéibrated with air and deionised
water according to its manual. After measuringdbasity of every two samples, the
density of the air and deionised water was meadorethke sure that the tube is clean

and the device is calibrated to reduce experimenmtals.

For the measurement process, the sample was ijedtea tube in the density meter
using a syringe and the density was measured &0130 and 40°C. Each sample were
measures 4 times and if the measures were closegyjlenthe average amount have
been used. Table 2 shows all the samples thatpvepared and measured at different

temperatures.

Table 2: Nanofluid samples and measuring ranges

Nanoparticle Base fluid Volume fractions Temperatue (°C)
SiO, Water 1,2,4,6 10, 20, 30, 40
SiO EG-water 2,4,6 10, 20, 30, 40
CuO Glycerol 1,2,4,6 10, 20, 30, 40
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After completion of the measurment, the tube insidedensity meter was washed with
deionised water and acetone, and dried with apwuap assembled inside the density

meter.
3.3. Density measurement uncertainty analysis

The linear formula for the density of the soliddid mixture has been used for
uncertainty analysis as indicated below:

Pnr = PpP +pr (1= 9) (75)
Theppis constant so the uncertainty of density is:

Y
dpn 2 op, 2172
Opns = [( g(pf 5(,0) + (c’iﬁ;ff 6pf> l (76)

From equations 75 and 76:

1
2 21'/2
8pnr = |((op — pSR) + (1 — @)5pf)" (77)
The correlation for calculating the volume fractien
__Vp
= VitV (78)
The volume fraction uncertainty is as follows:
o 2 3¢ 2 1/2
8¢ = [(Eavf) + (aavp) l (79)
From equations 78 and 79:
v 2 1 2 1/2
— p
5¢ = [( T 5vf) + ( T 5vf) l (80)
38

© University of Pretoria



+
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf YUNIBESITHI YA PRETORIA

Chapter 3: Experimental measurement

The formula for base fluid density is:

ps = ’\*;_; (81)
The density uncertainty will be:
dp; 2 dp; 2172
5p; = [(mgmf) + (m(svf) l (82)
1 2 ms 2 1/2

For nanopatrticles, the density is constant and letguthe amount indicated by the
manufacturer, and the volume of the nanopartiadesgdcbe calculated from the density

formula:

v, = ’;‘—: (84)
1/2

5V, = l(;’%’; 5mp)zl (85)
212

5V, = [(é&np) l (86)

An analytical balance with a readability of 0.1 @ugd an accuracy of 0.2 mg, and a
volume measuring device with a readability of On@lland an accuracy of 0.005 ml was
used to calculate the uncertainty for the four fMamds that were used in the
experiments with different volume fractions atiagea of temperatures. The results show
that the maximum uncertainty is £0.000157 gr/mle Timcertainty for each sample at
each measuring condition is shown in Table Al andbld A2 in
Appendix A.
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Same analysis has been done for equation 98 whithenintroduced later in Chapter
4 for nanofluid density. The uncertainty analysagenbeen presented in the appendix
A.

3.4. Conclusion

In the experimental part of this study, the deasibf four different nanofluids (SO
water, SiQ-EG-water, CuO-glycerol and MgO-glycerol) were exmpentally

investigated. Sonication was used to prepare thasefluids in two steps.

The density of these nanofluids have been measisiad a DDM 2911 digital density
meter. The densities are in the range of 1, 2,d468a volume fraction between 10 and
40 °C.

The uncertainty of experimental measures for eaofipge at each measuring condition

were also calculated, which were in the range @@@11 to 0.00089 gr/ml.
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4.1 Introduction

Rapid progress in the application of nanofluidseichnology has created a demand for
the comprehensive understanding of nanofluid ptegser Table 3 and Table 4
summarise the most common expression for the tHeromaluctivity and viscosity of
nanofluids. As shown in the tables, most of thes®lels are functions of volume
fraction, base fluid thermal conductivity and pelgithermal conductivity, and the effect
of the nanolayer has not been taken into consideraConsequently, the thermo-
physical properties of the nanolayer and the wasylétyer affects the thermo-physical

properties of the nanofluid needs to be investdjate

In the first section of this chapter, the effedtshe thickness and thermal conductivity
of the nanolayer on effective the thermal condistiand viscosity of nanofluids, and

consequently on heat transfer, are discussed.

The effects of different nanolayer thicknesses #matmal conductivity on effective
thermal conductivity in the models of Yu and Ch®6], Xue and Xu [29], Xie et al.
[30] and Feng et al. [35] have been analysed. Todets of Avsec and Oblak [50] and
Yang et al. [49] were used to conduct the sameyaisabf nanofluid viscosity. The

results of these analyses will be presented iméxe section.

In the second section of this chapter, nanofluidsdg and the effects of nanolayer

density and thickness on nanofluid density is tegcally investigated.

In most of the studies on the calculation of namdftiensity, a classic formula for solid-
liquid mixture is used. In this study, theoretieaklysis and experimental results were

used to develop a new model to calculate nanotleitsity.
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In the third section, the specific heat capacitpafofluids is discussed and the effects
of utilising the developed density formula instedd classic formula for solid-liquid

mixtures is shown.

Table 3: Most common expressions for the thermal emuctivity of nanofluids

Model Remarks Researcher/

year

kpt+2ks+2(kp=ks)o k Only particle and fluid Maxwell
kp2ley=(kp=kr)o thermal conductivity and  (1873) [17]

volume fraction are

kyaxwen =

considered.

kerr = Bp — 1) + [3(1 — ¢) — 1]ks + VA Only particle and fluid Bruggeman
VA= (3¢ — 1)2kp2 +[3(1—¢) — 1]2kf2 n thermal conductivity, as  (1935) [18]
well as volume fraction,
2[(2 +99)]ky ks

are considered. It is valid

for higher volume

fractions.
kepr _ ept(t-D--DA-2p)e Volume shape factor is Hamilton
kg ept(T-1+(1-¢gp)@
added to the model. and Crosser
(1962) [19]
kers 30% 90° g, +2 The interactions between Jeffrey
—==1+30¢p+ (B> +—+— 2
ky 4 16 2¢,+3 pairs of spheres are (1973) [20]
&t considered.
£p+2
ke 3(ep—1) i i i
klf“f -1 (sp+z)s—p(sp—1)<p [(p + f(s,,)(pz + 0(<p3)] The particle and fluid Davis (1986)
thermal conductivity and  [21]
volume fraction are
considered.
klii =1+ £, + 092 The particle and fluid Lu and Lin
! thermal conductivity and  (1996) [18]
volume fraction are
considered.
Koy = kpe+2kf+2(kpe—kf)(1+y):<p ’ The nanolayer thickness  Yu and Choi
kper2iy~(kpekp) 147)%0 and its thermal (2003) [25]

conductivity are
considered.
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Model

Remarks Researcher/

year

_ kerr—ks
(1 (pE) Zkeff+kf *
(kepr—ki)(2ki+kp)—a(kp—k;)(2ki+keff) _
€ (2kegp+ky)(2ki+kp)+2a(kp—ky)(ki—keff)

The nanolayer thickness Xue and Xu
and its thermal (2005) [29]
conductivity are

considered.

kepr — Ky 3622
Sl T = 30, +
kf € 1- 0()08

0 = i [(A+Y)3 - p1/951)]
- (1+]/)3+219[f19pl

The effect of particle size, Xie et al.
nanolayer thickness, (2005) [30]
volume fraction and

thermal conductivity ratio

of the particle to the base

fluid on enhanced thermal
conductivity are

considered.

3602¢;
keff = kf 1+ F(Pe) + 39([)6 +

1—-0¢,

The nanolayer thickness Yajie et al.
and its thermal (2005) [32]
conductivity are

considered.

keps =

K pe(kp—ekp)[281°-83+1]+(kp+2ek )81 % [083(e-1)+1]
813 (kp+2eks)—(kp—eks)p[61°+63-1]

The volume fraction, Leong et al.

thickness and thermal (2006) [33]
conductivity of the
interfacial layer are

considered.

keff =(1- ¢e)knon—agg + ¢ekagg

g2z L7 G
kagg - [(1 2 (pe> kf + w Pe [a) In (rp+tl)(1—a))
1]]

The effects of the Feng et al.
nanolayer and nanoparticle(2007) [35]
aggregation are

considered.

(1- ‘P) Kerr = Ky

a’ 2kypp + ks

@ (kesr — ki) (2ky + k) — a(ky, — k;)(2k; + kofs) conductivity have been

The effects of nanolayer Ghosh and
thickness and its thermal Mukherjee

(2013) [42]

@ (2kess + k) (2K, + k) + 2a(k, — k) (ki — kegs) considered.

=0
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Table 4: Most common expressions for the viscosityf nanofluids

Model Remarks Researcher/
year
’;Lf = (14 2.5¢) It is valid for low volume concentrations.  Einst¢iL906)
! [45].
Bog 1 It is valid for volume concentration up to Brikman (1952)
by (1925 )
4%. in Nguyen et al.
[45]
Hng _ 9 (@/om)? ] The expression is limited when the Frankei and
ke 8 Lim(o/om)? volume concentration approaches. Acrivos (1967)
[46]

% _ [1 +2.5¢ + 24_5 0% + 0((p3)] The expression is proposed based on thé.undgren
! Taylor series. It is applicable for spherical1972) [45]

particles in dilute systems.

% = (14 2.5¢ + 6.5 ¢?) The effects of Brownian motion on Batchelor
! viscosity is considered. (2977) [47]
% =1425¢p+ The inter-particle spacing is considered. Graha981})
f
48]
H H H z [
45 [1/ ()E+2)(+7) ]
% =(1+250+65¢?)(1+ The influence of particle diameteron  Guo et al.
! viscosity is considered. (2006) [50]
350 (p/rp)
”ﬂ_"ff =1+ (2.5¢,) + (2.5¢,)% + The effects of the nanolayer on the Avsec and

viscosity equation by modifying the WardOblak (2007)
(2.5¢¢)° + (2.5¢.)" + - . : :
equation and applying an equivalent [50]

volume fraction.

’;Lf = (14 0.025¢ + 0.015 ¢?), The empirical models for ADs-water Nguyen et al.
£

nanofluid. (2008) [45]
rp.=36

B = 0,904 €%1483%, 1,=47
Kr

_ ppVBdp® The effects of the properties of Masoumi et al.
Herr = Hr + = cu ) ) )
nanoparticles on the viscosity are (2009) [53]
considered.
Mu_nff = exp [m +a (Tlo) + B(oy) + The empirical model is a function of the Hosseini et al.
. viscosity of the base liquid, particle (2010) [54]
14
V(E)] volume fraction, particle size, properties

of the surfactant layer and temperature.

rp+tl+s]3 ) The effects of the surfactant monolayer Yang et al.

47

#T=m=(1+2_5[
kr and interfacial nanolayer on nanofluid (2012) [49]
viscosity are considered.
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4.2. The effects of the nanolayer on the nanofluigroperties and

heat transfer

The thermal conductivity ratio of the model of YndaChoi [25] is calculated for an
Al>Os-water nanofluid, differing nanolayer thicknessesd 2 nm), a volume fraction
range of 1 to 6%, a nanoparticle size of 10 nm, diffitrent nanolayer thermal
conductivities. As shown in Figure 10a, the effeethermal conductivity enhancement

changes from 23 to 33% in different nanolayer thedses for 6% volume fraction.

Same analyses have been performed on the modenpedsby Xue and Xu [29] for
AlOs-water nanofluid. They used the nanolayer thickmessthermal conductivity of
the nanolayer, 3 nm and 5 Wi respectively. As shown in Figure 10b, the thermal
conductivity increased from 28 to 54% in 6% volulraetion of nanopatrticles.

The model of Xie et al. [30] was also chosen forfgrening these analyses. These
researchers assumed the thermal conductivity ofntnelayer in the intermediate

physical state between nanoparticle and basewiifda linear distribution.

In terms of the different nanolayer thicknessesashm Figure 11a, in the case of 6%
volume fraction of AIO3 in water, effective thermal conductivity enhanceine

increases from 20 to 44%.

The result for the model of Feng et al. [35] is whoin Figure 11b; the thermal

conductivity enhancement has increased by 7%.

As indicated in Figure 12a, the viscosity of.@¢-water nanofluid is calculated for
10 nm spherical particles and a volume fractiorgeaaf 1 to 6% when the model of
Avsec and Oblak [50] is used. In the 6% volumetfoag the viscosity increases by 21%
for a nanolayer thickness equal to 0.5 nm, whereascreases by 48% when the
thickness of the nanolayer is 3 nm.

From the results of these analyses, which have teerea on several effective thermal
conductivity models, it can be concluded that naypet properties like thickness and
thermal conductivity impact on the calculated eifex thermal conductivity of

nanofluids. Thus, more studies are necessary telg@vnodels for these factors.
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Figure 10: (a) The thermal conductivity ratio of anAl2Os-water nanofluid, according to the Yu
and Choi [25] model (k = 0.604 kp = 46,rp=10). (b) The thermal conductivity ratio of an AkOs-
water nanofluid, according to the model of Xue ancKu [29] (ks = 0.604 kp = 46,rp,=10).
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Figure 11: (a) The thermal conductivity ratio of anAl.Oz-water nanofluid, according to the model
of Xie et al. [30] (k = 0.604 kp = 46,rp=10). (b) The thermal conductivity ratio of an AkOs-water
nanofluid according to the model of Feng et al. [35ks = 0.604 kp = 46,rp=10).
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Figure 12: (a) The viscosity ratio of an AlOs-water nanofluid according to the model of Avsec ah
Oblak [50]. (b) The viscosity ratio of an AOs-water nanofluid according to the model of Yang et

al. [49].
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In most studies, the nanolayer thickness valuelected or assumed by the authors.

Tillman and Hill [44] attempted to derive an eqoatto determine nanolayer thickness.
A mathematical procedure was developed to deterthm@anolayer thickness for any
thermal conductivity profile. It was assumed theg hanolayer’s thermal conductivity
is known. Then, by solving the thermal conductigtguation in a solid-liquid interface,

the nanolayer thickness is derived.

The mathematic analysis was done for afOAMEG nanofluid, which indicates that the
nanolayer thickness is 19% of the nanoparticleusadResults for CuO-4® with the
same analysis showed the ratio of the radius obther interface to the inner interface
of the nanolayeR, which is equal to 1.22. Tillman and Hill [44] ted their model for

ki < 1 W m*K* and various equilibrium constants. They concluthed the nanolayer
thickness for all nanofluids is in the range ofta22% of the nanoparticle radius. The
effects of bonding between the nanoparticle andotse fluid were not considered in
their model. There is also no evidence of the ammuof the equation that was used to

measure the thermal conductivity of nanolayer.

In the case of forced convection, the Nusselt amghBlds numbers, and in the case of
natural convection, Grashof or Reyleigh numberes damensionless numbers that have
been used to design engineering systems. Theybwilinfluenced by the effective

thermal conductivity and viscosity of the heat sfan fluids.

Nu = ke (87)
kers

Re = 2Vt (88)
Unf

9Bpn Z(TS_TOO)L(:3
= (89)

Gr
L Uns

Ra;, = GryPr (90)
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The ranges of effective thermal conductivity enlemnent and viscosity ratio for
nanofluids are 1.20 to 1.44 and 1.19 to 1.48 raspedyg. If these two extremes are used

to calculate each dimensionless number, they ailywver a wide range.

There will be a 20% difference in the calculatedssalt number, 24% in the Reynolds
number, 54% in the Grashof number and 49% in th@eRg number when two

extremes okert andpns are used in their formulas.

It is clear that the nanolayer is one of the kestdes that must be considered in the
evaluation of nanofluids’ effective thermal conduity and viscosity. Unfortunately,
most of the available models for determining namd8’ effective thermal conductivity
and viscosity do not include the nanolayer. Onatier hand, the ones that consider the
nanolayer are not accurate for the prediction dénomwn values. Therefore, these
uncertainties can produce at least a 20% differémdbe calculation of the Nusselt
number, as well as a 24% difference in the calmratf the Reynolds number, a 54%
difference in the calculation of the Grashof numbed a 49% difference in the
calculation of the Rayleigh number. Consequentig, authors can conclude that the
existing models for determining nanofluids’ effeetthermal conductivity and viscosity
cause errors in thermal system design when nadsflare used. Therefore, more

investigation is necessary in this field.

4.3. Model development for measuring the density afanofluids

In this section, the influence of the nanolayeréngity and thickness on nanofluid

density is discussed.

In most of the studies on calculating nanofluid sign a classic formula for a solid-

liquid mixture model is used:

Pnf =@ pp+ (1 —@)ps (91)
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Equation 91 considers the nanoparticle and base flensities and the nanofluid’s

volume fraction.

However, the effects of nanolayer are not consdierehis model and it is known that

the formation of this layer could affect the therptoysical properties of nanofluids.

By using the fact that nanofluids consist of bds&l$, nanoparticles and nanolayers,
and the correlation of density for mixtures, thegass could be started by the following

correlation:

Pnf = PpPp + Of Pr + Q10 (92)

From the volume fraction definition:

14
1= v_nlf (93)
\%
Pp = V_:; (94)
By using equations 93 and 94
Vi
=L 95
PL=5 P (95)
For spherical nanopatrticles:
v, = %n(nﬁ -13) = %nrl-3(63 -1) (96)
So:
\%
o = V_:,(pp = (63 - 1)(/)19 (97)

Therefore, the model below can be used to deterthmeanofluid density:

P =@ pp+ (1 —=8%@)ps + (6° — Dop, (98)
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This correlation considers nanoparticle and basd fiensities, nanoparticle size and
volume fraction, as well as nanolayer thicknessaariity. If Equation 98 is to be used,
the nanolayer density and thickness are requiredoding to the literature review
conducted in Chapter 2, the nanolayer thicknesgerased by different authors in other
studies is 0.5-3 nm, as presented in Table 5. @nhelayer has been ignored in most of
the literature for calculating nanofluid density.

Consequently, by modifying Equation 98 in such § Wt experimental results could
be used, a correlation that can be used for nadaflensity is derived without knowing
the nanolayer thickness and density:

+t
pur = 9 o+ (1= CE9%) oy + (E2° = Dgp, 99)
Too =Tp + 1 (100)
3
Pnf =@ pp + (rpp%(l’) prt+ (rpo " )pl i3 (101)
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Table 5: Nanolayer thickness ranges were used inrse studies

Nanofluid type Nanolayer thickness range Author/yern

CuO-EG t=1nm Yu and Choi (2003)
t=2nm [25]

AlOz-water t=3 nm Xue and Xu (2005) [29]
CuO-water
CuO-EG
AlOs-water t=0.5nm Xie et al. (2005) [30]
CuO-water t=1nm
Cu-EG t=2nm
AlOs-water t=1nm Yajie et al. (2005) [32]
CuO-EG t=2nm
Cu-EG t=3 nm
Al,Os-water t=1nm Leong et al. (2006) [33]
AlL,Os-EG
CuO-water
Cu-EG
AlOs-water t=1nm Feng et al. (2007) [35]
CuO-water
CuO-EG
AlL,Os-EG
AlOs-water 1 [4M,,]"3 Ghosh and Mukherjee
CuO-water *h=g [pf—NA] (2013) [42]
CuO-EG *Calculated thicknesses are less
Al.Os-EG than 1 nm.

4.4, Conclusion

It is clear that the nanolayer is one of the kegtdies that must be considered for the
evaluation of the effective thermal conductivity darviscosity of nanofluids.
Unfortunately, most of the available models to deiee nanofluids’ effective thermal
conductivity and viscosity do not include the nayelr. On the other hand, the models
that consider the nanolayer are not accurate ferptediction of unknown values.
Therefore, these uncertainties can produce at &a606 difference in the calculation

of the Nusselt number, as well as a 24% differendbe calculation of the Reynolds
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number, a 54% difference in the calculation of@mashof number and a 49% difference
in the calculation of the Rayleigh number. Consetjye the existing models for
determining nanofluids’ thermal conductivity andsaasity cause error in thermal
system design when using nanofluids. Thereforeermwmestigation is necessary in this
field.

In section 4.2, a correlation for nanofluid densigs been developed by performing a
theoretical analysis on the mixture density formdlae unknowns in this correlation

could be derived from the experimental results kfzate been presented in Chapter 3.
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5.1. Introduction

This chapter deals with the results of the densigasurement experiments, and
discusses nanofluid density and specific heat dgpac

5.2. Nanofluid density results and discussion

Four different kinds of nanofluids were used fonsiey measurement experiments:

SiOx-water, SiQ-EG-water, CuO-glycerol and MgO-glycerol.

A comparison of test results shows deviation fréra linear model for solid-liquid

mixtures that different authors have used to cateudlensity. An uncertainty analysis
was performed, and these deviations are bigger thandensity measurement
uncertainty range. As is clear in the linear mode, nanolayer effect has not been
considered in the nanofluid density model, whichuldobe the reason for these

deviations.

Thus, Equation 101 should be used to calculatefhadaensity, instead of the solid-

liquid mixture model to consider nanolayer effects.

3_,. 3
Pnf =@ pp + <Tprr#) pr + [(Tpo3 - rp3)pl]£3 (101)

p

The exact figures for nanolayer thickness and dgase unknown, so the experimental
results should be utilised:

A=r1,,° (102)
B = (1" —1,°%)p (103)
_ (Tp3_ ) [
Pnf = @ Pp +Tpf+Brp—3 (104)
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A and B are constants which have been used for sumglicity, with values as shown
in Table 6. A is dependent to nanoparticle sizeBusldependent on the base fluid and

nanoparticle size.

Table 6: Nanofluid density model constants

Nanofluid A (cm?) B (ar)

SiO-water 7,15E-17 4,65E-19
SiO-EG-water 1,52E-18 4,67E-19
MgO-glycerol 9,94E-18 1,22E-18
CuO-glycerol 9,94E-18 1,22E-18

Graphs and figures related to these analyses herefdresented below.

SiO,-water at 10 °c
1,09
—&— pnf (With Considering Nanolayer)

1,08 +H
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c
S 1,04
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Figure 13: The nanofluid density of SiQ-water at 10 °C
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SiO,-water at 20 °C
1,09

—— pnf (With Considering Nanolayer)

1,08

-- X - pnf (Experiment)

1,07

—a— pnf (Without Considering Nanolayer)

/ﬁ
/

1,06 /
1,05

1,04

. —
1,02 -

Nanofluid Density (gr/cm3)

Lot /

1,00 . :
0,01 0,02 0,04
Volume Fraction

0,06

Figure 14: The nanofluid density of SiQ-water at 20 °C
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Figure 15: The nanofluid density of SiQ-water at 30 °C
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SiO,-water at 40 °C
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Figure 16: The nanofluid density of SiQ-water at 40 °C
SiO-water
Table 7: The nanofluid density of SiQ-water
Pnf P Pnf (without
n
Temp. Pt Pp o f'p  (considering . considering the
(experiment)
the nanolayer) nanolayer)
10 °C 0.999665 2.4 0.01 40 1.01257 1.01283 1.01367
10 °C 0.999665 2.4 0.02 40 1.02548 1.02550 1.02767
10°C 0.999665 2.4 0.04 40 1.05130 1.05149 1.05571
10 °C 0.999665 2.4 0.06 40 1.07712 1.07742 1.08372
20 °C 0.99814 2.4 0.01 40 1.01107 1.01140 1.01216
20 °C 0.99814 2.4 0.02 40 1.02399 1.02393 1.02618
20 °C 0.99814 2.4 0.04 40 1.04984 1.05001 1.05427
20 °C 0.99814 2.4 0.06 40 1.07569 1.07593 1.08231
30 °C 0.995605 2.4 0.01 40 1.00856 1.00889 1.00965
30 °C 0.995605 2.4 0.02 40 1.02151 1.02129 1.02369
30 °C 0.995605 2.4 0.04 40 1.04742 1.04720 1.05182
30 °C 0.995605 2.4 0.06 40 1.07333 1.07306 1.07991
40 °C 0.99225 2.4 0.01 40 1.00524 1.00545 1.00633
40 °C 0.99225 2.4 0.02 40 1.01823 1.01788 1.02041
40 °C 0.99225 2.4 0.04 40 1.04422 1.04378 1.04852
40 °C 0.99225 2.4 0.06 40 1.07020 1.06946 1.07668
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The error bars have been added to experimentaltgesurve in SiQEG-Water

nanofluid, and because of the small values compargdaph data they are not visible.

(Uncertainty analysis data have been presentegpeAdix A)

SiO,-EG-water at 10 °C
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Figure 17: The nanofluid density of SiQ-EG-water at 10 °C
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Figure 18: The nanofluid density of SiQ-EG-water at 20 °C
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SiO,-EG-water at 30 °C
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Figure 19: The nanofluid density of SiQ-EG-water at 30 °C
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Figure 20: The nanofluid density of SiQ-EG-water at 40 °C
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SiO.-EG-water

Table 8: The nanofluid density of SiQ-EG-water

pot o Pnf (without
Temperature pr pp @ rp (considenin - (experiment)  considering the
h
g e nanolayer)
nanolayer)
10 °C 1.08595 24 002 10 1.11026 1.11136 1.11223
10 °C 1.08595 24 004 10 1.13458 1.13402 1.13851
10 °C 1.08595 24 006 10 1.15889 1.16022 1.16479
20 °C 1.07982 24 002 10 1.10432 1.10531 1.10622
20 °C 1.07982 24 004 10 1.12882 1.12784 1.13263
20 °C 1.07982 24 006 10 1.15332 1.15413 1.15903
30 °C 1.073505 2.4 0.02 10 1.09820 1.09905 1.10003
30 °C 1.073505 2.4 0.04 10 1.12289 1.12151 1.12656
30 °C 1.073505 2.4 0.06 10 1.14758 1.14786 1.15309
40 °C 1.067115 2.4 0.02 10 1.09200 1.09246 1.09377
40 °C 1.067115 24 0.04 10 1.11689 1.11486 1.12043
40 °C 1.067115 2.4 0.06 10 1.14178 1.14123 1.14709
CuO-glycerol at 10 °C
1,58 >
1,56 —&— pnf (With Considering Nanolayer) -
. 1,54 pnf (Experiment) ./'/!
@ 1,52 f (Without Considering Nanolayer)
pn g Yy
5 150 //
& 1,48 74
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2 1,46 =
£ 1,44
] /
S 1,42
3 /
-
Z ’
1,34 //
1,32 e
1,30 T T T )
0,01 0,02 0,04 0,06

Volume fraction

Figure 21: The nanofluid density of CuO-glycerolLat°C
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CuO-glycerol at 20 °C
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Figure 22: The nanofluid density of CuO-glycerol a0 °C

CuO-glycerol at 30 °C
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Figure 23: The nanofluid density of CuO-glycerol at30 °C

© University of Pretoria

62




-
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

Chapter 5: Results and discussions

CuO-glycerol at 40 °C
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Figure 24: The nanofluid density of CuO-glycerol a0 °C
CuO-glycerol
Table 9: The nanofluid density of CuO-glycerol
P P Pnf (without
Temperature  pt Pp O Mo (considering ) considering the
(experiment)
the nanolayer) nanolayer)
10 °C 1.26673 64 0.01 20 1.31652 1.31588 1.31806
10 °C 1.26673 6.4 0.02 20 1.36630 1.36869 1.36940
10 °C 1.26673 6.4 004 20 1.46588 1.46673 1.47206
10 °C 1.26673 6.4 006 20 1.56545 1.56885 1.57473
20 °C 1.26061 6.4 001 20 1.31047 1.30959 1.31200
20 °C 1.26061 6.4 002 20 1.36034 1.36229 1.36340
20 °C 1.26061 6.4 0.04 20 1.46006 1.45993 1.46619
20 °C 1.26061 6.4 0.06 20 1.55979 1.56181 1.56897
30°C 1.254395 6.4 0.01 20 1.30434 1.30319 1.30585
30 °C 1.254395 6.4 0.02 20 1.35428 1.35583 1.35731
30 °C 1.254395 6.4 0.04 20 1.45416 1.45305 1.46022
30 °C 1.254395 6.4 0.06 20 1.55404 1.55474 1.56313
40 °C 1.248265 6.4 0.01 20 1.29828 1.29681 1.29978
40 °C 1.248265 6.4 0.02 20 1.34830 1.34912 1.35130
40 °C 1.248265 6.4 0.04 20 1.44833 1.44631 1.45433
40 °C 1.248265 6.4 0.06 20 1.54836 1.54746 1.55737
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Figure 25: The nanofluid density of MgO-glycerol atl0 °C
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Figure 26: The nanofluid density of MgO-glycerol at20 °C
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MgO-glycerol at 30 °C
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Figure 27: The nanofluid density of MgO-glycerol at30 °C
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Figure 28: The nanofluid density of MgO-glycerol at40 °C
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MqgO-qglycerol

Table 10: The nanofluid density of MgO-glycerol

pni f Pni (without
Temp. i Pp [ 'p  (considering feiperiment) considering the

the nanolayer) nanolayer)
10 °C 1.26673 3.58 0.01 20 1.28832 1.28724 1.28986
10 °C 1.26673 3.58 0.02 20 1.30990 1.31221 1.31300
10 °C 1.26673 3.58 0.04 20 1.35308 1.35462 1.35926
10 °C 1.26673 3.58 0.06 20 1.39625 1.40148 1.40553
20°C 1.26061 3.58 0.01 20 1.28227 1.28105 1.28380
20°C 1.26061 3.58 0.02 20 1.30394 1.30598 1.30700
20 °C 1.26061 3.58 0.04 20 1.34726 1.34838 1.35339
20 °C 1.26061 3.58 0.06 20 1.39059 1.39518 1.39977
30°C 1.254395 3.58 0.01 20 1.27614 1.27476 1.27765
30 °C 1.254395 3.58 0.02 20 1.29788 1.29965 1.28986
30 °C 1.254395 3.58 0.04 20 1.34136 1.34209 1.31300
30 °C 1.254395 3.58 0.06 20 1.38484 1.38881 1.35926
40 °C 1.248265 3.58 0.01 20 1.27008 1.26852 1.40553
40 °C 1.248265 3.58 0.02 20 1.29190 1.29325 1.28380
40 °C 1.248265 3.58 0.04 20 1.33553 1.33554 1.30700
40 °C 1.248265 3.58 0.06 20 1.37916 1.38217 1.35339

As Graphs show, all four nanofluids have same bielbaas volume fraction increase,
the effects of nanolayer on the resultant densityeases, so the variance between
experiment and traditional linear model increase.

In terms of base fluids, this variance is less wtienbase fluid is Glycerol. In case of
nanofluids with water or EG-Water, the variancesvieen densities increase.

Change in temperature doesn’'t have a visible effectensity differences between three
different densities in a sample.
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The fluid density model could also be used as & @snula to develop a model for

nanofluid density:
— Mptmy
pnf - Vp_l_vf_l_vl’ (105)
wherem, and M are the amount of material that was used to &gt sample. yand
mx could also be calculated from properties of nanogas and base fluid at experiment
temperature. Nanofluid density is the experimestite Nanolayer thickness could be

calculated as follows:

v, = n(%mf) (106)
Vo + Vi, = nCr(r, + t)°) (107)

Nanolayer thickness for each sample at each termyperavill be calculated by
substitutingn from Equation 106 to Equation 107. Tables 11 tsHA8w the results of
this method for Si@water, SiQ-EG-water, CuO-glycerol and MgO-glycerol
respectively. The average nanolayer thickness &oh dype of nanofluid has been
presented in the tables, ranging from 0.5 to 1.5Awerage of 1.04 nm). Comparing

the results shows that nanolayer thickness is pndsfppendent on the base fluid type.

Table 11: The results of nanolayer thickness calcations for SiOz-water nanofluid

T(O| @ Ps Po| o | Pu M, M vV, | V% V, |t (nm)| Ave.t

10 0,01 (0,99967 |2,4 |40 |1,01283 [0,9697 (39,9866 (0,4040 (40 |0,0334 (1,0745

10 0,02 (0,99967 (2,4 |40 |1,02550 |{1,9592 (39,9866 |0,8163 (40 |0,0866 (1,3678

10 0,04 (0,99967 |2,4 |40 |1,05149 [4,0000 (39,9866 |1,6667 (40 |0,1662 (1,2875

10 0,06 {0,99967 |2,4 |40 |1,07742 |6,1277 |39,9866 |2,5532 |40 |0,2474 |1,2526 |at10°C: 1,25

20 0,01 (0,99814 (2,4 |40 |1,01140 [0,9697 |39,9256 (0,4040 (40 |0,0305 (0,9823

20 0,02 (0,99814 (2,4 |40 |1,02393 |1,9592 (39,9256 |0,8163 (40 |0,0896 (1,4126

20 0,04 (0,99814 (2,4 |40 |1,05001 [4,0000 (39,9256 |1,6667 (40 |0,1670 |(1,2940

20 0,06 {0,99814 |2,4 (40 |(1,07593 |6,1277 |39,9256|2,5532 |40 |0,2500 |1,2652 |at20°C: 1,24

30 0,01 (0,99561 (2,4 (40 |1,00889 [0,9697 (39,8242 (0,4040 (40 |0,0306 (0,9852

30 0,02 (0,99561 (2,4 (40 |1,02129 |1,9592 (39,8242 |0,8163 (40 |0,0960 (1,5108

30 0,04 (0,99561 (2,4 (40 |1,04720 {4,0000 (39,8242 |1,6667 (40 |0,1823 (1,4080

30 0,06 {0,99561 |2,4 (40 |(1,07306 |6,1277 |39,8242|2,5532 |40 |0,2702 [1,3640 |at30°C: 1,32

40 0,01 (0,99225 (2,4 (40 |1,00545 [0,9697 (39,6900 |0,4040 (40 |0,0353 (1,1314

40 0,02 (0,99225 (2,4 (40 |1,01788 |{1,9592 (39,6900 |0,8163 (40 |0,1015 (1,5928

40 0,04 (0,99225 |2,4 |40 |1,04378 {4,0000 (39,6900 (1,6667 (40 |0,1910 (1,4732

40 0,06 {0,99225 |2,4 |40 |1,06946 |6,1277 |39,6900|2,5532 |40 |0,2889 |[1,4550 |at40°C: 1,41
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Table 12: The results of nanolayer thickness calcations for SiO«-EG-water nanofluid

T(EC) | ¢ P Py | r P oy M, M V, V¢ Vv t, (nm) Ave. t,
10 0,02 {1,08595 (2,4 (10 |(1,11136 |1,95918 |43,43800 |0,81633 |40 |0,03199 (0,12895

10 0,04 {1,08595 (2,4 (10 (1,13402 |4,00000 |43,43800 |1,66667 |40 |0,16505 (0,31976

10 0,06 |1,16022 (2,4 |10 (1,16022 |6,12766 |46,40880 |2,55319 (40 (2,72827 |2,74159 |at10°C: 1,1
20 0,02 {1,07982 (2,4 (10 (1,10531 |1,95918 |43,19280 (0,81633 |40 |0,03374 (0,13590

20 |0,04 {1,07982 |2,4 |10 |[1,12784 |4,00000 (43,19280 |1,66667 |40 |0,17704 |0,34224

20 |0,06 {1,15413 2,4 |10 |[1,15413 |6,12766 |46,16520 |2,55319 |40 |2,75614 |2,76396 |at20°C: 1,1
30 |0,02|1,07351 (2,4 |10 ([1,09905 |1,95918 (42,94020 |0,81633 (40 |0,03676 |0,14792

30 |0,04|1,07351 |2,4 |10 |[1,12151 |4,00000 |[42,94020 |1,66667 |40 |0,18798 |0,36266

30 0,06 |1,14786 (2,4 |10 (1,14786 |6,12766 (4591440 |2,55319 (40 (2,78514 |2,78716 |at30°C: 1,1
40 0,02 [1,06712 (2,4 (10 |(1,09246 |1,95918 |42,68460 |0,81633 |40 |0,04923 (0,19712

40 0,04 [1,06712 (2,4 (10 |(1,11486 |4,00000 |42,68460 |1,66667 |40 |0,20819 (0,40015

40 0,06 |1,14123 (2,4 |10 (1,14123 |6,12766 |(45,64920 |2,55319 (40 (2,81616 |2,81187 |at40°C: 1,1

Table 13: The results of nanolayer thickness calcations for CuO-glycerol nanofluid

T(EC)| ¢ P Py | r P o M, M; V, Vi V, t, (nm) Ave. t,

10 0,01 [1,26673 |6,4 (20 |[1,31588 |2,58586 |50,66920 (0,40404 |40 |0,06702 |1,04976

10 0,02 [1,26673 |6,4 (20 |[1,36869 |5,22449 |50,66920 (0,81633 |40 |0,02119 |0,17154

10 0,04 [1,26673 (6,4 (20 |1,46673 |10,66667 |50,66920 (1,66667 |40 |0,15144 |0,58827

10 |0,06 [1,26673 |64 |20 |1,56885 |16,34043 |50,66920 |2,55319 |40 |0,15938 |0,40780 [at10°C: 0,55
20 |0,01|1,26061 |6,4 |20 |[1,30959 |2,58586 |50,42440 |0,40404 |40 |0,07463 |1,16250

20 |0,02 |1,26061 |6,4 |20 |[1,36229 |5,22449 |50,42440 |0,81633 |40 |0,03334 |0,26866

20 0,04 [1,26061 (6,4 (20 |[1,45993 |10,66667 |50,42440 (1,66667 |40 |0,17868 |0,69060

20 0,06 |1,26061 (6,4 |20 |[1,56181 |16,34043 [50,42440 |2,55319 (40 |0,19531 (0,49750 |at20°C: 0,65
30 0,01 1,25440 (6,4 (20 (1,30319 |2,58586 |50,17580 (0,40404 |40 |0,08266 |1,28017

30 |0,02 |{1,25440 |6,4 |20 |[1,35583 |5,22449 |50,17580 |0,81633 (40 |0,04462 |0,35793

30 |0,04|1,25440 |6,4 |20 |[1,45305 |10,66667 |50,17580 |1,66667 |40 |0,20558 |0,79065

30 |0,06 |1,25440 |6,4 |20 |[1,55474 |16,34043 [50,17580 |2,55319 (40 |0,22981 |(0,58290 |at30°C: 0,75
40 0,01 [1,24827 |6,4 (20 |1,29681 |2,58586 |49,93060 (0,40404 |40 |0,09261 |1,42421

40 0,02 1,24827 (6,4 (20 |(1,34912 |5,22449 |49,93060 (0,81633 |40 |0,06610 |0,52584

40 0,04 [1,24827 (6,4 (20 |1,44631 |10,66667 |49,93060 (1,66667 |40 |0,23117 |0,88496

40 |0,06 |1,24827 (6,4 |20 |1,54746 |16,34043 |49,93060 |2,55319 (40 |0,27249 |0,68759 |at40°C: 0,88
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5.3. Nanofluids’ isobaric specific heat capacity ults and

discussions

In this section, the nanofluid density model arelrtiodel for specific heat capacity for
nanofluids have been combined, and the results ha&e compared with experimental

data. As shown in Section 2.6, nanofluids’ spedigat capacity is as follows:

PPpCpp+(1—@)prcy,
Comf = ppp , fn.f (108)
nf
(rp°-Ap) )
Puf =@ pp+——=—p;+B5 (109)
14 14
PPpCppt+(1—@)pscy,
Cp,nf = s ?rz;'é’—A(p) o] (110)

[
P pp+—rp3 pf+Brp—3

Substituting the nanofluid density from Equatior® I8to Equation 108 will result in a

more accurate specific heat capacity value.

Vajjha and Das [80] performed some experimentsni@asuring the specific heat
capacity of three different nanofluids. They usegezimental results and theoretical

analysis to derive a model to calculate the spehi#iat capacity:

<(AT)+B<C’”—"°)>
vanf — Cp‘f ’

Cp.f (C+o)

(111)

where SiG-water nanofluid A = 0.001769, B =1.1937 and C.8021.

This equation is applicable for the Si@anofluid in the temperature range of 315 K<

T <363 K for volumetric concentrations in the ramdg® <¢ < 0.1.

Comparing the Si® -water nanofluid’s specific heat capacities cadted from
Equation 108, Equation 110 and the equation thailted from the experiments of
Vajjha and Das show the results from the equatidnch consider that the effects of

the nanolayer are closer to experimental data.
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Table 14: Specific heat capacity of Si©nanofluid in a volume fraction ranging from 1 to 8%, at

temperatures of 60, 70 and 80 °C

prnf(WithOUt Cp'nf
Cp,nf ideri ( ideri
. . considering consiaering
Temp. Q rp T ( K) Q)'p Cp'f (Va”ha
the the
and Das)
nanolayer) nanolayer)
60°C 0.01 10 333.15 745.00 4184.3 4132 4102 4121
60°C 0.02 10 333.15 745.00 4184.3 4081 4021 4060
60°C 0.04 10 333.15 745.00 4184.3 3984 3867 3939
60°C 0.06 10 333.15 745.00 4184.3 3892 3721 3824
70°C 0.01 10 343.15 745.00 4189.5 4227 4106 4126
70°C 0.02 10 343.15 745.00 4189.5 4175 4025 4064
70°C  0.04 10 343.15 745.00 4189.5 4076 3870 3943
70°C  0.06 10 343.15 745.00 4189.5 3982 3723 3826
80°C 0.01 10 353.15 745.00 4196.3 4323 4112 4132
80°C 0.02 10 353.15 745.00 4196.3 4271 4031 4069
80°C 0.04 10 353.15 745.00 4196.3 4169 3874 3947
80°C 0.06 10 353.15 745.00 4196.3 4072 3726 3829
(a) SiO,-water at 60 °C
4400
@@ Cp,nf (Vajjha & Das )
4300 @@ Cp,nf (Without Considering Nanolayer)
. Cp,nf (With Considering Nanolayer)
Eb 4200
> 4100
3
S 4000
g
P 3900
%
S 3800
3700
3600
0,01 0,02 0,04 0,06

Volume fraction
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(b) Si0,-water at 70 °C
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(c) Si0,-water at 80 °C
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Figure 29a-c: The specific heat capacity of Siwater in the range of a volume fraction of 1 to
6%, at temperatures 60, 70 and 80 °C

Another approach is to consider the nanolayer'siipeneat capacity in calculations.
Murshed, Leong and Yang [85] presented a modetHerspecific heat capacity of

equivalent nanopatrticles, as indicated below:
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__ 1 1 3D (942 , 2.2 3Cpf [42 '
e = Ty oo + (1= ) {pb,3 (2¢% + 2b'r,t + b'?r2) — pb”,3 [t2(2 +2b" +

b'%) +b'n, (b, + 2b't + 26)]}, (112)
wherep = (3r,2 + 3r,t + t2),b = In(p,/ps), and b’ = In(cpp/cpf)

By inserting ¢ einstead of gpin Equation 110, the result is closer to experirakdata,
as presented in Table 15, which means that thecteffef the nanolayer on the

nanofluids’ specific heat capacity requires furtbierdy.

Table 15: The specific heat capacity of equivaler&iO2 nanoparticles in water from Equation 112

Temp.  p Pr ¥ Cop  Cpf p b ) Cpe

50°C 0.9923 2.4 10 0.15 745 4180.6347.25 0.88 -1.72 1198.18

60°C 0.9832 24 10 0.15 746 4184.3347.25 089 -1.72 1199.58

70°C 09775 24 10 0.15 747 4189.5347.25 0.90 -1.72 1201.14

80°C 09718 2.4 10 0.15 748 4196.3347.25 0.90 -1.72 1202.88

5.4. Conclusion

In the first section of this chapter, the nanofldiehsity is discussed. By utilising the
experimental data presented in Chapter 3 and thelajgeed model in Chapter 4, the
proposed model is analysed. Therefore, the expatahdensity data is compared with
the presented model and the mixture density moided. comparisons show that the

developed model gives a more accurate result (ctodbe experimental data).

In section 5.3, nanofluids’ specific heat capacgyinvestigated theoretically. Two
figures that resulted from the specific heat cagatiodel have been compared with
available experimental data for SH@ater nanofluids. One of the figures is calculated
using the mixture density formula, so nanolayee&# are ignored in the calculations.
The other figure is calculated using the develomedel for nanofluid density, which
considers the nanolayer effects. The comparisonw #at the nanolayer could affect
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nanofluids’ specific heat capacity and, by consitgthe effects, more accurate results

for performing engineering designs can be obtained.

Table 16: The specific heat capacity of Si@water comparisons

Conf V-Vith.out Considering the Consideri r?g the

(Vajjh considering the ] nanolayer in pnf
Temp. o o Cpp Cp Cpe o end nanolayer nanolayer in pnf and Cp

Das) Cp,nf Variance Cp,nf Variance Cp,nf Variance
50°C 0.01 10 745.0 4180.6 1198.0 4038 4098 1.50% 1184 1.99% 4129  2.26%
50 °C 0.02 10 7450 4180.6 1198.0 3989 4018 0.74% 0574 1.71% 4078 2.25%
50 °C 0.04 10 7450 4180.6 1198.0 3894 3865 -0.75% 3937 1.12% 3980 2.20%
50°C 0.06 10 745.0 4180.6 1198.0 3804 3719 -2.22%3822  0.49% 3885  2.13%
60 °C 0.01 10 7450 4184.3 1200.0 4132 4102 -0.73%4121 -0.25% 4132 0.02%
60 °C 0.02 10 7450 4184.3 1200.0 4081 4021 -1.48% 4060 -0.53% 4081 0.00%
60°C 0.04 10 745.0 41843 1200.0 3984 3867 -2.95%3939 -1.13% 3982  -0.05%
60°C 0.06 10 745.0 4184.3 1200.0 3892 3721 -4.40%3824 -1.76% 3887  -0.14%
70 °C 0.01 10 7450 41895 1201.0 4227 4106 -2.85%4126 -2.38% 4137 -2.12%
70°C 0.02 10 745.0 41895 1201.0 4175 4025 -3.60%4064 -2.67% 4086  -2.15%
70°C 0.04 10 745.0 41895 1201.0 4076 3870 -5.06%3943 -3.28% 3986  -2.22%
70 °C 0.06 10 7450 41895 1201.0 3982 3723 -6.50% 3826 -3.91% 3889 -2.32%
80°C 0.01 10 745.0 4196.3 1203.0 4323 4112  -4.88%4132  -4.42% 4143  -4.16%
80 °C 0.02 10 7450 4196.3 1203.0 4271 4031 -5.62% 4069 -4.71% 4091 -4.19%
80 °C 0.04 10 7450 4196.3 1203.0 4169 3874 -7.07% 3947 -5.33% 3991 -4.28%
80°C 0.06 10 745.0 4196.3 1203.0 4072 3726  -8.50%3829 -5.97% 3893  -4.40%
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CHAPTER 6: CONCLUSION

6.1. Summary

It is clear that the nanolayer is one of the keydes to be considered for the evaluation
of effective thermal conductivity, effective vistys density and specific heat capacity
of nanofluids. Unfortunately, most of the availalh®dels for nanofluids’ effective

thermal conductivity and viscosity do not inclutie effects of the nanolayer or are not

accurate enough to be used as a basis for otltestu

In the case of nanofluid density, the presentedehiodthis study could give accurate

results for the four nanofluids that have been us¢ke experiments.

When the density model is used to calculate namsflispecific heat capacity, the

results more closely resemble the available expariad results.

6.2. Conclusions

Literature shows that there are many availableetations to model for nanofluid

thermal conductivity and viscosity, but only a shmalmber of them considered the
nanolayer in the calculations. On the other hahelet is just one linear equation for
calculating density and a few for calculating tipedfic heat capacity of nanofluids.

None of them considered the effect of the nanolayer

In most of the thermal conductivity and viscosityrelations where the effects of the
nanolayer are considered, its thickness and theomadluctivity are not validated.

Therefore, they were selected in such a way thay timatch experimental data.
Consequently, more research is required to unaetstanolayer characteristics in order

to use them in nanofluid correlations.

In the experimental part of this study, nanoflugshsiity was experimentally investigated
for four different nanofluids. A two-step sonicatilmethod was used to prepare these

nanofluids.
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Chapter 6: Conclusion

The density of the nanofluids (SiWvater, SiQ-EG-water, CuO-glycerol and MgO-
glycerol) has been measured using a DDM 2911 diglensity meter. The

measurements were taken in the range of 1 to 6%lome fraction and 1T to 40C.

The uncertainty of experimental measures for eaofipge at each measuring condition
have also been calculated, which were in the raf@00011 gr/ml to 0.00089 gr/ml,
as shown in Table A1 and Table A2 in Appendix A.

It is clear that the nanolayer is one of the kegtdies that must be considered for the
evaluation of the effective thermal conductivity darviscosity of nanofluids.
Unfortunately, most of the available models to gkdte nanofluids’ effective thermal
conductivity and viscosity do not include the nayelr. On the other hand, the ones that
consider the nanolayer are not accurate for predicinknown values. Therefore, these
uncertainties can produce at least a 20% differ@mdbe calculation of the Nusselt
number, as well as a 24% difference in the calmratf the Reynolds number, a 54%
difference in the calculation of the Grashof numbed a 49% difference in the
calculation of the Rayleigh number. Consequenttysteng models for calculating the
thermal conductivity and viscosity of nanofluidsusa error in the design of thermal

systems using nanofluids. Therefore, more investigas necessary in this field.

In section 4.2, a correlation for nanofluid densisy developed by performing a
theoretical analysis of the mixture density formulde unknowns in this correlation

could be derived from the experimental results #natpresented in Chapter 3.

In the first section of Chapter 5, the nanofluichsiey is discussed. By utilising the
experimental data presented in Chapter 3 and thelajged model in Chapter 4, the

unknowns of the model are analysed and the nurslggesented for each nanofluid.

Subsequently, the nanofluid densities from expamnis\gresented models and mixture
density models are drawn and compared. This cosgashows that the densities that
resulted from the developed model are closer t@experimental data.
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Chapter 6: Conclusion

In Chapter 5, the nanofluids’ specific heat capasitheoretically investigated. The two
figures that resulted from a specific heat capauibglel are compared with the available
experimental data for a Si@vater nanofluid. One of the figures is calculatsthg the
mixture density formula, so nanolayer effects grered in the calculations. The other
figure is calculated using a developed model fonaflaid density that considers
nanolayer effects. The comparisons show that thelager could affect the nanofluids’
specific heat capacity. In this way, more accuratailts for performing engineering

designs by considering the effects can be obtained.

The following conclusions were drawn for nanofldiehsity: Firstly, the density of the
nanolayer is between void and base fluid densiexondly, the nanolayer density
changes gradually from void to base fluid. Thirdy, using experimental results and
theoretical work, a model has been developed tutzk the density of the nanofluids

that are used in the experiment.
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Nanofluid Density Uncertainty Analysis

Appendix A:

A — 1: Uncertainty Analysis Results Tables

Table Al: Uncertainty analysis data

Nano fluid T oV om oVp 5 ops Opnt
type (°c) (mh)  (an) (mli) v (gr/ml) (gr/ml)
SiO-EG-water 10 0.01 0.005 0.0002 8.3333E-05 1.2386E-00.00013584 0.00013449
SiOx-EG-water 20 0.01 0.005 0.0002 8.3333E-05 1BE386 0.00013507 0.00013373
SiOx-EG-water 30 0.01 0.005 0.0002 8.3333E-05 BE386 0.00013428 0.00013295
SiOx-EG-water 40 0.01 0.005 0.0002 8.3333E-05 BE386 0.00013348 0.00013216
SiOx-EG-water 10 0.02 0.005 0.0002 8.3333E-05 2E506 0.00013584 0.00013316
SiOx-EG-water 20 0.02 0.005 0.0002 8.3333E-05 2E506 0.00013502 0.00013236
SiOx-EG-water 30 0.02 0.005 0.0002 8.3333E-05 2E506 0.00013428 0.00013164
SiOx-EG-water 40 0.02 0.005 0.0002 8.3333E-05 2E506 0.00013348 0.00013085
SiOx-EG-water 10 0.04 0.005 0.0002 8.3333E-05 48006 0.00013584 0.00013055
SiOx-EG-water 20 0.04 0.005 0.0002 8.3333E-05 48006 0.00013507 0.000130
SiOx-EG-water 30 0.04 0.005 0.0002 8.3333E-05 48006 0.00013428 0.00012907
SiOx-EG-water 40 0.04 0.005 0.0002 8.3333E-05 48006 0.00013348 0.0001283
SiOx-EG-water 10 0.06 0.005 0.0002 8.3333E-05 7226506 0.00013584 0.00012802
SiOx-EG-water 20 0.06 0.005 0.0002 8.3333E-05 72268506 0.00013507 0.00012731
SiOx-EG-water 30 0.06 0.005 0.0002 8.3333E-05 72268506 0.00013428 0.00012657
SiOx-EG-water 40 0.06 0.005 0.0002 8.3333E-05 72268506 0.00013348 0.00012583
SiO-water 10 0.01 0.005 0.0002 8.3333E-05 1.2386E-0600012506 0.00012382
SiOx-water 20 0.01 0.005 0.0002 8.3333E-05 1.2386E-0600012487 0.00012363
SiO-water 30 0.01 0.005 0.0002 8.3333E-05 1.2386E-0600012455 0.00012332
SiO-water 40 0.01 0.005 0.0002 8.3333E-05 1.2386E-0600012413 0.0001229
SiO>-water 10 0.02 0.005 0.0002 8.3333E-05 2.4505E-0600012506 0.0001226
SiO-water 20 0.02 0.005 0.0002 8.3333E-05 2.4505E-0600012487 0.00012242
SiO-water 30 0.02 0.005 0.0002 8.3333E-05 2.4505E-0600012455 0.00012211
SiO,-water 40 0.02 0.005 0.0002 8.3333E-05 2.4505E-0600012413 0.0001217
SiO,-water 10 0.04 0.005 0.0002 8.3333E-05 4.8002E-0600012506 0.00012024
SiO,-water 20 0.04 0.005 0.0002 8.3333E-05 4.8002E-0600012487 0.00012006
SiO,-water 30 0.04 0.005 0.0002 8.3333E-05 4.8002E-0600012455 0.00011976
SiO,-water 40 0.04 0.005 0.0002 8.3333E-05 4.8002E-0600012413 0.00011936
SiO,-water 10 0.06 0.005 0.0002 8.3333E-05 7.0502E-0600012506 0.00011797
SiO,-water 20 0.06 0.005 0.0002 8.3333E-05 7.0502E-0600012487 0.00011779
SiO,-water 30 0.06 0.005 0.0002 8.3333E-05 7.0502E-0600012455 0.0001175
SiO,-water 40 0.06 0.005 0.0002 8.3333E-05 7.0502E-0600012413 0.00011711
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Appendix A: Uncertainty analysis result tables

Table A2: Uncertainty analysis data

Nano fluid T oV ém oVp 5 opr Spnt
type (°c) (mh)  (gn) (ml) ¢ (gr/ml) (gr/ml)

MgO-glycerol 10 0.01 0.005 0.0002 5.5866E-05 1.288E 0.00015842 0.00015686
MgO-glycerol 20 0.01 0.005 0.0002 5.5866E-05 1.288E 0.00015766 0.00015611
MgO-glycerol 30 0.01 0.005 0.0002 5.5866E-05 1.288E 0.00015688 0.00015534
MgO-glycerol 40 0.01 0.005 0.0002 5.5866E-05 1.288E 0.00015611 0.00015458
MgO-glycerol 10 0.02 0.005 0.0002 5.5866E-05 2.4508 0.00015842 0.00015536
MgO-glycerol 20 0.02 0.005 0.0002 5.5866E-05 2.4508 0.00015766 0.00015461
MgO-glycerol 30 0.02 0.005 0.0002 5.5866E-05 2.4508 0.00015688 0.00015385
MgO-glycerol 40 0.02 0.005 0.0002 5.5866E-05 2.4508 0.00015611 0.0001531

MgO-glycerol 10 0.04 0.005 0.0002 5.5866E-05 4.8306 0.00015842 0.00015249
MgO-glycerol 20 0.04 0.005 0.0002 5.5866E-05 4.8306 0.00015766 0.00015176
MgO-glycerol 30 0.04 0.005 0.0002 5.5866E-05 4.8306 0.00015688 0.00015102
MgO-glycerol 40 0.04 0.005 0.0002 5.5866E-05 4.8306 0.00015611 0.00015029
MgO-glycerol 10 0.06 0.005 0.0002 5.5866E-05 7.@506 0.00015842 0.00014981
MgO-glycerol 20 0.06 0.005 0.0002 5.5866E-05 7.8506 0.00015766 0.0001491

MgO-glycerol 30 0.06 0.005 0.0002 5.5866E-05 7.@8506 0.00015688 0.00014837
MgO-glycerol 40 0.06 0.005 0.0002 5.5866E-05 7.@8506 0.00015611 0.00014766
CuO-glycerol 10 0.01 0.005 0.0002 0.00003125 1.E306 0.00015842 0.00015696
CuO-glycerol 20 0.01 0.005 0.0002 0.00003125 1.E306 0.00015766 0.00015621
CuO-glycerol 30 0.01 0.005 0.0002 0.00003125 1.E306 0.00015688 0.00015544
CuO-glycerol 40 0.01 0.005 0.0002 0.00003125 1.E306 0.00015611 0.00015468
CuO-glycerol 10 0.02 0.005 0.0002 0.00003125 2.B506 0.00015842 0.00015576
CuO-glycerol 20 0.02 0.005 0.0002 0.00003125 2.B506 0.00015766 0.00015501
CuO-glycerol 30 0.02 0.005 0.0002 0.00003125 2.B506 0.00015688 0.00015426
CuO-glycerol 40 0.02 0.005 0.0002 0.00003125 2.B506 0.00015611 0.00015351
CuO-glycerol 10 0.04 0.005 0.0002 0.00003125 4.8E-0 0.00015842 0.00015407
CuO-glycerol 20 0.04 0.005 0.0002 0.00003125 4.8E-0 0.00015766 0.00015335
CuO-glycerol 30 0.04 0.005 0.0002 0.00003125 4.8E-0 0.00015688 0.00015262
CuO-glycerol 40 0.04 0.005 0.0002 0.00003125 4.8E-0 0.00015611 0.0001519

CuO-glycerol 10 0.06 0.005 0.0002 0.00003125 7.06E- 0.00015842 0.00015325
CuO-glycerol 20 0.06 0.005 0.0002 0.00003125 7.06E- 0.00015766 0.00015256
CuO-glycerol 30 0.06 0.005 0.0002 0.00003125 7.06E- 0.00015688 0.00015186
CuO-glycerol 40 0.06 0.005 0.0002 0.00003125 7.06E- 0.00015611 0.00015117
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A — 2: Uncertainty Analysis — Equation 98

Equation 98 has been presented in chapter 4, woicsider nanolayer effects in

calculation of nanofluid density.
Pur =@ pp+ (1= 8%p)ps + (6° = Doppy (98)
And in the same chapter the results from same mbdeé been compared with

traditional linear model and experimental data. ¢éeruncertainty analysis has been

performed for this new model as:

1/2
__|{9pnf 2 (apnf )2 pnf 2
Spnf = [( o &p) + 20, bps| + ( 7 6pl) (113)
From equations 98 and 113:
2 2
8pnr = |((op — 83p; + (8% = Dp)89)” + (1 — 89)8p;)” + (8% —
1/2
Dedp)?] (114)
The correlation for calculating the volume fractien
__Vp
¢ = VitV (78)
The volume fraction uncertainty is as follows:
9 2 g 2 1/2
5 = [(msvf) + <E 5vp) l (79)
From equations 78 and 79:
Vp 2 1 2 1/2
Sp = [(asz,,)z ov;) + (—(Vf+vp)2 ov; ) l (80)
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The formula for base fluid density is:

mg

Pr=v; (81)
The density uncertainty will be:
dp; 2 dp; 2172
5p; = [(mgmf) + (m(svf) l (82)
1 2 ms 2 1/2

For nanopatrticles, the density is constant and letguthe amount indicated by the
manufacturer, and the volume of the nanopartiadesgdcbe calculated from the density

formula:

v, = ’Z—: (84)
5V, = l(:%’; 5m,,)2r/2 (85)
2 1/2
5V, = [(é&np) l (86)
The formula for base fluid density is:
=7 (115)

The density uncertainty will be:
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1
_|{9p z 9p; 2172
2 21Y/2
v, = %n(rf -13) = %nri3(63 -1) (96)
So:
V, = Vp(53 -1 (118)

By substitutingpp, p1, pi, @, opf, dpi andde in equation 114 the uncertainty could be
calculated for each sample. The results have besseipted in Table A3. The results
show that the maximum uncertainty is £0.000899 gr/m
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Nano Fluid T ¢ Pp ps Mp Vp my Vi m V| oV om 5Vp 5(1) 5pf 5p| Spnf
Type (°c) (gr/ml) | (gr/ml) (an (ml) (or (ml) (or (ml) (ml) | (gr) (ml) (gr/ml) (gr/ml) (gr/ml)

SIO: - EG 1.08595

Water 10 | 0.01 24 ' 0.96970 | 0.40404 43.438 40  0.188889 0.21212 0/00H00Q.| 8.3333E-05 1.2386E-06 0.000136 0.170%91 09®(
SIO; - EG 1.07982

Water 20 | 0.01 24 ' 0.96970 | 0.40404 43.1928 40 0.188889 0.21p12 0/00500Q| 8.3333E-05 1.2386E-06 0.000135 0.170591 BIB(
SIO; - EG 1.07351

Water 30 | 0.01 24 ' 0.96970 | 0.40404 42.9402 40 0.188889 0.21p12 0/00500Q| 8.3333E-05 1.2386E-06 0.000134 0.170591 BIB(
SIO; - EG 1.06712

Water 40 | 0.0 2.4 ' 0.96970 | 0.40404 42.6846 40 0.188889 0.21p12 0/00500Q| 8.3333E-05 1.2386E-06 0.000133 0.170591 BIB(
SIO; - EG 1.08595

Water 10 | 0.02 24 ' 1.95918 | 0.81633 43.438 40 0.381633 0.42857 0/00H00Q.| 8.3333E-05 2.4505E-06 0.000136 0.084434 0&®(
SIO; - EG 1.07945

Water 20 | 0.02 24 ' 1.95918 | 0.81633 43.1778 40 0.381633 0.42B57 0[00500Q| 8.3333E-05 2.4505E-G6 0.000135 0.084434 880(
SIO; - EG 1.07351

Water 30 | 002 24 ' 1.95918 | 0.81633 42.9402 40 0.381633 0.42B57 0[00500@| 8.3333E-03 2.4505E-G6 0.000134 0.084434 880(
SIO; - EG 1.06712

Water 40 | 0.02 2.4 ' 1.95918 | 0.81633 42.6846 40 0.381633 0.42B57 0[00500@| 8.3333E-03 2.4505E-G6 0.000133 0.084434 880
SIO; - EG 1.08595

Water 10 | 0.04 24 ' 4.00000 | 1.66667 43.438 40| 0.779167 0.87500 0/00900Q. 8.3333E-03 4.8002E-Q6 0.000186 0.041355 07DC
SIO; - EG 1.07982

Water 20 | 0.04 24 ' 4.00000 | 1.66667 43.1928 40  0.779167 0.87500 0/005002| 8.3333E-03 4.8002E-06 0.000135 0.041355 B1DC(
SIO; - EG 1.07351

Water 30 | 0,04 24 ' 4.00000 | 1.66667 42.9402 40 0.779167 0.87500 0/005002| 8.3333E-03 4.8002E-06 0.000134 0.041355 B1DC(
SIO: - EG 1.06712

Water 40 | 0.04 2.4 ' 4.00000 | 1.66667 42.6846 40  0.779167 0.87500 0/005002| 8.3333E-05 4.8002E-Q6 0.000133 0.041355 B1DC
SIO; - EG 1.08595

Water 10 | 0.06§ 2.4 ' 6.12766 | 2.55319 43.438 40  1.193617 1.34p43 0/00H00Q.| 8.3333E-05 7.0502E-6 0.000136 0.026996 0FB(
SIO; - EG 1.07982

Water 20 | 0.0 24 ' 6.12766 | 2.55319 43.1928 40  1.193617 1.34D43 0/00500Q| 8.3333E-05 7.0502E-06 0.000135 0.026996 8B
SIO; - EG 1.07351

Water 30 | 0.0 24 ' 6.12766 | 2.55319 42.9402 40 1.193617 1.34D43 0/00500Q| 8.3333E-05 7.0502E-06 0.000134 0.026996 8B
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Nano Fluid 'I; o Pp P Mp Vp my Vi m \ oV om dVp 56 opt opi Opnf
Type (°c) (gr/ml) | (gr/ml) | (gr) (ml) (an) (ml) | (gr) (ml) (ml) | (gr) (ml) (gr/ml) | (gr/ml) (gr/ml)
SO - BG 1.06712
Water 40 | 0.08 2.4 6.12766 | 255319 42.6846 40 1193617 1.34D43 0/00800@| 8.3333E-03 7.0502E-06 0.000133 0.026996 BHAX
\?\?gtze-r 10 | 001 24 | %9997 096070 | 0.40404 39.9866 40 0.002936 0.04735 0/00800@| 8.3333E-03 1.2386E-06 0.000125 0.052022 QX
\?\?gtze_r 20 | 0.0] 24 |999%1% 096970 | 040404 39.9256 40 0.002936 0.04735 0/00B00Q| 8.3333E-05 1.2386E-06 0.000125 0.052922 QM
\?\?gtze_r 30 | 0.0] 24 |99901 5906970 | 040404 39.8242 40 0.002936 0.04735 0/00B00Q| 8.3333E-05 1.2386E-06 0.000125 0.052922 QI
\?\?gtze_r 40 | 001 24 |999%2% 096070 | 040404 39.69| 40 0.002936 0.04735 0/005002.0 8.3333E-05 1.2386E-06 0.0001p4 0.052922  0.00G13
\?\?gtze_r 10 | 004 24 | %9997 195018 | 0.81633 39.9866 40 0.005931 0.09566 0/00800@| 8.3333E-03 2.4505E-06 0.000125 0.026193 QBN
\?\;g'fe_r 20 | 004 24 |999%14 195018 | 081633 39.9256 40 0.005931 0.09566 0/00500Q| 8.3333E-0§ 2.4505E-06 0.000125 0.026193 QZD(
\?\gfe-r 30 | 004 24 | 99901 195018 | 0.81633 39.8242 40 0005931 0.09566 0/00500Q| 8.3333E-0§ 2.4505E-06 0.000125 0.026193 QZW(
\?\gfe-r 40 | 0.0d 2.4 | 99925 {95018 | 081633 39.60| 40 0.005931 0.09566 0/00500.0 8.3333E-05 2.4505E-06 0.0001p4 0.026193  0.09]13
\?\gfe-r 10 | 0.04 24 | %9997 400000 | 1.66667 39.9866 40 0.012109 0.19531 0/00800@| 8.3333E-03 4.8002E-06 0.000125 0.012829 QB
\?\gfe-r 20 | 0.04 24 | 99914 400000 | 1.66667 39.9256 40 0012109 0.19531 0/00B00Q| 8.3333E-0§ 4.8002E-06 0.000125 0.012829 QB0
\?\gfe-r 30 | 0.04 24 | 99901 400000 | 1.66667 39.8242 40 0012109 0.19531 0/00500Q| 8.3333E-0§ 4.8002E-06 0.000125 0.012829 QB
\?\?gtze-r 40 | 0.04 24 | 99925 400000 | 1.66667 39.69| 40 0.012109 0.19531 0/005002.0 8.3333E-05 4.8002E-06 0.0001p4 0.012829 0.0B]13
\?\?gtze_r 10 | 0.0d 24 | %9997 612766 | 255319 30.9866 40 0.018451 0.29920 0/00800@| 8.3333E-03 7.0502E-06 0.000125 0.008375 QRDC
Water 20 | 0.0d 2.4 | 99914 610766 | 255319 39.9256 40 0.018§51 0.29920 0/00B00Q| 8.3333E-05 7.0502E-06 0.000125 0.008375 QD
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Nano Fluid 'I; o Pp P Mp Vp my Vi m \ oV om dVp 56 opt opi Opnf
Type (°c) (gr/ml) | (gr/ml) | (gr) (ml) (an) (ml) | (gr) (ml) (ml) | (gr) (ml) (gr/ml) | (gr/ml) (gr/ml)
\?\gtze-r 30 | 0.0d 24 | 99901 610766 | 255319 39.8242 40 0018851 0.29920 0/00B00Q| 8.3333E-0§ 7.0502E-06 0.000125 0.008375 QD
Water 40 | 0.08 24 |999%2% 610766 | 255319 39.60| 40 0.018551 0.29920 0/00500. 8.3333E-05 7.0502E-06 0.0001p4 0.008375  0.0DG
gﬁcc)e}m 10 | 0.01 358 | 12073 14465 | 0.40404 50.6692 40 0.061553 0.09785 0/00800Q| 5.5866E-05 1.238E-06 0.000158 0.256908 0.0DG
gﬁcc)e}m 20 | 0.01 358 | 129981 1 4465 | 0.40404 50.4244 40 0.061553 0.09785 0J008002, 5.5866E-05 1.238E-08 0.000158 0.256908  0.0D(
gl%/?e}ol 30 | 0.01 358 | 12°*0| 14465 | 040404 501758 40| 0.061553 0.09785 0J008002.| 5.5866E-05 1.238E-08 0.000157 0.256908  0.0DC
gﬁcc)e}m 40 | 0.01 358 | 1?*827) 1 4465 | 040404 49.9306 40 0.061553 0.09785 0J005002.| 5.5866E-05 1.238E-08 0.000156 0.256908  0.0DC
gglge-rol 10 | 0.02 358 | 12673 9204 | 0.81633 50.6692 40 0.124362 0.19770 0/00B00Q| 5.5866E-05 2.4502E-06 0.000168 0.127157 0ZM
gﬁge}m 20 | 0.02 358 | 129981 29004 | 081633 50.4244 40 0124362 0.19770 0J008000, 5.5866E-05 2.4502E-06 0.000158 0.127157 0
gﬁge}m 30 | 0.02 358 | 1%°*0 20204 | 081633 501758 40 0.124362 0.19770 0J00800a| 5.5866E-08 2.4502E-06 0.000167 0.127157 O
gﬁge}m 40 | 0.02 358 | 1?*8%7) 29204 | 081633 49.9306 40 0.124362 0.19770 0J00800a| 5.5866E-08 2.4502E-06 0.000156 0.127157 O
gﬁge}m 10 | 0.04 358 | 12073 59667 | 1.66667 50.6692 40 0.253906 0.40865 0/00B00Q| 5.5866E-05 4.8001E-06 0.000168 0.062281 0ZMd
gﬁge}m 20 | 0.04 358 | 129981 59667 | 166667 50.4244 40 0.253906 0.40865 0J008002. 5.5866E-05 4.8001E-06 0.000158 0.062281 0D
g@?e}m 30 | 0.04 358 | 12°*0 50667 | 1.66667 50.1758 40 0.253906 0.40865 0J008002.| 5.5866E-05 4.8001E-06 0.000157 0.062281 0D
gﬁcc)e}m 40 | 0.04 358 | 1%*%7) 50667 | 1.66667 49.9306 40 0.253906 0.40865 0J005002.| 5.5866E-05 4.8001E-06 0.000156 0.062281 0D
gﬁcc)e}m 10 | 0.08 358 | 12073 91404 | 255319 50.6692 40 0.388963 0.61835 0/00800Q| 5.5866E-05 7.0501E-06 0.000158 0.040656 OED
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Nano Fluid 'I; o Pp P Mp Vp my Vi m \ oV om dVp 56 opt opi Opnf

Type (c) (gr/ml) | (gr/ml) | (gr) (ml) (gn) (ml) | (9r) (ml) (m) | (g | (m) (gr/ml) | (gr/ml) (gr/mi)
ggl(c)e-rol 20 | 0.05 3.58 | 129981 g 1404 2.55319 50.4244 40| 0.388963 0.61835 0/00500Q. 5.5866E-03 7.0501E-Q6 0.000158 0.040656  O@M(
gg(c)e-rol 30 | 0.06 3.58 1.25440 9.1404 2.55319 50.1758 40 0.388963 0.61835 0/00900Q. 5.5866E-03 7.0501E-J6 0.0001p7 0.040656 O@AC
glgycc)e-rol 40 | 0.06 3.58 1.24827 9.1404 2.55319 49.9306 40 0.388963 0.61835 0/00900Q. 5.5866E-03 7.0501E-J6 0.0001p6 0.040656 O@AC
glljycc)e-rol 10 | 0.01 6.4 1.26673 2.585859| 0.40404 50.6692 40 0.061553 0.09785 0j0mB0O02| 0.0000312H 1.2376E-06 0.000158 0.256908 0640
glljycc)e-rol 20 | 0.01] 6.4 1.26061 2.585859| 0.40404 50.4244 4Q 0.061553 0.09785 0j0mB0O02| 0.0000312H 1.2376E-06 0.000158 0.256908 0640
glljycc)e-rol 30 | 0.01 6.4 1.25440 2.585859| 0.40404 50.1758 40  0.061553 0.09785 0j0mB0O02| 0.0000312H 1.2376E-06 0.000157 0.256908 06410
glljycge-rol 40 | 0.01 6.4 1.24827| 5 5g5850] 040404 49.9306 40  0.061853 0.09785 O (0mb002| 0.00003125 1.2376E-06 0.000156 0.256908 064D
g?y(ge-rol 10 | 0.02 6.4 1.26673) 5 50449 | 0.81633 50.6692 40 0124362 0.19770 0 00b00a| 0.0000312% 2.4501E-06 0.000158 0.127157 63M(
g?y(ge-rol 20 | 0.02 6.4 1.26061) 5 50449 | 0.81633 50.4244 40 0124362 0.19770 0 00b00a| 0.0000312% 2.4501E-06 0.000158 0.127157 638(
g?y(ge-rol 30 | 0.02 6.4 1.25440) 5 50449 | 0.81633 50.1758 40 0124362 0.19770 0 00b00a| 0.0000312% 2.4501E-06 0.000157 0.127157 638(
g?y(ge-rol 40 | 0.02 6.4 1.24827) 5 50449 | 0.81633 49.9306 40 0124362 0.19770 0 00b00a| 0.0000312% 2.4501E-06 0.000156 0.127157 638
g?y(ge-rol 10 | 0.04 6.4 1.26673| 10 66667| 1.66667 50.6692 40  0.253d06 0.40865 O (0mb002| 0.00003125 4.8E-06 0.0001p8 0.062281  0.0®(
g?y(ge-rol 20 | 0.04 6.4 1.26061 10.66667| 1.66667 50.4244 4Q  0.253906 0.40365 0{0mB002| 0.00003125 4.8E-06 0.000158 0.062281 0.0®Q
glljycc)e-rol 30 | 0.04 6.4 1.25440 10.66667| 1.66667 50.1798 4Q  0.253906 0.40365 0{0mB002| 0.00003125 4.8E-06 0.000157 0.062281  0.00Q
glljycc)e-rol 40 | 0.04 6.4 1.24827 10.66667| 1.66667 49.9306 4Q  0.253906 0.40365 0j0mB002| 0.00003125 4.8E-06 0.0001p6 0.062281  0.00Q
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Appendix A: Uncertainty analysis result tables

Nano Fluid 'I; o Pp P Mp Vp my Vi m \ oV om dVp 56 opt opi Opnf

Type (c) (gr/ml) | (gr/ml) | (gr) (ml) (gn) (ml) | (9r) (ml) (m) | (g | (m) (gr/ml) | (gr/ml) (gr/mi)

g?y(ge-rol 10 | 0.06 6.4 1.26673| 16 34043 255319 50.6692 40  0.388d63 0.61835 O (0mb002| 0.00003125 7.05E-06 0.000158 0.040656  01D(

g?y(ge-rol 20 | 0.06 6.4 1.26061 16.34043| 2.55319 50.4244 4Q  0.388963 0.61835 0j0mB002| 0.00003125 7.05E-06 0.000158 0.040656  01M(

glljycc)e-rol 30 | 0.06 6.4 1.25440 16.34043| 2.55319 50.1798 4Q 0.388963 0.61835 0j0mB002| 0.00003125 7.05E-06 0.000157 0.040656  01M(

glljycc)e-rol 40 | 0.06 6.4 1.24827 16.34043| 2.55319 49.9306 4Q  0.388963 0.61835 0j0mB002| 0.00003125 7.05E-06 0.000156  0.040656  01M(
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