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MEASURING THE TEMPERATURE DEPENDENT THERMAL
CONDUCTIVITY OF MULTIWALL CARBON NANOTUBES BASED
NANOLUBRICANTS BY 3 OMEGA METHOD

ABSTRACT

The main purpose of this study is to utilize the well-known three-omega method for
accurately measuring and inspecting the thermal conductivity of multiwall carbon
nanotubes nanolubricants under the influence of temperature. For that, pure multiwall
carbon nanotubes, without any special treatment, were dispersed in six types of oils at
three different weight concentrations (0.05, 0.1 and 0.3 percent by weight) by

ultrasonication and without using any stabilization method.

First, the study focused the light for the first time on the recognized re-dispersion
ability of the sonicated multiwall carbon nanotubes within oil. After full
agglomeration, it was realized that agitating, shaking or even blowing compressed air
on the agglomerated nanolubricant is able to break down the aggregation of the tubes.
Quantitatively, viscosity, thermal conductivity and particle size distribution
measurements were employed to evaluate the re-dispersion quality. It was observed
that the sonicated tubes are separated, saturated, lubricated, and surrounded by oil
layers, which not only ease its motion within the lubrication oil, but also counter
balanced the Van der Waals forces which give them the ability of detaching by
applying any slight force. Microscopic video is presented to clarify the behavior of the
tubes during the re-dispersion process. Second, Thermal conductivity measurements
were then performed with respect to temperature. The high sensitivity of the three-
omega lab-made setup allowed to observe that the thermal conductivities of the
nanolubricants peak at specific temperatures and then decay to the value of the base
oil. Moreover, microscope images revealed that heating the nanolubricants to higher
temperatures (60 to 80 degrees Celsius) resulted in agglomeration of the tubes due to
the disappearance of the oil separation layers. Moreover, convection currents act as

agitator which also increases the contacts between the multiwall carbon nanotubes.

Keywords: Nanolubricant, multiwall carbon nanotubes, Re-dispersion ability, thermal

conductivity, viscosity, engine oil
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COK KATMANLI KARBON NANOTUP BAZLI YAGLAYICILARIN
SICAKLIGA BAGLI ISIL ILETKENLIGININ 3 OMEGA YONTEMI ILE
OLCUMU

0z

Bu caligmanin temel amaci, iic omega yontemi ile ¢ift katli karbon nanotiip iceren
nano-yaglayicilarin 1s1l iletkenliklerinin sicaklik etkisi altinda, hassas bir sekilde
Olclilmesi ve incelenmesidir. Bunun i¢in, bir iyilestirme yapilmamus, saf, ¢ok katmanli
karbon nanotiipler ii¢ farkli kiitlesel katki oraninda (yiizde 0,05, 0,1 ve 0,3), alt1 farkl
tiirdeki yag ile karistirilmistir. Olusan siispansiyon, herhangi bir stabilizasyon yontemi

uygulanmadan, ses dalgalari ile dagitilmastir.

Calismanin ilk kisminda, yag icerisinde dagitilmis ¢ift katli karbon nanotiiplerin
topaklandiktan sonra yeniden dagilma yetenegi iizerine odaklanilmistir. Taneciklerin
tamamen topaklanmasinin ardindan, tekrar karistirilmasi, calkalamasi veya {izerine
hava iiflenmesi ile birlikte topaklanma ortadan kalkmaktadir. Cok katmanli karbon
nanotiiplerin yeniden dagilabilme kalitesinin degerlendirilmesi amaciyla numunelerin
viskozite, 1s1l iletkenlik ve tanecik boyutu dagilimi 6l¢iimleri yapilmistir. Bunun
sonucunda, taneciklerin birbirinden ayrildigi, yaglandigi ve yag tabakasi ile
cevrelendigi gozlemlenmistir. Bu da taneciklerin yag icerisindeki hareketini
kolaylagtirmakta ve Van der Waals kuvvetlerini zayiflatmaktadir. Tekrar dagilma
islemi sirasinda taneciklerin davranisi mikroskop altinda incelenmis ve ekte video ile
sunulmustur. Daha sonra, sicakliga bagl 1s1l iletkenlik 6l¢iimleri gerceklestirilmistir.
Uc omega yonteminin yiikses hassasiyeti sayesinde, sicaklik artis1 ile birlikte,
karisimin 1s1l iletkenlik degerinin belirli bir degere kadar arttii, daha sonra yagin
iletkenlik degerine kadar diistiigli gozlemlenmistir. Karistmin yiiksek sicaklik
degerlerine (60°dan 80 santigrat dereceye) 1sitilmasinin, yag tabakalarinin
kaybolmasindan dolay1 taneciklerin topaklanmasina yol actifi mikroskop altinda
goriilmiistiir. Ayrica, meydana gelen dogal tasinim etkisi de, taneciklerin birbirine

daha fazla temas etmesine yol acarak, topaklanmaya neden olmaktadir.

Anahtar Kelimeler: Nano-yaglayici, Cok katmanli karbon nanotiipler, Yeniden-

dagilma kabiliyeti, 1s1l iletkenlik, viskozite, motor yagi
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CHAPTER ONE
INTRODUCTION

“There is plenty of room at the bottom” with these famous few words, R. P.
Feynman ignited the first spark of the new age revolution of nanotechnology in 1959
(John, 1997). Many years later, exactly in 1993, Masuda, Ebata, Teramae, &
Hishinuma (1993) made their contribution to this revolution by dispersing nano-sized
solid particles in water. This contribution, named later by Choi et al (1995) as
nanofluid, opened a new horizon in the field of nanotechnology. Many intensive
researches, consequently, have been being done and their number is growing rapidly
as the time goes on, as Figure 1.1 illustrates. The new generation heat transfer
nanofluids show notable enhancement in thermal conductivity, and also show a
remarkable potential in various engineering applications such as heat exchanging,
electronics, automotive and energy industries (Paolucci, Puliti, Paolucii, & Puliti,

2015).
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Figure 1.1 Number of publications with respect to the keywords “nanofluids or nanofluids” according

to an analysis made with ISI Web of Knowledge (March, 2018)



Nanolubricant, which is another sort of nanofluid, represents nano-sized particles
(1-100 nm) suspended within lubrication materials such as mineral oil. Nanolubricant
has drawn much attention in the recent years due to the promising achievements in
preserving energy consumption, enhancing the surface properties, decreasing the
disposal oil, increasing engine efficiencies ( Lee et al., 2009) and decreasing the cost

of maintenance (Vakili-Nezhaad & Dorany, 2009).

1.1 The Importance and up to Date Investigations of MWCNTs Nanolubricants

Among the various types of nanolubricants, the suspension of carbon nanotubes
(CNTs) has unique importance because of their high aspect ratio in addition to their
enormous thermal conductivity (3000 W/mK of the multiwall CNTs and 6000 W/mK
of the single-wall CNTs (Kim, Shi, Majumdar, & McEuen, 2001)); hence, a great
potential for heat transfer enhancement compared to the pure oil (Ding, Alias, Wen, &

Williams, 2006).

Choi et al. (2001) achieved the first enhancements in thermal conductivity (2-
160%) with the addition of MWCNT at 0.04-1 vol.% to poly a-olefin oil. A
subsequence study by Marquis & Chibante (2005), in which they followed the same
steps of Choi et al (2001), reported a higher ratio of 175% at the same concentration.
Yang, Grulke, Zhang, & Wu (2006), however, reported a surprising 200%
enhancement ratio at only 0.34 vol.% by using similar base oil with the addition of
Polyisobutene succinimide as surfactant. Shaikh, Lafdi, & Ponnappan (2007)
inspected the suspension of the same poly a-olefin oil, but this time, with the addition
of functionalized MWCNTS by adding phenyl and carboxylic groups. A high thermal
conductivity enhancement up to 160% at 1 vol.% was also obtained. Since these
participations, no researcher was able to re-report such high enhancements with
different types of oil. Xie, Lee, Youn, & Choi (2003) measured functionalized
MWCNTs/decene suspensions with the addition of oleylamine as surfactant, and
achieved only 19.6% increase in thermal conductivity at 1 vol %. Several other studies
have focused on the suspensions of carbon nanotube within engine oil: Hwang et al.
(2007) realized that for the case of CNT with sodium dodecyl sulfate as surfactant, the

thermal conductivity of 0.5 vol.% is increased 8.7% compared to the base fluid. Liu et



al. (2005), on the other hand, reported an intermediate thermal conductivity increment,
up to 30%, at a 0.02 volume fraction of MWCNT with N-hydroxysuccinimide as
dispersant. Ettefaghi, Ahmadi, Rashidi, Nouralishahi, & Mohtasebi (2013)
investigated functionalized MWCNT with high viscosity oil for four methods of
dispersing at different volume concentrations. The authors suggested that the sample
prepared with planetary ball mill at 0.1 wt.% is the most suitable for improving the
properties of the engine oil. This sample showed 18% thermal conductivity
enhancement with a little reduction in viscosity with respect to the base oil. Three other
research groups examined the transformer oil as a base fluid: Beheshti, Shanbedi, &
Heris (2014) investigated experimentally the effect of oxidized MWCNTs on the oil
thermophysical properties and reported 7.7% thermal conductivity enhancement at
0.01 wt.%; Amiri et al., (2015) used microwave-assisted functionalized MWNTs with
hexylamine to increase the enhancement ratio to 10% at 0.005 wt.%; In the work of
Fontes et al. Fontes, Ribatski, & Bandarra Filho (2015), higher thermal conductivity
enhancement reached, 25.3%. The suspensions were prepared by a high-pressure
homogenizer (up to 400 bars). Chen & Xie (2009), however, focused on a different
type of oil, silicon oil. A maximum 29% increment was obtained with acid treated
MWCNTs and surfactant as an addition. Recently, Ilyas, Pendyala, & Narahari (2017)
contributed with an extended study on the thermal oil/MWCNTs nanolubricant
without any special treatment or addition, and measured a maximum enhancement of

28.7% with 1 wt.%.

Moreover, among the presented investigations only three have inspected the
enhancements of the nanolubricants with the respect of temperature, as can be
observed obviously from Table 1.1. The table summarized up to date investigations on
MWCNTs/oil in terms of the used based oil, preparation method, concentrations, usage
of surfactant, the presented results and the utilized measurement setup for evaluating

the thermal conductivity.
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1.2 Thermal Conductivity Measurement Techniques of Nanofluids and the

Chaos in the Reported Results

Over the decades several techniques for measuring the thermal conductivity of
fluids have been proposed and a number of them were improved and used for
evaluating the nanofluids. Broadly, these techniques can be classified into two
categories: steady state and transient techniques, as summarized in Figure 1.2. The
steady state techniques require usually large size specimens and a long period of time
to reach thermal equilibrium. After reaching the thermal equilibrium and based on the
temperature difference (47) due to the applied amount of heating power, the thermal

conductivity of a material can be measured, as explained in Fourier law (Equation 1.1).
k=— (1.1)

where, k [w/mK]is the measured thermal conductivity, Q[W]is the applied amount of
power flow through the sample in term of heat, 4 [m?] the cross section of the heated
sample, AT [K] the measured temperature difference, L [m] is distance between the

thermal sensors.
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Figure 1.2 Thermal Conductivity measurement techniques for nanofluids

On the other hand, the transient method was developed to overcome the issues of

the stead-state method such as error due to heat losses, the long delay of time to reach



thermal equilibrium and the contact thermal resistance of the thermal sensors. The new
techniques depend on an embedded plane, strip or wire in the measured specimen
which works simultaneously as a heater and thermometer. The embedded part is
stimulated by an unsteady current (AC or pulsed) resulting in heat penetrating into the
specimen. Consequently, by observing the change in temperature generated by the heat
during the measurement. The value of the thermal conductivity of the sample can be
determined. As the Figure 1.2 shows, based on the transient method a large group of
measurement setups were developed based on the transient method. Moreover, due to
their quicker performance and the small required scale of samples, employing these
techniques was increasingly favored in the last past years. Out of all the measurement
methods, the transient hot-wire method was used much more frequently than the others
for evaluating the thermal conductivity enhancement of the nanofluids, as illustrated

in Figure 1.3.
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The variety in the used measurement methods, in addition to unsatisfying the
necessary conditions for accuracy, resulted in a massive chaos in the reported results.
Figure 1.4 demonstrates an example of this chaos by the enhancement of the thermal
conductivity of water\MWCNTs. The inconsistency between the results are extreme
and 22 of 24 investigations declared that the used instrument is the transient hot-wire
technique. The simplifications in the techniques for commercial reasons could led to
less accurate results. Thus, the claimed observation of the enormously and unexpected
thermal conductivity enhancements of nanofluids may have been attributed to

unreliable experimental setups (Antoniadis, Tertsinidou, Assael, & Wakeham, 2016).
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Figure 1.4 The chaos in the provided thermal conductivity enhancement of MWCNT/water based on 24
investigations used hot transient wire (Antoniadis et al., 2016) (Reader is referred to the original paper

for the markers labels)

Similarly, Figure 1.5 shows that the obtained enhancements in thermal conductivity
of the previously discussed investigations, in which MWCNTs were dispersed within
several types of oils, also deviate widely. Furthermore, all of the presented results were
measured at the room temperature. This means that at a wider range of temperature the
discrepancy in results may go more widely. Therefore, a new trustworthy method to

determine the thermal conductivity of nanofluids is of a great need and importance.
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Figure 1.5 Comparative effective thermal conductivity enhancements of MW CNT/Oil nanolubricants

1.3 The 3®w Method

Originally, the 3 method was first developed by (Corbino, 1911) to determine the
thermal diffusivity of metal filaments used in incandescent light bulb. Many years
later, (Birge & Nagel, 1987) applied the same method to determine the specific
heat and the thermal diffusivity of fluids and dielectric solids. Nevertheless, the 3®
method did not receive much attention until (Cahill & Pohl, 1987) reported its first
usage in measuring the “Thermal conductivity of amorphous solids above the plateau”,
as they titled their paper. Their main aim was to eliminates the thermal conductivity
measurement errors which is caused by blackbody radiation. Since Cahill & Pohl
(1987) participation, the research area and the number of the investigations which
utilized the 3 method growth exponentially. Most of the research focus mainly on
evaluating the thermal characteristics of the thin films (Borca-Tasciuc, Kumar, &
Chen, 2001), graphene (Jang et al., 2015), superlattices (C. Dames & Chen, 2004), or
any other related planar materials. The 3w method was also employed in a quite
interesting scopes such as gas concertation detection (Kommandur, Mahdavifar, Jin,
Hesketh, & Yee, 2016). Moreover, a measurement device based on the 3 ® method

was most recently developed to inspect the thermal characteristics of the human skin



(Tian et al., 2017). The applications of 3w method distributed based on the research

area are illustrated in Figure 1.6.
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Figure 1.6 The applications of 3 method distributed base on the research area according to an analysis
made by ISI Web of Knowledge

The 3w method is also developed to estimate the thermal characteristics of fluids
and nanofluids. ( Yang & Han, 2006) measured the thermal conductivities of liquids
from the slope of temperature differences at the 2. (Choi, Kim, & Kim, 2007), on the
other hand, developed a measurement device which consists of a metallic strip and a
dielectric thin film deposited on the surface of a glass substrate. (Turgut et al., 2008)
and ( Wang, Tang, Liu, Zheng, & Araki, 2007) reported simultaneously the first usage
of the 3® hot wire method on simultaneous thermal conductivity & and diffusivity a
measurement of nanofluids. Many works, since then, were initiated by developing
experimental setups established on the 3w. Most of the reviews and the carried-on
researches agreed that the measuring devices based on the 3w methods have proven to
be reliable and valuable for measuring the thermal properties of various systems as

Chris Dames & Chen (2005) stated.

Nevertheless, to the best of the author’s knowledge, most of these investigations

have performed their measurements in the room temperature and only few of them



have considered the temperature dependency. Moreover, and to be more specific, the
thermal conductivity of MWCNTs/oil nanofluid was investigated only by 3
investigations as Table 1.1 states and none of them utilized the 3w method in their

works

1.4 The Purpose and the Structure of This Thesis

The main purpose of this thesis is to measure the enchantment in thermal
conductivity of MWCNTSs nanolubricants by using the 3w method. It also aimed to
investigate the influence of temperature and the impact of the interaction between the

dispersed nanoparticles on the stability of these obtained enhancements.

This thesis consists of four chapters organized as follows. Chapter 2 discuss the
fundamental principle and the theoretical background of the 3w method. It also
explainsin details the utilized measurement setup and its auxiliaries. Chapter 3 outlines
the characteristics of the used materials in addition to the followed steps and the used
devices to prepare and evaluate the measured samples. Chapter 4 presents and
discusses the behavior of MWCNTs inside oil and the effect of this behavior on the
thermal conductivity of MWCNTSs nanolubricants in the aspect of thermal conduction
mechanisms at the nano level. Chapter 4 also presents the enhancements of the
viscosity and the thermal conductivity of several MWCNTSs nanolubricants and the
influence of temperature on them. Finally, Chapter 5 summarizes the findings of this

work and suggests relevant potential future works.
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CHAPTER TWO
THEORETICAL BACKGROUND

The main purpose of this chapter is to introduce descriptively the main physical
theory behind the 3w method and related electrical and electronic principles. It also
aimed to define the mathematical model with which the thermal conductivity of a

material is determined.

Briefly, a totally immersed metal wire within a nanofluid, which is driven by a
sinusoidal alternating current (AC) at an angular frequency w, acts simultaneously as
aresistive heater and resistance temperature detector (RTD). The ohmic heating causes
a temperature fluctuation at 2w depending on the thermal characteristics of the wire
and the surrounding material (Chris Dames & Chen, 2005). This disturbs the resistance
of the wire also at 2w resulting a voltage signal at 3o which is much lower (1/1000)
than the original signal (AC at 1®). The thermal conductivity & can be determined by
detecting the amplitude and the phase of the 3w voltage signal and subscribing them
in an obtained mathematical model (Cahill, 1990). The 3w voltage signal is measured
by using a lock-in amplifier with third-harmonic detection. Nevertheless, the large
intensity of the /@ acts as a noise makes this detection a true challenge. To overcome
that, the much larger /w signal should be cancelled either by using Wheatstone bridge
(as we have used) or by digital-to-analog converter. Nonetheless, this step can be
omitted by employing a developed lock-in amplifier with dynamic reserve (Chris
Dames & Chen, 2005). Figure 2.1 illustrates the relationship between the current 7, the
dissipated power P, the resistance of the wire R, the temperature fluctuation 7 and the

voltage V in the 3® method.
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Figure 2.1 Schematic diagram of the relationship between the current /, dissipated power P, resistance

of the wire R, temperature fluctuation 7 and the voltage V in the 3o method

2.1 Mathematical Modulation of the 3® Method

According to the Joule heating effect, the thermal power dissipated by the wire
(resistive heater/RTD) at 7o due the passing current / can be quantified by the

following equation:

P = R,I? 2.1)

The alternating current (sinusoidal signal) passing through the wire at frequency o,

however, is given as,

I = Iycos(wt) (2.2)
Then, combining Equation 2.2 into Equation 2.1 yields
P =R,.I; cos(wt)® = %RO I3 (1+cosQar)) = %RO 15+ %RO 12 cosQar) (2.3)

The dissipating power consists of an oscillating component Psc and constant

component Ppc, as Equation 2.4 indicates,

P=Ppc+ Py (2.4)



The Ppc typically denotes the root mean square (rms) power,
1
Ppc = Boms = Rolﬁms = EROIg (2.5)

1
where, [, = EJO
Consequently, the temperature of the wire will also rise and oscillate due to the effect
of the generated heat (Ppcand P4c), as Equation 2.6 shows,

T = ATpc + ATyccos (2wt + @) (2.6)

The AT is the increment of the wire temperature with respect to the initial temperature
To. ATpc and AT4c are the direct and the oscillating temperature rising components,

respectively.

If the surrounding medium of the wire is isolated, the heat stays inside the heater
and the temperature oscillation will get higher and higher. On the contrast, if the heat
is transferred to the adjacent medium (fluid in our case) at a fix rate, the temperature
oscillation will reach an equilibrium state. Based on this, the thermal properties of the
surrounding medium can be determined by measuring the resulted equivalent
temperature oscillation. Nevertheless, measuring the temperature oscillation directly

can be very challenging if not impossible. Hence, another way should be found.

Heating the metal wire perturbs its resistance, as it will be discussed later.
Depending on this phenomenon, measuring the temperature oscillation of the wire can
be accomplished by measuring the change in its resistance, as it can be realized from

Equation 2.7.
R(t) = Ry(1 + BATp¢ + BAT ccosRQwt + ¢) (2.7)
where B is the temperature coefficient of resistance. f refers to the resistance change

factor per degree Celsius of temperature.

Commonly, the resistance can be detected by measuring the resulting voltage across
the wire which can be obtained by multiplying the current / by the resistance of the

heater R which yields,

V(t) = I(DR(E) (2.8)
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By substituting 2.7 and 2.2 into 2.8,
Vt) =1 Ry[(1+ PAT ) cos(wt) + %,BATAC cos(wt + @) + %ﬂATAC cos@art + ¢)] (2.9)

The resulted voltage consists of three terms as it can be recognized form Equation 2.9.
The first term (A7bc) is independent of the temperature oscillation. The temperature
oscillation A74c of the second term, however, 1s very small comparing to the first term
since f is very small (x107%). Thus, it is very difficult to determine its amplitude and
phase from the first harmonic (/). This leads us to that the amplitude and the phase
of the temperature oscillation can only be determined from the component of the 3™
harmonic (3w), as Equation 2.9 reveals. It is important to mention here that the
components of the /w is very large (1000 times greater than the 3m component) and
act as a noise that should be eliminated in order to perform clear measurements of the

3w signal.

Based on that, the voltage of the third harmonic signal (3w) can be given as,

Vip(t) = IORO.% PAT ; cosGart + @) = %VO PAT 4 cosGart + ¢) (2.9

The voltage of the 3w is composed of a real (in-phase) and an imaginary (out-phase)

components.

V3w = V3a)inphase + iV3wout of phase (2-10)

Accordingly, the components of the temperature can be concluded as,

ATAC = ATACin phase + iATAC out of phase — ATAC (COS@) + lSlIl(¢)) (2.11)

In the following section, the equation which relates the temperature oscillation with
the thermal conductivity of the surrounding medium will be derived. Once again, this

equation is used for determining the thermal conductivity of the nanofluid .
2.2 One-dimensional (Line) Heater Inside a Material

Cahill derived in his famous paper (Cahill, 1990) the formula of thermal

conductivity depending on the frequency of the temperature oscillation instead of the

14



time decency at distance x. He started his derivation based on the Equation of the heat

conduction of an infinite heat source presented by Carslaw & Jaeger (1959),

16T 0*Tr 16T 1 0°T o0°*T
Bl D Rl (2.12)
a ot o ror r?of* ozt

where « is the thermal diffusivity a =k/p.c, [m%s], k [W/mK], p [kg/m’] and ¢,

[J/kgK] are the thermal conductivity, the density and the specific heat capacity of the

material.

Fluid

Figure 2.2 Schematic diagram of the wire (linear heater) cross section and the surrounding medium

For simplifying Equation 2.12, it is assumed that the exited wire is one-dimensional
heater and thus the only temperature gradient occurs radially (7). Based on that the
temperature gradient along z (axial) and € (circumferential) directions are equal to

zero. Mathematically,

=2 5o (2.13)

The temperature of the material adjusting the wire 7(7,¢) is equal to the sum of the
ambient temperature 79 and the rise in temperature due to both the DC component

ATpc(r) and the temperature oscillation AT 4c(7,t),

T(r,t) =T, + AT ;- (r,t) + AT (1) (2.14)
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As declared previously, the thermal conductivity is related to the temperature
oscillation after reaching the steady state. Therefore, the DC component is neglected

and Equation 2.14 becomes,

T, Ol + 2 [T (O] = 22 [Ty 0] =0 (215

This equation can be solved by the separation of variables,

O(r,1) = AT (r)O(0) (2.16)
ATac(r)and O(1) are the spatial and temporal evolution of the temperature oscillations.
As discussed previously, the temperature is also oscillating at the second harmonics
(2w) as the equation of resistance oscillation reveals (2.7). Thus, the temporal

evolution can be given as,

O(f) = cosax) = R(e™™) 2.17)
Substituting 2.16 and 2.17 in 2.15 resulting,

cos(2wt) aa—:z [T4c ()] + cosRwt) %aa_r [Tyc ()] — %TAC(r) % [coswt)] =0 (2.18)

c0(20t) 2 [Ty ()] + cos2wt) 12 [Ty ()] = 22T, (Msin2wt) =0 (2.19)

a

R I(% [Tac()] + %aa_r [Tac()] - quAc(T)> eizwtl =0 (2.20)

where ¢ = \/i?w/a (rad/m) is the wave number of the thermal wave.

82TAC(’”) +18TAC(F) _

a2 - o quAc(f’)Z(),iS

As it can be realized from Equation 2.20,

the Bessel function of order zero and argument gr. The solution of this function is from

the shape,

y=cd,(x)+ K, (x) (2.21)

I:(x) and K:(x) are the modified Bessel function of order z and argument x.

Consequently, Equation 2.20 becomes,

AD(r,t) = R[cylo(qr) + c,Ko(qr))et @t (2.22)
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Constants C; and C2 can be determined by applying the boundary conditions. First,
when the diameter of the wire increases to infinity, the temperature oscillation decays

to zero. In other words, /;(x) goes to infinity and Ky(x) approach zero.

Io(qe0) > o (2.23)
Ko(qoo) = 0 (2.24)
AT (o0, 1) — 0 (2.25)

Substituting the boundary conditions in Equation 2.22, the value of first constant

becomes zero ¢;=0

Second, when the diameter of the wire tends to zero, the rate of the oscillating heat

conduction is given by,

6d>(r t)

= R[Pmse?et] = lim [ kA, (2.26)

where As=27nrl [m?] is the cross-section area of the wire, k is the thermal conductivity

of the material and Q,, [W] is calculated according to Fourier’s law of one dimensional

heat conduction Q,, = —kA;—

Sar

Quw = R[Bmse2°t] = li_r)r(l) [—kAS % (CZKO(qr))eiz“)t]r=E (2.27)

2

For small values of gr<<I the value of the modified Bessel function becomes

Ko(qr)=-In(gr) then,

c, = Lms | (2.28)

where Doms = Brms

Substituting the value of C; and C: in Equation 2.22 yields,

AD(r,t) = m{z % K, (qr)eﬂm} =|AT ;| cosQar + ¢) (2.29)
Comparing with Equation 2.11

FIAT (2.30)

AC out of phase

_ Prms —
AT'AC(’/"ZCO) - %Ko(qr) - AT'ACin phase
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where,

A]TACin phase = 1;:;; iR[[<O (qr)] (231)
A]1AC out of phase = ZV—;Z;; S[}zyr—;;: KO (qr)] (232)

To conclude in few words, the solution of temperature oscillation is extracted
starting from the equations of the heat conduction of an infinite linear heat source. The
resulting Equations 2.30 and 2.31 express that the temperature oscillation is induced
as an interaction of the linear heater immersed within fluid and has the form of

modified Bessel function of the zero order and the second kind.

The temperature oscillation decays quickly due to the effect of modified Bessel
function (Ko(gr)), as shown in Figure 2.3. Nevertheless, it shall be assured that the
oscillation is contained within the fluid. Otherwise, the thermal conductivity of the
container will be measured. This can be done be finding the thermal wave penetration
depth A, as illustrated in Equation 2.32. To consider a specimen as a semi-infinite
medium, its thickness should exceeds 5 times the thermal penetration depths (Cabhill,

1990).
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Figure 2.3 The real part of Equation 2.28. The oscillations decay rapidly as it goes far from the heater
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2.3 Model Based on the Interface Heat Impedance

In the previous section, temperature oscillation for a line heater immersed inside an
infinite cylinder was derived. The thermal conductivity can be determined based on
the slope of the real (in-phase) components of the thermal oscillations versus the
temperature excitation at 2w (frequency dependence). However, Turgut et al. (Turgut
et al., 2008) developed a different model based on the work of (Chirtoc & Henry,
2008a) for micro-heat transfer measurements used in scanning thermal microscopy

(SThM), which is presented as follow.

Starting from defining dimensionless impedance F as (Chirtoc & Henry, 2008b)

derived,

e & ZS/227Z7”Z :kaZS (2.33)
z, Um’k, 21

where z;s is the specific thermal impedance at the interface z = Zs , Zp 1s the
Y2l

thermal resistance of the wire in the axial direction for an ideal infinite long thin wire.

The thermal impedance Z; is given as,

7z =20 (2.34)

s
B,

The temperature oscillation according to Equation 2.28,

P, /I
22;;(/ K, (qr) (2.35)

s

0(r,2) =

As mentioned previously, at low frequency (q<<I) the modified Bessel function

becomes Ko(qr)=-In(qr) and Equation 2.32 can be approximated as (Cahill, 1990),

0,, = Psz{ln Hs —if} (2.36)
27k 12| 125941 4

where, us=1/q. By substituting 2.36 and 2.34 in Equation 2.32, it becomes,

2
poker M7 (2.37)
2k 7| 1.2594r 4
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where, kp an ks are the thermal conductivity of the metal wire and the sample,

respectively.

2.4 Model for Measuring the Thermal Conductivity of a Nanofluid Relatively on
its Based Fluid

Most of the works, related to the 3o method, construct the model from which the
thermal conductivity is determined based on the real part of Equation 2.29. However,
Turgut et al. (Turgut et al., 2008) measured the thermal conductivity of the nanofluid
relatively to the one of the base fluid by taking the ratio of the imaginary parts of
Equation 2.36 for the measured nanofluid over the imaginary part for its base fluid at
a specified frequency, as stated in Equation 2.37. This is because, unlike the other
measurement setups, the used thermal probe (ThP) is independent of the sample
(detachable) which allows several measurements for different samples with a single
ThP probe.

l}i—; = % (2.38)

Where, ks and k» are the thermal conductivity of the sample and the base fluid,
respectively. Moreover, Turgut et al. stated based on his research that there is an

optimum frequency range (0.5 Hz < /< 2 Hz) at which this model yields to stable

results with negligible error, as Figure 2.4 reveals.
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Figure 2.4 The agreement between theoretical and experimental results for water ((a) for amplitude and

(b) for phase, according to Equation 2.36) (Turgut et al., 2008)
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2.5 The Effect of Changing the Sample Temperature

The length of the wire (L) and its diameter (d) define the resistances and thus the
voltages that can be measured when a current is flowing across it. This can also be

stated by Ohm’s law for a uniform conductor,

L
R=p= 2.39
P ( )

Where, R [Q], L [m], 4 [m?] are the resistance, the length and the cross-section area

of the wire, respectively. p [QQ.m] is the static resistivity of the wire material.

As in any conductive material, the electrical resistivity of the wire is a temperature
dependent parameter, which means their resistance vary with the changes in
temperature. Based on this phenomenon, resistance temperature detectors are
fabricated (RTD) for accurate and consistent temperature measuring sensors or heat
dissipation indicators, as in our case. Equation 2.38 is used to determine the resistance
of a conductor R at any temperature 7 other than the reference temperature (7,

generally 20 °C) at which the standard resistance (Ro) is determined.

R=Ry(1+ B(T~T,,)) (2.40)

Where, f is the temperature coefficient of resistance. f refers to the resistance
change factor per degree Celsius of temperature. The material of the wire should be
selected with adequately high £ in order to increase the sensitivity of the wire with the
change in temperature. f can take either positive or negative values. The positive
values indicate that the resistance of the conductor (typically pure metals) increases
with the increment of temperature. On the other hands, the negative values indicate the

opposite such in the case of semiconductor materials.

The wire acts as a thermal probe or RTD, as mentioned previously. The relationship
between the resistance of RTD and the ambient temperature is highly related. Thus, it
worth mention here that since the 3w measurement setup will be utilized to measure
the thermal conductivity of nanolubricants at several higher temperatures, the effect of
this phenomenon on the signal of 3w should be considered in the mathematical model

and the cancellation of the /w as it will be explained in the following section.
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2.6 The Effect of Changing the Surrounding Medium Temperature on the
Voltage of the 3® Signal

To the best of the author’s knowledge, all of the works, which focused on the 3w
method, considered the room temperature as their reference temperature (7,er =20 °C).
Nevertheless, for measuring the thermal conductivity at higher or lower temperatures,
the effect of changing the medium temperature on the induced signal across the wire

should be considered.

As Equation 2.8 reveals, the resulted voltage, as discussed previously, consists of
three components; two depend on the first harmonic /@ and one depends on the third
harmonic 3w. The 3w and one of the /@ voltage components are related to the
sinusoidal temperature oscillation A474c. The other /@ voltage component (the first
part of the equation), on the other hand, depends on the direct temperature rising 47bc.
This means changing the amplitudes of 474c and ATpc will change the amplitudes of
both Vie and Vie, Simultaneously. In other words, the Vi» and V3. are related with
each other (like two linked strings) through A7. Thus, any disturbance occurs in one

of them will also disturb the other.

V() =1,R,[(1+ BATpc ) cos(at) + %ﬁATAC cos(wt + @) + %ﬂATAC cos@art + ¢)](2.41)

Now changing the temperature of the sample 7§ simultaneously affects and changes

three essential parameters:

- The thermal conductivity of the measured material itself ks since it is a
temperature dependent parameter. As a consequence, it will change the

amplitude of the temperature oscillation 474c since it also related to s.

- The resistance of the wire R due to the change in value of the direct A7pc and

the amplitude of the oscillated temperature rises 474c, as Equation 2.42 reveals,

R() = Ry(1 + BATpc + BAT,ccos(Rwt + ¢) (2.42)

- The voltage across the wire V' with its three previously discussed components

(Viw and V30) as a result of changing the two previous parameters (R and 47T 4c).
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The model (Equation 2.38) based on which the thermal conductivity of the material
is determined is not affected by changing the temperature of the material since it is
already considered in the thermal conductivity of the material ks and the argument of
the modified Bessel function Ko(qr). Nevertheless, the amplitude of the first harmonic
lw signal, which acts as a noise that should be eliminated in order to perform clear
measurements of the 3w signal, changes notably. Therefore, the effect of changing
sample temperature should be considered in the electronic device that is responsible
of cancelling the noise of the /w, as it will be declared in the next chapter. Moreover,
changing the temperature will disturb 3w signal and the system for a period of time
(transient region) after which the system reaches equilibrium (steady state) again, as
Figure 2.5 indicates. This phenomenon should also be considered while measuring the

thermal conductivity with continuously changing the temperature.

T'(r1)
M

g
-'"I\
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Figure 2.5 Behavior of wire temperature in the transient and steady states
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CHAPTER THREE
EXPERIMENTAL SETUP AND SAMPLES PREPERATION

The objective of this chapter is to introduce the utilized 3w experimental setup with
all its components and the characteristics of the used materials. This chapter also
contains a description of the preparation and evaluation methods with all auxiliary
devices that were employed for inspecting the stability and the viscosity of the studied

nanolubricants with their uncertainties.

3.1 Measurements and Uncertainties

3.1.1 Thermal Conductivity Measurement Setup

Buffer Amplifier

™~ ; 1
| y Wheatstone
_ o
Lock-in SR-850 | 55 C
A @
TJ—<]i7
A B
& SINEOUT Y Temperature-controlled
water bath
/\/ Input A-B
Water Jacket

Isolated Box

Figure 3.1 Schematic diagram of the 3® experimental setup consists of (Thermal probe (ThP),

Wheatstone bridge, lock-in amplifier, buffer amplifier and hot water bath

A lab-made setup based on the previously explained 3w method with a hot-wire
thermal probe exited by an AC current and a 3w lock-in detection technique was used
to measure the thermal conductivity of the MWCNTSs nanolubricants. A schematic
diagram of the used setup is shown in Figure 3.1. Briefly, the experimental setup
consists of thermal probe (ThP), made of a metallic wire (Nickel) of length 2/=19.0
mm and diameter d=50 um. The thermal probe is totally immersed in the fluid sample,
and acting (as mentioned previously) simultaneously as a heater and as a thermometer.
A Sine out current (AC) is applied on the wire at a frequency f/2. To achieve a good

signal-to-noise ratio, the first harmonic 1w must be cancelled by a Wheatstone bridge
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arrangement (Figure 3.1). The selection of the 3™ harmonic (3w) form the differential
signal across the bridge is performed by a Stanford SR-850 lock-in amplifier tuned to
this frequency. The following subsections contain a full description of each of these

parts function.
3.1.1.1 Lock-in Amplifier

Stanford Research Systems SR850 is a digital lock-in amplifier based on digital
signal processing (DSP). It is typically used to measure the amplitude and the phase
of insignificant current or current signals accurately. The SR850 lock-in amplifier is
unique with a number of significant features and performance advantages comparing
to traditional lock-in amplifiers such as higher digital precision and flexibility, lower
deviation, lower distortion, and dramatically higher phase resolution. The amplitude
and the phase of 3® voltage signal was measured by operating the SR850 lock-in
amplifier by using a technique called phase-sensitive detection. This technique is used
to measure very weak signals in the presence of large amount of noise. In this case,
the noise is the exciting current itself (the first harmonic 1®), whose intensity is
roughly 1000 times greater than of the 3™ harmonic signal. Wheatstone bridge is used,

however, for cancelling this noise in order to get clearer measurements.

BEEE | EE B
= —Ewmy - e |
loooE | EE
LODE | S ]
(Lt | B
OCE| EE ([
CiCi= | B (0]

Figure 3.2 Stanford SR-850 lock-in amplifier (Stanford, 2017)

3.1.1.2 Wheatstone Bridge and the Buffer Amplifier

The second essential part in this experimental measurement setup is the

combination of Wheatstone bridge and the buffer amplifier. The excited current at a
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frequency fis provided from the internal sine signal generator (sine output) in the lock-
in amplifier. The intensity (current and voltage) of the output signal, however, is very
weak and need to be amplified to induce effectively the temperature field in the wire
and here comes the role of the buffer amplifier with the help of an external power

source.

The main function of Wheatstone bridge, as mentioned previously, is to eliminate
the 1% harmonic (/) in order to perform the 3w measurements more precisely.
Simply, the Wheatstone bridge, as illustrated in Figure 3.1, is two series arrangements
of resistances linked parallelly and connected to a voltage source. When the two
parallel branches are balanced, the output voltage is equal to zero. In our case, the
thermal probe (ThP) is one of this resistance and on the other branch is an adjustable
resistance. By adjusting the adjustable resistance, the output voltage and hence the /w
can be cancelled without affecting the 3w, according to Equation 2.9. This operation

is done manually by the help of an oscilloscope (RIGOL DS1102C).

3.1.1.3 Thermal Probe (ThP)

The third essential part is the thermal probe (ThP). The ThP was constructed from

a long thin Nickel wire with diameter of 40 4 m in and length of 2/ =19.0 mm fixed

on a printed circuit board (PCM), as shown in Figure 3.3. Table 3.1 presents the

properties of the used wire.

Figure 3.3 The thermal probe ThP (Personal archive, 2017)

The wire is connected directly to both an amplified sinusoidal source signal and the
input of a lock-in amplifier at the same time. The signal source (+/) will generate heat
in the wire and the lock-in amplifier will measure the electrical potential (£V) of the

3™ harmonic signal (3w) across the wire (heater/thermal probe) simultaneously, as
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Figure 3.4 indicates. In other words, the wire works as an input (thermal probe) and

output (resistive heater) simultaneously.

Lock-in Sinusoidal
Amplifier Current Source
ThP
L
1 b
Vv tV

Figure 3.4 Schematic diagram of the wire and its connections

Table 3.1 Characteristics of the used Thermal probe

Characteristics of the Nickel wire (Provided by the producer (Goodfellow, UK))

Density p, [kg/m’] 8900
Heat capacity ¢, [j/kgK] 444
Thermal conductivity k, [W/mK] 90.9
Surface Area pu [Q.m] 6.91x107

Temperature coefficient of resistance f [1/K] 5.19x10°

3.1.2 Changing and Fixing Temperature During Measurements

Since the thermal conductivity and the viscosity of the nanolubricants are highly
dependent on temperature, it is very important to ensure that the temperature of the
sample can be flexibly changed and then fixed at a constant value during and according
to the performed measurement. To ensure that, a water jacket in conjunction with the
temperature-controlled bath (Polyscience M9712, USA) with a stability of 0.1 °C were

operated. In addition, an integrated temperature sensor within the viscometer is also
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employed in order to accurately determine and stabilize the samples’ temperatures in

a short period of time, as shown in Figure 3.5.

Figure 3.5 Temperature-controlled bath (Polyscience M9712, USA)

3.1.3 Effective Viscosity Measurement Setup

A sine-wave Vibro Viscometer SV-10 (A&D, Japan) with a measurement range of
0.3 mPa.s to 10,000 mPa.s, was utilized to measure the effective viscosity of the
nanolubricant (Turgut et al., 2009), Figure 3.6. According to the manufacturer, the SV-
10 viscometer has two thin sensor plates that are driven with electromagnetic force at
the same frequency by vibrating at constant sine-wave vibration in reverse phase like
a tuning-fork. The electromagnetic drive controls the vibration of the sensor plates to
maintain constant amplitude. The driving electric current, which is an exciting force,
will be detected as the magnitude of viscidity produced between the sensor plates and
the sample fluid. The coefficient of viscosity is obtained by the correlation between

the driving electric current and the magnitude of viscidity.
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Figure 3.6 Schematic diagram of the viscosity measurement setup (SV-10 Vibro-viscometer with water

jacket and temperature-controlled bath)

3.1.4 Evaluating the Stability and Dispersion Quality of the Nanolubricants

Several approaches are proposed in the available literature for evaluating the
dispersion quality of a produced nanofluid. For the purpose of this study, particle size
distribution (PSD), microscope photographs, with viscosity and thermal conductivity
comparison were selected for evaluation. The particle size distribution, which is a
common method in several works (Amiri et al., 2015; Ilyas et al., 2017), will present
the size range of the deagglomerated MWCNTs directly after ultrasonication and after
re-dispersion. This parameter is a good indicator for estimating the quality of the re-
dispersion process due to the special behavior of the MWCNTs within oil, as it will be
discussed later. The particle size distribution (PSD) of the suspension was analyzed by
laser particle size analyzer (Zetasizer Nano-ZS, Malvern Instrument Inc, London,
UK), as shown in Figure 3.7. For that, two identical samples were prepared at 0.01 w/v

% (according to the instruction of the measurement device).

Moreover, microscope images are also presented to further clarify the behavior of
the tubes during heating and the re-dispersion process. This method was also used by
Yang et al. (Y. Yang et al., 2006) and Wang et al (J. J. Wang, Zheng, Gao, & Chen,
2012). Inspecting the thermal conductivity and the viscosity of the compared samples
are also another way for validation, as an engineering approach. However, it is highly
recommended to utilize accurate measurement setups since the characteristics of the

nanofluids are very sensitive to any occurred agglomeration of the nanoparticles.
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Figure 3.7 Zeta potential and laser particle size analyzer (Zetasizer Nano-ZS) for estimating the particle

size distribution with sample holder (DTS1070) (Malvern, 2017)

3.1.5 Uncertainty Estimation

To analyze the uncertainty of the obtained results, all measurements were repeated
at least for five times for each concentration. Moreover, all setups were first tested
with distillated water and pure mineral oil, then nanolubricants samples were deployed
for measurements. A high precision microbalance (Precisa XB 220A), as shown in
Figure 3.8, with an accuracy of +0.1 mg was used to weigh the MWCNTSs and the
pristine oils samples separately before mixing. The accuracy of the viscometer was
verified by comparing the obtained values of the calibration fluid at the considered
temperature range (20-60 °C) with the ones provided by the manufacturer. Maximum
deviation of 4% was found. Additionally, the accuracy of the temperature
measurements, done by the integrated thermometer, is 0.01 °C. The used 3w method
thermal conductivity measurement setup was validated with measurements made on
pure fluids (ethylene glycol and mineral oil) compared to distillated water
(ksampie/kwater), giving K-ratios within the accuracy of £0.5%. Nonetheless, for the case
of repeated measurements, repeatability was found to be within 0.3% to 0.7% at the

considered weight concentration range (0.05-0.3 wt.%). In addition to that, Hoffmann
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et al. (Hoffmann et al., 2016) also reported close accuracy with similar utilized setup

to investigate the temperature dependence of thermal conductivity of vegetable oils.
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Figure 3.8 High precision microbalance (Precisa XB 220A) used to weigh the MWCNTs and the pristine
oils (Precisa, 2016)

3.2 Materials

Widely used commercial materials were used for synthesizing the nanolubricant
samples in order to achieve more realistic results. The first chosen mineral oil was
drained from a commercial compressor, which is used in manufacturing home
refrigerators (HXK12AA, R600a as a refrigerant, ACC, China). The other oils were
brought from well-known engine oil producer. It worth mentioning here that the
chosen base oils were selected to cover a wide range of viscosity, as Table 3.1

indicates.

Table 3.2 Characteristics of the used mineral oils

0il Type “_’[i“e;a} Oil (used  Starpet Opet Mobil Sunflower Shell
in refrigerators)  ~ .0 Fulllife DTE 20 oil Helix

Density at 25°C ~ 8]7.8 885 890 876 905 888

[kg/m’]

Thermal 0.122 0.130 0.131 0.123 0.159 0.135

conductivity at

Viscosity at 6.55 186 169.5 44.5 33.7 157.0

20°C [mPa.s]

Viscosity at 2.02 19,5 18.4 6.7 7.78 19

60°C [mPa.s]
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Figure 3.9 Scanning electron microscope (SEM) image of the KNT-M12 MWCNTs (Evgin et al., 2016)

MWCNTs with purity higher than 95% synthesized by (Grafen Chemical Industries
Co, Turkey) were used as additive. The No: KNT-M12 was chosen due to its high
aspect ratio (small diameter (d= 10 - 20 nm) with long tubes (L=10 — 30 pm)), which
plays a great role in increasing the thermal conductivity of the nanofluid (J. J. Wang
et al., 2012). Figure 3.1 presents the scanning electron microscope (Philips XL 30S
FEG) image that indicates the quality and the dimensions of the chosen MWCNTs;
Table 3.1 also summarizes the characteristics of the used MWCNTs. It is important to
emphasize here that no surfactant was used since we are trying to observe only the
behavior of untreated MWCNTs within pure oil. In addition, surfactants generally

participate in reducing the thermal conductivity of the nanolubricant.

Table 3.3 Characteristics of the pristine MWCNTSs

MWCNTs (Provided by the producer, (Grafen Chemical Industries Co, Turkey))

Purity [wt.%] >95

Average diameter [nm] 10 - 20

Length [pm] 10 - 30

Surface Area [m?/g] > 200

Density [kg/m’] 1911.3 (Evgin et al., 2016)
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3.2.1 Nanolubricants Preparation

Stable nanolubricant were obtained by applying the widely used two-steps method
(Amiri et al., 2015; Ettefaghi et al., 2013; Hwang et al., 2006; Ilyas et al., 2017; Shaikh
et al., 2007; Xie et al., 2003; Y. Yang et al., 2006), as shown if Figure 3.10. The
investigated samples were prepared by dispersing precisely measured amounts of
MWCNTs within low viscous mineral oil at particle weight concentrations of 0.05,
0.1, 0.2 and 0.3% (i.e. volume concentrations (Eq. 1) of 0.021, 0.043 and 0.128%,
respectively). Increasing the concentration over 0.3 wt.%, however, yields to a very
viscous nanolubricant (semi-gel) which impedes the experiments. An ultrasonic liquid
probe-type processor (Sonicator 3000, MISONIX Co, USA), as shown in Figure 3.11,
was employed to break-down the agglomerated MWCNTs in 10 ml mineral oil at a
frequency of 20 kHz. Ultrasonication power of 12 W was selected according to the
recommendation of the manufacturer for the given volume. A relatively short period
of ultrasonication time (40 min) was found to be enough to get homogenous samples
as also reported by Ilyas et al. (Ilyas et al., 2017). According to Hilding et al (Hilding,
Grulke, George Zhang, & Lockwood, 2007), serious disadvantages occur with over-
ultrasonication such as irreversible bends, damage in the wall, breaking the tubes into
smaller pieces, and reduce their aspect ratio. Therefore, we tried to minimize the
ultrasonication time until the point a homogenous dispersion is acquired. Moreover,
the ultrasonication period was divided into sequences of 3 sec on /1 sec off in order to
prevent overheating due to the energy transferred by the ultrasonic waves. Ice cubes

were also used for cooling down the samples during the process.

3.1)
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Stable
Nano-
lubricant

No stabilization method was
used such as Sufactant.

spread Oils

No special treatment were applied to
the MWCNT such as functionalizing.

Figure 3.10 The steps of preparing the nanolubricants samples

Figure 3.11 The operated ultrasonic liquid probe-type processor (Sonicator 3000, MISONIX) for
dispersing MWCNTs in oils

3.3 The Procedure of Measuring the Thermal Conductivity at Several

Temperatures and Cancelling the Noise of the /@

Before starting measuring the thermal conductivity of the nanofluid, a verification
procedure should be first done in order to ensure that the measurement setup is ready

to be utilized. Generally, the setup is verified by measuring known materials such as
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water, Ethelyn Glycol, or mineral oil. If a deviation, above the acceptable error
(normally +0.5%) is realized, the wire should be checked if it is damaged, corroded or
nanoparticles stick to it, as seen in Figure 3.10. Moreover, the /@ signal which acts as

a noise should be also double checked and cancelled before each measurement.

Now, after checking the steadiness of the setup, a nanofluid sample can be
deployed. After immersing the probe inside the sample, it is recommended to wait for
a couple of minutes before cancelling the / signal and initiating the measurements
until the temperature of the wire gets equalized with the temperature of its surrounding
fluid. Ignoring this step will cause disturbance in the signal due to the effect of
changing the temperature of the wire on the Vi and V3w, as discussed in Chapter two.

This also can be realized as fluctuation in the amplitude and the phase of the 3w signal

Covered
L )
Corroded Damaged
Wire

Wire .

voltage.

Figure 3.12 Comparison between a clean wire and other corrupted used wires after multi usages

(Personal archive, 2017)

For the case of measuring the thermal conductivity at different temperatures, the
temperature of the sample should be stabilized before initiating the measurement and
cancelling the /@ signal. Moreover, the thermal conductivity of the nanofluid should
be measured relatively to its base fluid at the same temperature (Equation 2.37).
Otherwise, the resulted ratio is wrong due to the notable change in the voltage

components of the Vi and V30 due to the temperature change effect.
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CHAPTER FOUR
RESULTS AND DISCUSSIONS

4.1 Stability and Re-dispersion Ability of the MWCNTSs

Most of the available studies agreed that the main disadvantage of CNTs is their
poor dispersibility in the common fluids, especially in water. Therefore, many
chemical and mechanical approaches have been proposed to overcome this
disadvantage: chemical methods involve using surfactants (Bystrzejewski et al., 2010;
Li, Church, Kafi, Naebe, & Fox, 2014; O’Driscoll et al., 2014), functionalization the
tubes to change their surface energy (Cao, Qiu, Yang, Chen, & Liu, 2014; Dong Kim,
Park, & Lee, 2008; Ma, Siddiqui, Méder, & Kim, 2011; Soulie-Ziakovic, Nicolay,
Prevoteau, & Leibler, 2014; Wei et al., 2015; Zhang et al., 2015), improving their
wetting characteristics (Dresel & Teipel, 2016) and reducing their tendency to
agglomerate in the continuous phase solvent; mechanical methods collaborate mainly
with adjusting grinding (Munkhbayar et al., 2012) or ultrasonication power and
duration (Wu & Mitra, 2014; K. Yang et al., 2013). However, both methods can either
seriously damage the structure of the CNTs, reshape their aspect ratio, or affect their

surfaces resulting changes in the characteristic of their dispersions.

The unique structure of the carbon nanotubes turns their dispersion process into a
challenge; the extremely high aspect ratio with the high flexibilities in addition to the
Van der Waals attraction forces between the surfaces of the tubes dramatically increase
the possibility of agglomeration and entanglement (Hilding et al., 2007). In addition
to that, the medium where the tubes are dispersed in also plays a big role in this process.
For example, it has been confirmed that the CNTs cannot be dispersed in water under
normal conditions because of their hydrophobic nature (Devendiran & Amirtham,
2016). However, in the presented case, a relatively short time of ultrasonication was
enough to get a homogenous MWCNTs/mineral oil suspension without adding any
surfactant or using any special treatment to the tubes as shown in Figure 4.1 (b) due to
the oleophilic property of MWCNTs as it will be discussed later. Moreover, it was
surprising to realize that with any minor motion, done to the agglomerated samples,

the sediment carbon nanotubes start to float and hold within the oil, as Figure 4.1 (d,
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e, and f) illustrate. Furthermore, after well shaking (manually), it seems that we were

able to fully re-disperse the agglomerated MWCNTs in oil Figure 4.1 (g).

Before : . .
Sonication Sediment During shaking
@ ® ® < - PS
Sonicated Re-dispersed

Figure 4.1 MWCNTSs/Oil samples; (a): before Ultrasonication, (b): Ultrasonicated, (c): Sediment,
(d)(e)(f): floating MWCNTSs during shaking and (g): Re-dispersed (Fully shaken sample) (Personal
archive, 2017)

To quantitatively ensure that the MWCNTs are fully re-dispersed, the particle size
distribution (PSD) of the suspension was analyzed. The PSD measurement of the first
sample was taken directly after ultrasonication, yet it has been waited for 21 days (to
be sure the MWCNTs are fully agglomerated), then the sample were well shaken and
deployed for measurement. In order to ensure the accuracy of the data, each
measurement was repeated for 5 times and their mean values were calculated and
presented in Figure 4.2 The graph reveals that the both samples have similar PSD
trend; however, a slight shift in between is realized. The main peak of the recently
sonicated suspension is at 993.4 d.nm with 34.4% intensity. The re-dispersed sample,
on the other hand, shows a peak at 1110 d.nm with intensity of 36.7%. This small
difference could be due to several reasons such as measurements accuracy, preparation

conditions, partial agglomeration, or due to the different orientations of the tubes in
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the front of the laser since we are not working with spherical particles. The cylindrical
shape of the MWCNTs also attributes to give wider distribution (Tantra, Schulze, &
Quincey, 2010) and the mean value of the PSD also to appear in the micro level since

the length of the used MWCNTs is in the range of 10 to 30 um.
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Figure 4.2 Comparison of PSD between the recently sonicated and re-dispersed MWNTs/low viscous
oil suspensions; The X axis shows the distribution of size classes, while the Y axis shows the relative

intensity

The main way to understand the re-dispersion ability of the MWCNTs starts from
understanding the main reasons behind the ease of their dispersibility in oil comparing
with water or any other base fluid. The ease of MWCNTs dispersibility in oil can be
attributed to two reasons. First, the CNTs were found to be super-oleophilic (have very
high affinity to oil) as Lee et al. ( Lee, Johnson, Drelich, & Yap, 2011) and Fard et al.
reported (Kayvani Fard, Mckay, Manawi, Malaibari, & Hussien, 2016). This property
gives the researchers the chance to employ CNTs in manufacturing oil-water filters
(Huang et al., 2016; Lee et al., 2011). In addition to that, CNTs were also utilized to
create a sponge which can enormously absorb oil from water (Hashim et al., 2012).
Consequently, during ultrasonication, it has been realized that the volume of the added
amount of MWCNTs is enormously expanding. This means ultrasonication not only

separate, disperses and covers the MWCNTs with oil, but it also enhances their ability
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to adsorb it. This can be observed clearly from Figure 4.1; notice the difference in the
volume of the MWCNTs in the case of the fully sediment suspension (c) and the case
before ultrasonication (a). Second, Ettefaghi et al. (Ettefaghi et al., 2013) and Beheshti
et al. (Beheshti et al., 2014) observed that when MWCNTs are dispersed in oil, they
are placed between the oil layers which leads to ease the movement of these layers on
each other. This leads to slightly lower the nanolubricant’s viscosity than of the pure
oil at low concentrations as they concluded. From this, we can also conclude that not
only the MWCNTs ease the movement of oil layers on each other, but also the oil

layers ease the movement of MWCNTs between them.

(a) Re-dispersing agglomerated MWCNTS by mixing with a metal bar
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Aggregated MWCNTs

During mixing After mixing
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(b) Re-dispersing agglomerated MWCNTS by blowing compressed air
L) L]

Aggregated MWCNTs During re-dispersing After re-dispersing
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Figure 4.3 Optical microscope images of MWCNTs during redispersion within oil by (a) mixing with a
metal bar and (b) blowing compressed air. The full redispersion process is presented in the

attached video in the appendix (Personal archive, 2017)

According to the DLVO theory (Horinek, 2014), which is an essential theory to
explain the stability of colloids in a suspension, the strong attraction force of Van der
Waals acts on the very large surface area of the suspended MWCNTSs. The MWCNTs,
therefore, start to aggregate, which forms growing clusters as the times goes on. Large
clusters sediments and accumulate above each other due to the effect of the
gravitational force. The Van der Waals attracting force is inversely proportional to the

fifth power of the distance between two interacting cylindrical particles (Hunter,
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2001). To enhance the stability of a suspension, the distance between the particles
should be increased. Conventionally, this can be done by enhancing the repulsive
electrostatic force by increasing the energy barrier by changing the ionic, pH or adding
surfactants to affect the surface charge of the colloid (Horinek, 2014). However, for
the current studied nanolubricant, the MWCNTs are saturated and covered with oil
layers which create barriers that can counterbalance the Van der Waals force by
keeping distance between the tubes. Agitation, shaking or even blowing compressed
air was realized to be able to break down the aggregations of the MWCNTSs. The
microscope images, given in Figure4.3 and the video in the Appendix, show that
MWCNTs are detaching and floating in the oil during applying any slight force on the
agglomerated suspension such as blowing compressed air. Floating MWCNTs, as also
illustrated in Figure 4.1 (d-f) during shaking-stopping sequences, indicate that even
after agglomeration the MWCNTs are still saturated and covered with oil. It is
important to mention here that in each taken photo of Figure 4.1 (d-f) the floating tubes

are holding in oil for hours.

The thickness of the separation oil layers is related to the viscosity of the base oil.
An up to one month stability was reported (Ettefaghi et al., 2013; Ilyas et al., 2017),
with high viscous oils by just ultrasonication. For the studied nanolubricants, both the
recently sonicated and the fully re-dispersed by shaking, 48 h was the duration for full
sedimentation as shown in Figure 4.1 (c). The low viscosity of the used oil, which is
at least 10 times lower than of the oils used in the other investigations, can explain the

relatively short duration of the stability.

To conclude in few words, the sonicated MWCNTSs are separated, lubricated,
saturated, and surrounded by oil layers, which not only ease its motion within the
lubrication oil, but also create barriers between their surfaces that overcome the
attraction force of Van der Waals, and as a consequence, give them the ability of

detaching by applying any slight force.
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4.1.1 Stability of the Re-dispersion Ability with Time

The influence of time on the re-dispersion ability can be reflected as a decaying in
size quality after each re-dispersion process of the deagglomerated MWCNTSs
comparing to their first state after ultrasonication. It can also be revealed as a dramatic
decrease in the thermal conductivity and viscosity due to the coexistence of the
obsolete clustered tubes inside the nanolubricant. To inspect that, an ageing study was
initiated on fully re-dispersed samples (by shaking) after resting times of 2, 10, 20 and
300 days since the first ultrasonication. Particle size distribution (Amiri et al., 2015),
viscosity and thermal conductivity measurements were performed on the samples with

the same procedures that were followed previously.
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Figure 4.4 PSD comparison of fully re-dispersed MWNTs/low viscous oil suspensions by shaking after
2, 10, 20 and 300 days

Figure 4.4 represents a comparison between the particle size distributions of the
examined samples at the considered intervals. As the plots illustrate, a slight trend
toward larger particle size can be noticed. This shift can be observed more clearly by
declaring the Z-average size as 1123,1147, 1171, and 1247 d.nm of each fully re-
dispersed suspension after 2, 10, 20 and 300 days, respectively. The numbers and the
graph imply that a minority of MWCNTs start to losses their ability for re-dispersing
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and their quantity increases slowly with time. The main reason behind this behavior
can be attributed to the decaying thickness of the oil layers between the sediment
MWCNTs. The sediment tubes accumulate above each other for a long period of time.
This give time to their surfaces to be attracted to each other due to the effect of Van
der Waals’ force and the supportive role of the gravitational force. As a consequence,
the thickness of the separating oil layer become thinner and thinner until a point the
tubes are not detachable anymore. The measurements of thermal conductivity and
viscosity, on the other hand, did not reveal any difference between the tested samples.
This means the obsolete MWCNTSs minority did not affect noticeably the total
homogeneity of the re-dispersed suspensions. Consequently, the thermal conductivity
and the viscosity of the re-dispersed nanolubricant can be considered stable at least up

to 300 days.

4.1.2 Thermal Conductivity as an Evaluation Criterion of The Re-dispersed
Samples

The thermal conductivity of a nanofluid highly affected by the stability of the
nanoparticles suspended within it. Consequently, any occurred agglomeration is
reflected as a decline in the thermal conductivity. When the aggregation starts, the
particle size increases resulting a decrement in the total surface areas of nanoparticles.
The less surface area, thus, decreases heat transfer rates between the particles (Marquis
& Chibante, 2005). Therefore, “Fluids with solid particles on a nano scale show better
thermal conductivities than fluids with coarse solid particles on a micro scale” as Liu
et al (M. Liu et al., 2011) stated. Depending on that, the thermal conductivity of the
recently ultrasonicated and the re-dispersed samples were measured and compared at
the room temperature with the respect of several weight concentrations. Identical
enhancement ratios of the both samples were obtained within the error range. These
ratios, as shown in Figure 4.29, are 1, 1.7, and 5% for 0.05, 0.1, and 0.3 wt.%,
respectively. By aligning these ratios with the values of the existing investigations, it
is noticed that they are among the lower ones. This divergence could be attributed to
the type of the oil, characteristics of the used MWCNTSs, preparation techniques,
method of measurements, functionalizing the tubes and adding different surfactants,

which were avoided for the aim of this investigation as discussed previously.
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4.1.3 Viscosity as an Evaluation Criterion of the Re-dispersed Samples

The viscosity of a nanofluid and its stability with time and temperature are of great
importance for any heat transfer application. Strong Van der Waal’s force, as
mentioned previously, causes an attraction between the tubes, which results with time
MWCNTs clustering and thus inhomogeneity in the nanofluid. This inhomogeneity,
as shown in the microscope images Figure 4.3 and in Figure 4.1 (c), can be realized as
a higher or lower viscosity than of the homogeny nanofluid. Based on that, the changes
in viscosity with temperature were evaluated for both fresh and re-dispersed samples
at several weight concentrations. Measurements for fresh samples were taken directly
after ultrasonication. However, for the re-dispersed ones, it has been waited for full
sedimentation and then they were measured after well shaken. The obtained results, as
shown later in Figure 4.20, indicate that the recently sonicated and re-dispersed
samples at all concentrations give equal values within the uncertainty of

measurements, which mean that MWCNTs are well re-dispersed within oil.

4.2 Thermal Conductivity Measurements with Respect to Temperature

This section emphases on the thermal conductivity measurements of pure and
nanolubricants at different temperature. It also concerns about the effect of temperature
on the thermal conductivity of the nanolubricant and the behavior of the MWCNTSs

inside their base fluid.

4.2.1 Validation of the 3w Experimental Setup

In order to validate the utilized 3w experimental setup, thermal conductivity
measurements were performed on pure samples of ethylene glycol and mineral oil
relatively to water with respect of temperature. The obtained results, as presented in
Figure 4.5, indicate, as expected, that the thermal conductivity of ethylene glycol
increases slightly with temperature. The thermal conductivity of oil, however,
decreases by increasing its temperature. These obtained trends can be also confirmed

by Figure 4.6.
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Figure 4.6 Thermal conductivity of several fluids with the respect of temperature (Kreith, Manglik, &
Bohn, 2012)

Quantitively, the measured thermal conductivity of ethylene glycol was compared
with the ones reported by (Bohne, Fischer, & Obermeier, 1984), as presented in Figure
4.7. The chart shows that both graphs have same trend. However, the thermal
conductivity of the measured sample seems to trend higher with temperature. The
maximum deviation reaches up to 2.8% in the respected temperature range. This slight
deviation can be contributed mainly to the purity and the texture of the material since

they were not purchased from the same source.
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Figure 4.7 Comparison between the measured and reported thermal conductivities of ethylene glycol

Similarly, the thermal conductivity of the mineral oil is compared with several
reported results (Antoniadis et al., 2016; Dombek, Nadolny, & Przybytek, 2014;
Nadolny, Dombek, & Przybylek, 2016; Wang et al., 2014). As Figure 4.8 reveals, the
thermal conductivity of all considered and measured mineral oils decreases linearly
with temperature. Furthermore, the thermal conductivities of the mineral oils are

shifting above each other depending on their additives and composites.

Consequently, and based on the previously given results, the proposed lab-made 3w
setup can be considered reliable for measuring the thermal conductivity of a fluid at

different temperatures.
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Figure 4.8 Comparison between the measured and reported thermal conductivities of mineral oil

4.2.2 Effect of Temperature on the Thermal Conductivity of MWCNTs

Nanolubricants

After verifying that the measurement setups can be utilized for measuring thermal
conductivity at several temperatures, the samples of the studied nanolubricants were
deployed for measurements. Figures 4.9 to 4.15 present the thermal conductivity
enhancement ratios (kn7/ksy) of the MWCNTSs nanolubricants at 0.05, 0.1 and 0.3 wt.%
with respect to temperature. The charts are ordered according to the viscosity of the

base oil from the lowest to the highest.

Two main points can be realized from the presented figures. First, the enhancement
in the thermal conductivity for all nanolubricants increases with the increment of
MWCNTs’ weight concentrations, as all of the other studies have also reported (Amiri
etal., 2015; Beheshti et al., 2014; Chen & Xie, 2009; S. U S Choi et al., 2001; Ettefaghi
et al., 2013; Fontes et al., 2015; Ilyas et al., 2017; Marquis & Chibante, 2005; Shaikh
et al., 2007; Xie et al., 2003; Yang et al., 2006). The enormously higher thermal
conductivity and the very larger specific surface area of the MWCNT, as believed, are

the main reason behind the increment ( Liu et al., 2005).
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Figure 4.9 Thermal conductivity enhancement ratios of MWCNT/Compressor mineral oil at several

weight concentrations with respect to temperature
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Figure 4.10 Thermal conductivity enhancement ratios of MWCNT/Sunflower oil at several weight

concentrations with respect to temperature
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Figure 4.11 Thermal conductivity enhancement ratios of MWCNT/Hydraulic oil (Mobil DTE 25) at

several weight concentrations with respect to temperature
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Figure 4.12 Thermal conductivity enhancement ratios of MWCNT/Shell (Helix HX3 DIESEL) oil at

several weight concentrations with respect to temperature
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Figure 4.13 Thermal conductivity enhancement ratios of MWCNT/Star Oil (CUADRO 20W-50) at

several weight concentrations with respect to temperature
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Figure 4.14 Thermal conductivity enhancement ratios of MWCNT/OPT (Full life LPG 20W-50) at

several weight concentrations with respect to temperature

Moreover, six possible main mechanisms are offered to explain the heat conduction
in nanofluids according to Wang et al. ( Wang et al., 2012). Among them, clustering
of nanoparticles and nano layering of the liquid at the liquid/nanoparticle interface are
more likely responsible for increasing the thermal conductivity of the investigated

nanolubricant. First, the dispersed MWCNTSs can form, by clustering, an extensive
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network. This network facilitates thermal bridges within the base fluid as shown in the
microscope images, Figure 4.3. Therefore, increasing the MWCNTs weight
concentration will increase the chance of constructing more intensive thermal bridges
network. Second, the oil layers, structured near the tubes as discussed before, have
significantly lower thermal conductivity than of the MWCNTs. These layers work
relatively as a thermal isolation between the tubes. The thickness of these layers,
which, depends on the viscosity of the oil, play a notable role in the heat transfer rate
between the tubes. This reason can possibly explain why the enhancement in the

nanolubricants was not as high as expected in other base fluids.

Furthermore, it can be also noted from the graphs that the relative enhancement
ratios of all nanolubricants are very close to each other when they are compared at
each weight concentration. The main reason behind this behavior can be contributed
to the fact that the thermal conductivities of the base fluids are also close to each other,
as it can be observed from Figure 4.16. The oil layers, as stated previously, contribute
to the heat rate between the tubes. Consequently, similar thermal conductivities will

lead to relatively similar enhancement ratios and vice versa.
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Figure 4.15 Thermal conductivities of the base oils with respect to temperature

The second interesting phenomenon that can be observed from the graphs is that

the thermal conductivity enhancement ratios tend to peak at a specific temperature and
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then decay until they perish. In other words, the thermal conductivities of the
nanolubricants reach maximum values at specific temperatures and then decrease until

it reaches the value of the base oil.

In order to more clarify this behavior, samples of the nanolubricants were taken and
heated until a constant temperature (80 °C) under microscope, as Figure 4.17 and video
2 (See the supplementary material) show. At the beginning of the heating, nothing
interesting, beside decrement in viscosity, was realized. However, after reaching a
temperature at which natural convection currents appear, the MWCNTs start floating
inside the oil and clustering. As the time goes on, the agglomeration of MWCNTs
grows until it reaches a point after which the separation of MWCNTSs can be

recognized easily by the naked eye, as seen in Figure 4.17.

Aggregation of MWCNTs inside oils as a result of heating

L1 200 pm

.&; Heating Agglomeration

L1 200 um
L1 200 pm

L1 200 pm

Hydraulic Oil Staroil OPT
Mobil DTE 25 CUADRO 20W-50 FULLLIFE LPG 20W-50

Figure 4.16 Aggregation of MWCNTs inside oil after heating the nanolubricant (Personal archive, 2017)

As it is well known, when the temperature increases the viscosity of the oil decays
dramatically, as Figure 4.18 indicate. Decreasing the viscosity of the oil will thin the
separation oil layers between the MWCNTs which, consequently, narrows the distance
between them. At narrower distance, the magnitude of the Van der Waals forces rises
which leads to increasing attraction between the tubes. With increasing the

temperature, the oil layers become thinner and thinner until they totally disappear. At
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that point the MWCNTs totally agglomerate within oil, as illustrated in Figure 4.19
and shown in Figure 4.17 and Video 2. Furthermore, the convection currents act as
agitator that increase the possibility of contacting the floating MWCNTs with each

other inside the oil.
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Figure 4.17 Dynamic viscosity of the pure base oils with respect to temperature
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Figure 4.18 Illustration of MWCNTs behavior inside oil depending on temperature (a) Oil layers work
as barrier that counter balance Van der Waals forces (b)Aggregation of MWCNTSs inside oil after

heating the nanolubricant

Out of 14 research papers (which have been discussed previously in the

introduction), 4 reported the thermal conductivity of the MWCNTSs nanolubricants
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with respect to temperature and realized similar behavior. (Chen & Xie, 2009)
stablized MWCNTs in silicone oil by mechanical ball mill technology and with the aid
of concentrated acid treatment and hexamethyldisiloxane as dispersant and inspected
its thermal conductivity, as shown in Figure 4.20 (a). Chen & Xie explained the
increament of thermal conductivity with temperature as a result of the great decline of
silicon oil viscosity which, consequently, improved the dispersing state of the
MWCNTs. It worth mentioning here that the enhncment ratio here just increased
without decaying. This can be more when the viscosity of their nanolubricants reached
almost 200 mpa.S at 60 °C. In more specific words, it does not reach the point at which
the oil seperation barriers between the tubes disappears. Moreover, the role of the

acidic treatment and the surfectant sould not be forregeten.

(Beheshti et al., 2014) reported the thermal conductivity of transformer oil-oxidized
MWCNTs at different temperatures, as shown in Figure 4.20 (b). They observed that
at higher temperature of 60 °C, MWCNTs start to accumulate in the oil and the
clustered tubes migrate toward zones of higher concentration. Their explanation of this
phenomenon can be summarized that the main reason can be contributed to Brownian
motion, thermophoresis and diffusiophoresis. They also claimed that electrical double
layer (ELD) on the surface of the nanotubes can affect particles movement and their
migration toward the opposite charge. It also important to mention here that the
viscosity of the naonolubricants drops to 5 mPa.s at 60 °C which is perfect for the

MWCNTs to make contact with each other.

Amiri et al. (2015) also investigated the thermal conductivity of functionalized
MWCNTs with hexylamine (HA) suspended in transformer oil. They also experienced
increment in the thermal conductivity with temperature, as presented in Figure 4.20
(c). Based on that they stated that “femperature plays a key role in increasing the
thermal conductivity of MWNT-HA/TO coolant, which cannot be neglected”.
Furthermore, they claimed that the problem of the settlement MWCNTSs, which was
previously reported by (Beheshti et al., 2014), was completely eradicated due to the
functionalization of MWNT with HA. Actually, by solving this problem, they were
able to break the 60 °C barrier and record continuously higher thermal conductivities

up to 80 °C. The enhancement in the thermal conductivity of their nanolubricant was
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contributed to the effect of the surface liquid nano-layer around the MWCNTs which
exhibit higher thermal conductivity compared to the base oil. Moreover, they
emphasized on the role of the Brownian motion of the tubes which increase with

temperature due to the significant decrement in the viscosity.

Ilyas et al. (2017) realized that thermal conductivity of MWCNTs/thermal oil
increases with temperature and particle concentration. They attributed this increament
to Brownian motion and thermophoresis behavior of nanotubes. The thermophoresis
behaviour is a process where particles moves from high toward low temperature zones.
This similar to heat transfer mechanisim but for the case of particles (Quintiere, 2016).
Nevertheless, the thermophoresis behaviour does not have that much effect in this
case since the temperature of the measured medium is homogeneous and does not have

temperature zones.

30
- g=0002 - 2
O- g-00054 . =
25} O g=0.01 £ 008
. o . Z
= E 104
F 4 o . 2
- . =
", = ER
= e o —®— pure oil
- = \
°roe E (M9 | -—@--D0.001 mass% kK
- g By
= =001 massT »
[T
% I 30 a0 S0 ] ) 5 = i s 5 o s 8
0 Temperature/C
(a) Chen & Xie (2009) (b) Beheshti et al. (2014)
—e—THO
2115 018 =t THO + 0.1 wi. % MWCNT
= -
% on3 . . | - = = Transformer 0l o —a—THO + 0.3 wi. % MWCNT
T — ..--—j-—---t-":$ E0.17]—=—THO + 0.5 wt. % MWCNT
£ oan o e S S £ |——THO+ | wt. % MWCNT Y
g 0.109 X - ' 016 A
‘; P On= 0,001 MWNT- £ —
F naor I '—+‘ . HA/Transforme & =
. il e
?: 0.105 B ) 'Eo = T
g b g — _a—
5 . o I
E 0103 I, - 0,005 MWNT- =0.14 il s
E b d B Transforme B
£ on + FiHl 2 —
= Fo.3 ——
0.099 . ———
20 30 40 50 60 70 &0 0 5 30 35 4 45 30 55 60 65
Temperature °C) Temperature, T ("C)
(c) Amiri et al. (2015) (d) llyas et al. (2017)

Figure 4.19 Thermal conductivities of MWCNTs nanolubricants reported in another related research

paper
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4.2.3 Effect of Temperature on the Viscosity of MWCNTs Nanolubricants

Figures 4.21 to 4.26 present the viscosity of the MWCNTSs nanolubricants as a
function of temperature and weight concentration. As the graphs illustrate,
nanolubricants demonstrate here two behaviors. First, at a constant temperature, the
dynamic viscosities of the low and medium viscous nanolubricants (Compressor
mineral oil, Sunflower oil and Hydraulic oil) show notable enhancement with the
increment of the MWCNTs weight concentration. This enhancement is more
significant at lower temperatures. On the other hand, the viscosity of the high viscous
engine oils (HELIX, OPT, and Staroil) decreases at low weight concentration (0.05
wt.%) and then increases with the higher concentrations. The enhancement in the
viscosity is caused mainly due to the attraction between the MWCNTs which
constructs a network of tubes within the base oil, as seen previously. The intensity of
the tubes network becomes greater and greater with the increment of weight
concentration. Nevertheless, within the high viscous oils, the MWCNTs are placed
between the oil layers, as discussed previously. Moreover, the thickness of the oil
separation layer increases notably due to the high viscosity of the surrounding medium.
Consequently, at low concentration the MWCNTs are not able to construct effectively
the tubes network. This leads that MWCNTSs just ease the movement of these layers
on each other due to their lubrication property and hence lower the viscosity of the
nanolubricant. This phenomenon of the lubrication behavior of the MWCNTs within
the base oil at low concentrations was first realized by Ettefaghi et al. (2013) and

Beheshti et al. (2014), as discussed previously and mentioned previously.

Second, the dynamic viscosity of the nanolubricant decreases dramatically with the
increase in temperature. This behavior is due to the decrease in viscosity of the base
oil, which is a result of declining the intermolecular forces of the oil itself. Moreover,
the agglomeration of the heated MWCNTs, as mentioned and discussed previously,

also played a supportive role in this decrement.
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Figure 4.20 Dynamic viscosity of the MWCNTs/compressor mineral oil at different with concentrations

with respect to temperature
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Figure 4.21 Dynamic viscosity of the MWCNTs/Sunflower oil at different weight concentrations with

respect to temperature
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Figure 4.22 Dynamic viscosity of the MWCNTs/Hydraulic Oil (Mobil DTE 25) at different weight

concentrations with respect to temperature
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Figure 4.23 Dynamic viscosity of the MWCNTs/Shell Helix HX3 DIESEL 20W-50 at different weight

concentrations with respect to temperature
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Figure 4.24 Dynamic viscosity of the MWCNTs/OPT (FULLLIFE LPG 20W-50) at different weight

concentrations with respect to temperature
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Figure 4.25 Dynamic viscosity of the MWCNTs/Staroil CUADRO 20W-50 at different weight

concentrations with respect to temperature
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CHAPTER FIVE
CONCLUSIONS

This research investigated the influence of temperature on the thermal conductivity
of several MWCNTs nanolubricants and the ability of the sonicated MWCNTs of re-
dispersing in low viscous oil. The main ideas of this work can be concluded in the

following points:

e without any special treatment, MWCNTs were easily dispersed by
ultrasonication within commercially well-known oil of several viscosities.
Stable nanolubricants at several concentrations were obtained without using

any stabilization method.

e The sonicated MWCNTs found to be separated, saturated, lubricated, and
surrounded by oil layers, which ease its motion within the lubrication oil and
create barriers between their surfaces. These separation layers counterbalance
Van der Waals forces and give the MWCNTs the ability of detaching by
applying any slight force. Microscopic video and images have proved that
agitating, shaking or even blowing compressed air on the agglomerated

nanolubricant breaks down the aggregation of the MWCNTs.

e The particle size distribution analysis indicates similar dispersion quality of the
recently sonicated and the re-dispersed suspensions. Furthermore, the viscosity
and thermal conductivity measurements give equal results, within the
uncertainty of the measurement setups, of both suspensions at different weight
concentrations. According to these obtained results, it has been confirmed that
the MWCNTs are re-dispersible to the same degree of the recently sonicated
ones by just shaking.

e The effect of changing temperature and the resulted transient zone, after which

the system is re-stabilized, should not be neglected for cancelling the noise of

the /w and measuring the amplitude and the phase of the 3 signal.
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e After cancelling the noise of the /w at each temperature, the 3w method was
found to be sufficiently reliable and accurate for measuring the thermal

conductivity of different fluids with respect to temperature.

e Heating the MWCNTSs nanolubricants to higher temperatures (60-80 °C)
resulted in agglomeration of MWCNTs. This was a result of the disappearance
of the oil separation layers which leads to enhance the effect of the Van der
Waals forces. Moreover, convection currents act as agitator which also enhance

the contacts between the MWCNTs.

e Under the influence of temperature, which affects the thickness of the oil
suppuration layers consequently, the thermal conductivities of the
nanolubricants reach maximum values at specific temperatures and then

decrease until it reaches the value of the base oil.

e Without the accuracy of the 3w method it was impossible to sense the slight
deviation in the thermal conductivity which leads to discover the realized

behaviors of the MWCNTs within oils.

Consequently, it is observed that the temperature is an essential parameter for the
stability, viscosity and thermal conductivity of the MWCNTs nanolubricants.
Furthermore, heating nanolubricants resulted in MWCNTs clustering. Nevertheless,
the sonicated tubes still acquired the re-dispersion ability by agitation. This lead to the
following question: How will the MWCNTs nanolubricants behave in real life
application such as engines? How will also adding a surfactant will affect these

parameters. The answers of these question are left for future research works.
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