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ABSTRACT

Various thermophysical properties, fluid flow parameter and heat transfer characteristics
were measured for nanofluid with 6% volume concentration of solid Al2O3 nanoparticles
in water. Thermal conductivity measurements showed that there is a definite
enhancement in thermal conductivity of the nanofluid compared to that of water. At 7°C,
the enhancement was 16% which decreased to 6.96% at 50°C.
The viscosity measurements of the 6% volume concentration Al2O3/water nanofluid
showed that its viscosity is higher by a factor of 1.25 to 10.24 than the viscosity of water.
Also the measurements of the viscosity of different volume concentration of Al2O3/water
nanofluid showed that, the viscosity decreases as the volume concentration decreases.
The plot between the shear stress and strain rate for the 6% volume concentration
Al2O3/water nanofluid showed that it is a Newtonian fluid for the range of strain rate
between 6–122 s−1. Several readings of viscosity were taken by subjecting the nanofluid
to heating and cooling cycle. It was found that above 62.65°C, the 6% volume
concentration Al2O3/water nanofluid experiences an irrecoverable increase in viscosity
and when cooled from beyond this temperature, a hysteresis effect on the viscosity is
seen.
The friction factor results for laminar flow for the 6% volume concentration Al2O3/water
nanofluid showed that it matches the value given by the Hagen-Poiseulle equation
xvii

(f = 64/Re). The transition from laminar flow to turbulent was found to occur at a
Reynolds number of approximately 1500.
The convective heat transfer results were in agreement with that proposed by the
Lienhard correlation (Lienhard and Lienhard, 2008). For fully developed laminar flow,
the Nusselt number under constant heat flux condition was found to be within ±7% of
4.36. In the laminar flow regime, the Nusselt numbers for thermally developing flow
were within ±10% of the value calculated from the Lienhard correlation.
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CHAPTER I

INTRODUCTION

Modern researchers are in search for a suitable means of efficient heat dissipation for
increased range of temperature operation, compact design, cost reduction etc. The
conventional cooling fluids such as water and air are proving inadequate to achieve the
required trend of current needs. Many studies have suggested the use of two phase fluids
consisting of suspension of micro/millimeter sized particles in base fluids such as water
or oil due to the higher thermal conductivities of the suspended solids (Eastman et al.,
1996, Beck et al., 2006, Minsta et al., 2007). Although such two phase fluids show
improvement in the heat transfer characteristics, they inherit problems such as clogging,
sedimentation and abrasive action of the particles. These problems are much more
amplified when using these fluids in micro/mini channels.
It was not until the mid-1990’s when advancement in manufacturing technology led to a
development in nanoparticles, a new class and size of material whose size range is around
1-100 nm. A nanometer is equivalent to one billionth of a meter (see Figure 1.1). These
nanoparticles show promising new applications in the field of heat transfer and flow due
to their size which permits them to stay as a stable suspension indefinitely in liquid base
fluid. Also, nanoparticles have much more surface area per unit volume when compared
1

with millimeter/micrometer sized particles which can be beneficial for heat transfer.
Nanofluid is essentially a two phase solid suspended in liquid mixture in which the solid
particles size ranges in nanometers. Typical solid particles can be metals such as
aluminum, copper, nickel, etc. or oxides of such metals. The liquid or the base fluid can
be water or other organic compounds such as ethylene glycol, oils etc. Nanofluids are
believed to have better heat transfer capabilities while eliminating problems such as
sedimentation, corrosion and clogging.

Figure 1.1 Comparison of size of nanoparticles with other substances (nanoparticles are indicated as
NPs), Choi et al. (2004).

Although Nanofluids are still mainly in the research phase, applications of Nanofluids
have been found in variety of operations, such as cooling applications in industry,
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cooling of desktop CPUs, automotive coolants etc. It has also been suggested to be used
as cooling fluids in nuclear reactors, which is an ongoing research project conducted at
MIT (Wong et al., 2010). Wong et al. (2010) reported that nanofluids have been used as
coolant in radiators of trucks, which has led to a more compact design and hence
reduction in drag.
For nanofluid to be used as a cooling fluid in variety of operations, proper
characterization of various parameters such as viscosity, pressure drop, mass flow rate,
heat transfer coefficient and concentration of nanoparticles must be done. These
properties are very important in designing the cooling flow system. There have been
numerous studies on these parameters. However, studies on heat transfer and other
parameters are done separately and there is a need to study all these parameters together
to have a better understanding on the influence of each parameter on the other.
There are many properties to be considered for a fluid to be considered in heat transfer
and flow applications. Some of the properties are discussed below
Viscosity
Viscosity is an important factor when considering flow applications because it affects the
pumping power requirement and the workability of the fluid. Viscosity is the measure of
internal friction of the fluid. This friction is created when layers of fluid slide past each
other. When the layers of fluid slide past each other, shearing occurs between the layers
of fluid. There is always a force required to cause this shearing, greater the force greater
will be the shearing.

3

Figure 1.2 velocity gradient formed between two parallel plates.

If we consider two parallel plates (see Figure 1.2) separated by a distance y between
which fluids are enclosed, and apply a force (F) in one of the plate that causes it to move,
there will exist a velocity gradient (du/dy) in the fluid. In this case the applied force will
be proportional to the velocity gradient and the area. Mathematically, it can be expressed
as

(1.1)

where µ is a is called the absolute viscosity or dynamic viscosity.
The term du/dy measures the speed at which different layers of fluid move with respect to
each other and is termed the strain rate. The term F/A gives the force per unit area and is
a measure of the unit force required to produce the shearing of the liquid and is termed as
the shear stress. The shear stress is denoted as τ.
4

There are different types of material which show different types of behavior based on
their viscosity. They are categorized as
I.

Newtonian Fluid: A Newtonian fluid is such fluid whose value of viscosity does
not change when the strain rate is varied at a given temperature. Some of the
examples of Newtonian fluid are water and air.

II.

Non-Newtonian fluid: A non-Newtonian fluid is which whose value of viscosity
varies as the strain rate is varied at a given temperature. This means that when the
strain rate is varied, the shear stress does not change in the same proportion at a
given temperature. There are different types of non-Newtonian fluids depending
upon whether their viscosities increases or decreases as the strain rates are
increased. If the fluid displays a decreasing viscosity while the strain rate is
increasing, it is termed as pseudoplastic and the fluid is said to undergo a shearthinning behavior. If the fluid displays an increasing viscosity while the strain rate
is increasing, it is termed as dilatant and the fluid is said to undergo a shearthickening behavior.

III.

Some fluids undergo a change in viscosity over time under constant shear rate. If
the viscosity decreases under constant shear rate over time, it is said to exhibit a
thixotropic behavior and if the viscosity increases, a rheopectic behavior.

There are other factors upon which the viscosity is dependent. For fluids, viscosity is a
strong function of temperature. For fluids containing many constituents, it depends upon
the concentration of the constituents and their properties.

5

Thermal Conductivity
The thermal conductivity is the measure of heat (Q) flow per unit area (A) in the direction
of the temperature gradient (dT/dy).

(1.2)

The Newton’s law of cooling is given as

(1.3)

when combing the Fourier’s law (Eq. 1.2) and the Newton’s law of cooling (Eq. 1.3), we
get

(1.4)

Equations 1.2–1.4 show that estimating and knowing the behavior of thermal
conductivity is crucial in heat transfer. The values of thermal conductivity can
significantly affect the heat transfer. Due to this higher thermal conductivity materials are
mostly used in heating or cooling application while lower thermal conductivity materials
are used for insulation purposes. Thermal conductivity is affected by factors such as
temperature, phase change of materials, constituents of the material and also the material
structure.

6

Mass Flow Rate
The mass flow rate (ṁ) is an important factor while determining the heat transfer rate.
Mass flow rate is related to the heat transfer by
(1.5)
where cp is the specific heat capacity of the substance in [J/kg.K].
Pressure Drop
The pressure drop is quantified in terms of friction factor and is an important factor when
considering flow applications. A high friction factor (f) or pressure drop would indicate a
high power requirement. The pressure drop (∆p) can be expressed from the DarcyWeisbach equation given by

(1.6)

where L is the length of the channel in [m], Di is its inside diameter in [m], ρ is the fluid
density in [kg/m3], V is the average velocity in [m/s], and g the acceleration due to gravity
in [m/s2].
Convective Heat Transfer
The convective heat transfer is quantified in terms of a dimensionless number called the
Nusselt number. The Nusselt number is the ratio of the convective heat transfer to the
conductive heat transfer. A high Nusselt number indicates active convection and a low
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Nusselt number refers to a laminar or slug flow and less active convection.
Mathematically, it is given as
(1.7)
The Nusselt number is highly dependent upon the Reynolds number and the Prandtl
number of the fluid and also depends upon the type of flow (laminar or turbulent) and
whether the flow is fully developed or not. A turbulent flow is characterized by a high
Nusselt number. For a developing laminar flow, the Nusselt number slowly decreases
from a higher value and approaches to a constant value of 4.36 under fully developed
conditiosn for constant heat flux and a value of 3.66 under a fully developed isothermal
condition. The curve of Nusselt number versus the developing distance for laminar flow
for high Prandtl number fluids decreases sharply and takes a relatively long distance for
the thermal profile to develop fully while for a low Prandtl number is flat and the thermal
profile quickly develops. It is therefore very important to know whether the flow is fully
developed or not. This distance is termed as the thermal entry length and is given by
Lienhard and Lienhard (2008) as
(1.8)
where xet is the thermal entry length in [m], D is the diameter in [m], ReD is the Reynolds
number based on diameter, and Pr is the Prandtl number.
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1.1 Research Objectives
The main objective of this research is to devise an accurate experimental setup and
methodology for the measurement of various thermophysical properties, pressure drop
and heat transfer for nanofluid. This experimental setup will be used get a throughout
understanding of the nanofluid in terms of its thermophysical properties, pressure drop
and heat transfer. The thermophysical properties such as thermal conductivity and
viscosity have important effects on the flow and heat transfer characteristics.
Understanding and accurately quantifying these terms are critical in understanding the
flow and heat transfer characteristics of nanofluids. The data collected from this research
provide an absolute value of nanofluid properties; however comparison of the results
should be made with a standard fluid preferably water in order to know where the
nanofluid lies in terms of their properties and characteristics. Before conducting the
research, one should try to answer the following question
1. Does the experimental setup and procedure work well for a standard fluid? Do the
results compare well to the well-established correlations?
2. Is there an enhancement in the thermal conductivity of nanofluid when compared
to water? If yes, what does the enhancement at different temperature look like?
What is the trend of this enhancement? Does the thermal conductivity of
nanofluid compare well to established correlations.
3. Is the viscosity of the nanofluid too high causing flow problems? What is it
viscosity compared to water? Is the viscosity a strong function of temperature?
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What does the temperature-viscosity profile look like? Is the nanofluid
Newtonian, Non-Newtonian or does its viscosity changes over time?
4. Does the friction factor compare well to that of water? Will we have more head
loss pumping the nanofluid through the loop?
5. Does the nanofluid show an abnormal enhancement in the heat transfer
characteristics or will it compare to that of water? Can the heat transfer be
quantified by a well-established correlation for a single phase?
To answer these questions following tasks were employed
1.

A literature review was performed to determine the results regarding the thermal
conductivity, viscosity, friction factor, heat transfer and experimental procedure.

2. A lab setup for measuring the thermophysical properties, flow and heat
characteristics of fluid.
3. The experimental facility and procedure was validated using a standard fluid
4. The comparison of experimental results for standard fluid, water with the
nanofluid.
5. The assessment of correlations available in the literature for single phase in
predicting the behavior of nanofluid.
6. The collection and comparison of findings from the research in literature on
related properties of nanofluids.
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1.2 Outline of the Study
The subjects in this manuscript provide an insight about the experimental setup for
measuring the thermophysical properties, fluid flow and heat transfer characteristics as
well as the analysis of all these properties and parameters of nanofluids. Chapter II
includes the review of literature from various sources regarding the thermal conductivity,
viscosity, friction factor and convective heat transfer phenomena of a nanofluid. Chapter
IV discusses the experimental setup, instrument calibration and the uncertainty associated
with the measurements. Chapter V presents the results of the study, validates the
experimental procedure and compares the results with established correlations. Chapter
VI derives the conclusions from the results and gives recommendations to further
improve the research.
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CHAPTER II

LITERATURE REVIEW

2.1 Thermal Conductivity of Nanofluids
One of the early studies in the thermal conductivity enhancement was done by Eastman et
al. (1996). The thermal conductivity was measured using the hot wire transient method.
They found out that the thermal conductivity increases linearly with increasing
nanoparticle volume fraction. They achieved a significant increase in thermal
conductivity by 60% compared to the base fluid (water) for 5% volume fraction of CuO.
Less increment in thermal conductivity for Al2O3/H2O nanofluid is reported. They even
suggested that larger increase in thermal conductivity can be obtained if metals are used
instead of metallic oxides due to the larger values of thermal conductivity for metals.
Sridhara and Satapathy (2011) reviewed different papers related to Al2O3 based
nanofluids. They report a maximum increment in thermal conductivity by 32% for 4%
vol. fraction for water based Al2O3 nanofluids. In the case of ethylene glycol based
nanofluid an enhancement of 30% for the same volume concentration is reported. There
is not a clear correlation between the effects of particle size on the thermal conductivity
of nanofluids. They report the least enhancement in thermal conductivity for water based
12

nanofluids compared to other non-water based nanofluids

for same volume

concentration. They suggest that there is a noticeable enhancement

in thermal

conductivity with increment in temperature.
There is no definite correlation that serves to give an estimation of thermal conductivity
of nanofluids. However, Murugesan and Sivan (2010) developed correlation for the lower
and upper limits of thermal conductivity of nanofluids. The lower limit is based on
Maxwell
model. They reduced the Maxwell equation in terms of volume concentration and is
given as

(2.1)

where klow is the lower limit of thermal conductivity in [Wm−1K−1], keff is the effective
thermal conductivity in [Wm-1K-1], k1 is the thermal conductivity of base liquid in
[Wm−1K−1], and Φ is the volume fraction of nanoparticles.
The upper limit for thermal conductivity is based on particle shape, nanolayer thickness
in the particle fluid interface and Brownian motion. This is given as

(2.2)

where kp is the thermal conductivity of the particle in [Wm-1K-1], n = 3/Ψ is an empirical
shape factor that is the function of sphericity (Ψ), β is the ratio of nanolayer thickness to
particle radius, μ is the dynamic viscosity in [Nsm−2], a is the particle radius in [m], T is

temperature in [K], To is the reference temperature at 273 K, and the constant C =
7 × 10−36.
To validate their correlation, they performed experiments with different nanofluids with
different particle sizes (13−38.4 nm), different volume fraction (0−5%) and with different
temperature (21−51°C). Majority of their data is within the upper and lower limit. They
even observed the drift of data from lower to upper limit as the temperature is increased.
Beck et al. (2010) measured the thermal conductivity of alumina nanoparticles with an
average diameter of 12 nm dispersed in water, ethylene glycol, and ethylene glycol +
water mixtures. They used the transient wire method to measure the thermal conductivity
at temperature between 296 and 410 K. They found out that the thermal conductivity vs
temperature pattern of the alumina nanofluid with water as base fluid follows the trend as
that of water with a maximum value of thermal conductivity near 400 K (see Figure 2.1).
They found a similar pattern with ethylene glycol and 50% (w/w) water + ethylene glycol
base nanofluids concluding that the temperature dependence of the effective thermal
conductivity of nanofluid is mainly due to the base fluid.
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Figure 2.1. Thermal conductivity of water and alumina nanofluids with water as the base fluid [d =
12 nm at Φ = 1% (filled circle), Φ = 3% (filled square), Φ = 4% (filled triangle)]. The smooth curve
shows the thermal conductivity of water. This shows that the curve trend of nanofluid is same that of
the base fluid (water), Beck et al. (2006).

Chon et al. (2005) developed a correlation for the thermal conductivity of Al2O3
nanofluids as a function of the nanoparticle size and temperature. For developing the
correlation they choose three Al2O3-water nanofluid samples containing 11 nm, 47 nm
and 150 nm sized Al2O3 nanoparticles. They placed their apparatus inside a thermal bath
to provide the temperature range of 21 to 71°C with ±0.01°C accuracy at each
temperature. They used the transient hot wire method to measure the thermal
conductivity of the nanofluid with an uncertainty of 3.90%. They present their correlation
to be a strong function of the Brownian velocity which increases with increasing
temperature and decreases with increasing nanoparticle size. Their correlation is based on
the Buckingham-Pi theorem with a linear regression for the experimental results given as
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(2.3)

where dBF is the base fluid molecular diameter, dp is the diameter of nanoparticles, keff is
the nanofluid effective thermal conductivity, kBF is the base fluid thermal conductivity, kp
is the thermal conductivity of the particles, and Φ is the volume fraction of nanoparticles.
The Prandtl number is given as

(2.4)

where μ is the base fluid viscosity given as
(2.5)
where, A, B and C are constants given as 2.414 × 10−5, 247.8 and 140, respectively, for
water.
The Reynolds number is given as

(2.6)

where lBF = 0.17 nm is the mean free path for water, kb = 1.3807 × 10−23 J/K is the
Boltzmann constant, VBr is the Brownian velocity of the nanoparticles based on the
Einstein diffusion theory given by

(2.7)
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Minsta et al. (2007b) measured the thermal conductivities of nanofluid containing 29 nm
CuO nanoparticles and 36 nm and 47 nm Al2O3 nanoparticles. They used the KD2 Pro
thermal property analyzer from Decagon to measure the thermal conductivity. Nanofluid
was placed in an insulated heated enclosure. They used a stirrer placed 15 mm from the
thermal probe to ensure a better temperature profile of the nanofluid. They found that the
effective thermal conductivity of nanofluids increases with temperature. From 20°C to
40°C they found an increase in thermal conductivity by approximately 16% for each type
of nanofluid. They found out almost a linear relationship between the nanoparticle
volume fraction and the measured thermal conductivity. The data for thermal
conductivity with mixing induced by the stirrer was found to be higher than without
mixing. This observation was attributed to the fact that less sedimentation occurs while
using a stirrer. However, thermal conductivity measurements using a transient hot wire
method is very much susceptible to free convection caused by disturbances.
Yoo et al. (2007) measured the thermal conductivity of different nanofluids. They used a
two-step procedure to prepare TiO2, Al2O3, Fe and WO3 nanofluids with particle diameter
of 25 nm, 48 nm, 10 nm and 38 nm, respectively. Deionized water was used as the base
fluid. Transient hot wire method was used to measure the thermal conductivity. For 1%
volume fraction of nanoparticles, Al2O3 based nanofluid shows 4% enhancement in
thermal conductivity while TiO2 based nanofluid shows an enhancement of 14.4%. Even
though the thermal conductivity of Al2O3 is more than that of TiO2, TiO2 based nanofluid
exhibit a higher thermal conductivity. For 0.3% vol. fraction of nanoparticles Fe based
nanofluid shows 16.5% enhancement in thermal conductivity, whereas WO3 based
nanofluid shows an enhancement of 13.8%. This suggests that thermal conductivity of
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nanofluid is not a strong function of particle thermal conductivity rather it is strongly
dependent on the particle size. However there are different research and studies that
indicate that the nanofluid thermal conductivity is a function of particle thermal
conductivity.
Beck et al. (2009) measured the thermal conductivity of seven nanofluids containing
alumina nanoparticles with diameters of 8–282 nm to determine the effect of particle size
on the thermal conductivity of nanofluids. They utilized the transient hot wire method to
measure the thermal conductivity. They also present a correlation for the thermal
conductivity enhancement which is expressed as
)

(2.8)

with the limiting value given by,
(2.9)
For polydispersed nanoparticles,
(2.10)
where ξ is the thermal conductivity enhancement, k is the thermal conductivity of
nanofluid in [Wm-1K-1], d is the diameter of particle in [m], Φ is the volume fraction of
nanoparticles, and k1 is the thermal conductivity of base fluid in [Wm−1K−1].
With the experimental findings, Beck et al. (2009) presents the fact that there is a limiting
factor for thermal conductivity of nanofluids in terms of particle size. They report a
maximum thermal conductivity enhancement for particle size of 50 nm. As the particle
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size decreases, the thermal conductivity enhancement also decreases. This result however
contradicts to the fact that the thermal enhancement of nanofluid is caused by increase in
the surface to volume ratio of nanofluid.
For measuring the thermal conductivity Lee et al. (2008) used the transient hot wire
method. They measured the thermal conductivity of Al2O3-water nanofluid for a
concentration range of 0.01 to 0.3% vol. They found out that the thermal conductivity of
Al2O3-water nanofluid increases almost linearly with volume concentration of
nanoparticles with maximum enhancement of 1.44% at 0.3% vol. concentration
compared to that of the base fluid (see Figure 2.2).

Figure 2.2. Linear increment in nanofluid thermal conductivity with particle volume fraction, Lee et
al. (2008).

Sobhan and Thomas (2011) reviewed the different techniques used for thermal
conductivity measurement of nanofluid. They described the transient and steady state
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methods for measuring the thermal conductivity of fluids. They present a comparison
between the different experimental techniques and conclude that the transient hot wire
method to be the most accurate and reliable means of measurement of thermal
conductivity of nanofluids.
Dey and Kole (2010) used alumina nanoparticles (<50nm diameter) with car engine
coolant as the base fluid to prepare nanofluids with volume fraction of nanoparticles
ranging from 0.001 to 0.035. In order to stabilize the suspension they used oleic acid as
surfactant along with ultrasonication for 3 hours. They then homogenized the suspension
for 1 hour by magnetic force agitation. The stability was then tested for 80 days without
any trace of sedimentation.
They used the transient hot wire method to determine the thermal conductivity of the
nanofluid with an uncertainty ±0.5%. They observed that the thermal conductivity
increases almost linearly with nanoparticles volume fraction. Also the temperature
dependence of nanofluid is presented to follow the trend of base fluid. They also present
the fact that thermal conductivity enhancement of the nanofluid relative to the base fluid
is independent of temperature. For 0.035 volume fraction of alumina, they observed an
enhancement in thermal conductivity of 10.41% and 11.25% at 30°C and 8°C,
respectively.
Abbaspoursani et al. (2011) presented a model for predicting the effective thermal
conductivity of nanofluids based on dimensionless groups. They assume that the effective
thermal conductivity of nanofluids (keff) is a function of the thermal conductivity of the
base fluid (kf), the solid particle (kp), the interfacial shell (ki), the particle diameter (dp),
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the volume fraction of the particle (Φ), the interfacial shell thickness (t), the temperature
of nanofluid (T), and the half of the base fluid boiling temperature (Tc). They present their
equation as

(2.11)

where, m, α, β, n, dc and δ are the model parameters given in Table 2.1. The accuracy of
this model was tested by experimental data. This model shows a good agreement with the
experimental findings.

Table 2.1. Model parameters for Al2O3-water nanofluids, Abbaspoursani et al. (2011).

Parameter

Value for Al2O3-water system

m

10

Α

0.350

Β

2.6

n

0.0121

dc

21

δ

1
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Hamilton and Crosser (1962) developed an elaborate model for measuring the effective
thermal conductivity of two component fluid mixture. The effective thermal conductivity
is given as a function of the thermal conductivity of the pure material, the shape of the
particles and the properties of the component mixture and is given as

(2.12)

where k is the thermal conductivity of nanofluid, ko is the thermal conductivity of base
fluid, kp is the thermal conductivity of nanoparticle, Φ is the volume fraction, n = 3/Ψ is
the empirical shape factor as a function of the sphericity (Ψ) of the nanoparticle and is
taken as 1 for alumina nanoparticle.
Jang and Choi (2004) gave a correlation for the effective thermal conductivity of
nanofluid based on the Brownian motion of the nanoparticles, concentration of the
nanoparticles, size of nanoparticles and the temperature of the nanofluid. They developed
their theoretical model based on kinetics, Kapitza resistance and convection involving
four modes of energy transport in nanofluids presented schematically in Figure 2.3.
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Figure 2.3. Modes of energy transport in nanofluids. The first mode is collision between base fluid
molecules; the second mode is the thermal diffusion in nanoparticles suspended in fluids; the third
one is collision between nanoparticles (not shown); and the fourth mode is the thermal interactions of
dynamic or dancing nanoparticles with base fluid molecules, Jang and Choi (2004).

They present their equation as

(2.13)

where keff is the effective thermal conductivity, dnano is the diameter of the nanoparticle,
knano is the thermal conductivity of the particle, kbf is the thermal conductivity of the base
fluid, Φ is the volume fraction of nanoparticles, Pr is the Prandtl number, dBF is the
diameter of base fluid molecule, C1 is a proportional constant, and Rednano is the Reynolds
number defined by

(2.14)

23

where CRM and ν are the random motion velocity of nanoparticles and kinematic viscosity
of the base fluid. The random motion velocity (CRM) is defined as

(2.15)

where lBF = 0.17 nm is the mean free path for water, and the nanoparticle diffusion
coefficient (Do) is given by

(2.16)

where kb = 1.3807 × 10−23 J/K is the Boltzmann constant.
To validate their correlation, they compared their correlation with experimental data.
Excellent agreement between model predictions and experimental results are shown.
Prasher et al. (2005) developed a correlation for estimating the thermal conductivity of
nanofluids. They show that the increase in the thermal conductivity is primarily caused
by convection due to the Brownian movement of the nanoparticle, translation Brownian
motion and the existence of interparticle potential. They present their model as

(2.17)

where k is the enhancement in thermal conductivity, kf is the thermal conductivity of the
base fluid, Φ is the particle volume fraction, Pr is the Prandtl number, A and m are
constants and have the values of 40000 and 2.75, respectively, for alumina nanofluids,
and α is given as
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(2.18)
where Rb = 0.77 × 10-8 Km2W−1 is the interfacial resistance for water, d is the particle
diameter, km is the effective thermal conductivity of the fluid caused by convection and is
given as

(2.19)

The Reynolds number (Re) is given as

(2.20)

where ν is the kinematic viscosity of the liquid, ρN is the density of the particle, dN is the
diameter of the particle, T is the temperature, and kb = 1.3807 × 10−23J/K is the
Boltzmann constant.

2.2 Viscosity of Nanofluids
Hosseini et al. (2010) developed a model based on dimensionless group to describe the
viscosity of nanofluids. Their model includes the effect of the viscosity of base fluid,
particle volume fraction, particle size, temperature and thickness of the capping layer on
nanoparticle. They present their model as

(2.21)
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where ηnf is the viscosity of nanofluid, ηbf is the viscosity of base fluid, m is the shape
factor that depends on the properties of the solid nanoparticles, the base fluid and their
interactions, d is the diameter of nanoparticle, To is the reference temperature at 20°C, r =
1 nm is the thickness of capping layer, and α, β and γ are empirical constants calculated
from a set of experimental data for alumina-water nanofluids using least square
regression, their values are given in the Table 2.2.

Table 2.2 Empirical constants for Al2O3-water, Hosseini et al. (2010).

m

α

β

γ

0.72

−0.485

14.94

0.0105

Mintsa et al. (2007a) measured viscosity of Al2O3-water (particle diameter of 36 nm and
47 nm) and CuO-water (particle diameter of 29 nm) nanofluids using a piston type
calibrated viscometer with a heating jacket. The measurement is based on the Couette
flow inside a cylindrical measurement chamber. The piston is submerged in the sample
and time for the piston to complete a cycle under an alternating magnetic force is
calibrated in terms of fluid viscosity with an accuracy of ±1% for the range of 0–20 cP.
They observed that the viscosity increases with increasing particle concentration. For 47
nm alumina-water nanofluid, the relative viscosity increased from 1.12 to 1.6 to 3.0, and
then to approximately 5.3 for particle concentration increasing from 1% to 4% to 9%, and
finally to 12%. For 36 nm alumina-nanofluid similar tendency was observed. They also
found out that for relatively same concentration of nanoparticles, the viscosity of
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nanofluid with 36 nm particle size are lower than for nanofluid with 47 nm particle size.
This difference was found to me more prominent for volume fraction higher than 5%.
With temperature they observed that the gradient of viscosity vs. temperature is
maximum around 22 to 40°C. They also found out that the gradient is much steeper for
higher particle fraction. They also developed a correlation for the viscosity of nanofluid
for 4% particle concentration as a function of the viscosity of base fluid and temperature
and is give n as
(2.22)
where μnf is the viscosity of nanofluid, μbf is the viscosity of base fluid, and T is the
temperature in °C.
They also observed that after certain temperature, the viscosity curve is almost flat with
an increase in temperature. They also mentioned a critical temperature above which if a
nanofluid is cooled, a hysteresis effect on viscosity is observed (see Figure 2.4).
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Figure 2.4. Hysteresis observed on viscosity for alumina (47 nm, 7%)- water nanofluid, Mintsa et al.
(2007).

Lee et al. (2008) measured the effective viscosities and thermal conductivity of Al2O3water nanofluid for low volume concentration of nanoparticles ranging from 0.01% to
0.3%. They used ultrasonic vibration for 5 hours to finely disperse the particle into the
solution. They used the oscillation type viscometer to measure the viscosity of nanofluid
for a temperature range of 21 to 39°C. They tested their experimental setup with DI water
with a measurement uncertainty of ±1.8%. A maximum increment in viscosity by 2.9% at
concentration of 0.3% compared to the base fluid is reported. They found a nonlinear
relationship between the viscosity and temperature (see Figure 2.5) even at low volume
concentration (0.01%−0.3%). This was found to contradict the Einstein model that serves
to be valid for particle concentration less than 2 % vol. which predicts a linear
relationship between the viscosity and temperature.
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Figure 2.5. Nanofluid Viscosity vs. Temperature for low volume fraction of nanoparticles , Lee et al.
(2008).

Dey and Kole (2010) measured the viscosity of Al2O3 nanofluid based on car engine
coolant. They measured the viscosity by a Brookfield programmable viscometer
connected to a temperature bath to vary the fluid temperature between 10 and 80°C. They
found out that addition of small quantities of Al2O3 particles does not change the
Newtonian behavior of the base fluid (engine oil).The curve between the viscosity and
shear rate are all horizontal straight lines. However, for a volume fraction greater than
0.004, the shear stress varies non-linearly with the shear strain rate indicating a nonNewtonian shear thinning behavior. With increasing temperature they found out that the
viscosity of the nanofluid decreases exponentially. Also, the viscosity of the nanofluid is
found to be increasing with increasing nanoparticle concentration.
Zhou et al. (2010) experimentally investigated the viscosity of alumina nanofluids. The
nanofluids they used are suspension of alumina nanospheres or nanorods in PAO
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lubricant mixed with certain surfactant. The nanospheres they used had a nominal
diameter of 10 nm and that of the nanorod is 800 nm. They prepared four samples of
nanofluid containing 1% alumina nanospheres, 3% alumina nanospheres, 1% alumina
nanorods and 3% alumina nanorods. They used a stress-controlled rheometer in a cone
plate configuration to measure the rheological behavior of the base fluid and the
nanofluid. Their operating temperature was set at 25°C and the shear rate varied between
500 to 0.01 s−1. They used an Ubbelohde capillary viscometer to measure the viscosity at
different temperatures by placing the viscometer in a temperature controlled bath.
They found out that for the same volume fraction, the viscosity of nanofluids containing
nanorods is higher than that of nanofluid containing nanospheres due to the higher aspect
ratio of rods than that of spheres. For 3% volume fraction nanorods nanofluid, they found
out that it showed a non-Newtonian behavior for shear rate higher than 1 s−1 and shows a
shear-thinning behavior. The base fluid showed a perfect Newtonian behavior in the
shear rate range under test. For the nanospheres nanofluid with 1% vol. concentration,
showed a Newtonian behavior for shear rates between 0.1 s−1 and 20 s−1. For higher shear
rate a small shear thinning behavior is noticed. For the nanospheres nanofluid with 3%
volume concentration, a shear thinning trend was seen for shear rates above 20 s−1.
Zhou et al. (2010) has emphasized mainly on the relative viscosity dependence upon
temperature. Relative viscosity is the ratio of viscosity of a solution to the viscosity of a
solvent. They found out that the relative viscosity is independent of temperature for
relatively low volume concentration of nanoparticles except for the nanofluid with3%
alumina nanorods (see Figure 2.6). This trend was even investigated on water based
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titanium dioxide and water based copper oxide nanofluids. For low volume fraction, the
relative viscosity was found independent to temperature. They reported this trend by the
fact that the rheological behavior of nanofluids is mainly dominated by base fluid.

Figure 2.6. The relative viscosity (μr) as a function of temperature in water based alumina nanofluids.
The relative viscosity curve stays flat with temperature except for higher concentration of 9.4%,
Zhou et al. (2010).

2.3 Heat Transfer and Pressure Drop of Nanofluids
Wongwises and Duangthongsuk (2009) measured the heat transfer and pressure drop
characteristics of 0.2 % by volume of TiO2/water nanofluid. The TiO2 nanoparticles had
a mean diameter of 21 nm. They used surface activators and ultrasonication to achieve
better suspension characteristics of the nanofluids. The experimental setup (see Figure
2.7) they used consist of a test section, two receiver tanks, a magnetic gear pump, a hot
water pump, a cooler tank, a hot water tank and a collection tank. Their test section was a
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1.5 m long counter flow horizontal double-tube heat exchanger with nanofluid flowing
inside the inner tube with inner diameter of 8.13 mm and outer diameter of diameter 9.53
mm. Hot water flowed through the annular PVC tube with inside diameter of 27.8 mm
and outside diameter of 33.9 mm. Differential pressure transmitter and T-type
thermocouples were mounted at both ends of the test section to measure the pressure drop
and bulk temperatures. Thermocouples were mounted at different locations along the test
section on the inner tube surface for measuring the heat transfer.

Figure 2.7. Schematic of Experimental Setup to measure heat transfer and pressure drop of
nanofluid, Wongwises et al. (2009).

Wongwises et al. (2009) found that the heat transfer coefficient of nanofluid increases
with an increasing Reynolds number. They show that the 0.2% vol. TiO2/water nanofluid
has a higher heat transfer coefficient than that of water by around approximately 6–11%.
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For 0.2% vol. TiO2/water nanofluid, they found out that the friction factor does not
change compared to that of water. This is attributed to the fact that the small addition of
nanoparticles in the liquid does not change the flow behavior in the fluid and can be
treated as a single phase flow.
Chandrasekar et al. (2010) investigated the friction factor and heat transfer of
Al2O3/water nanofluid flowing through a uniformly heated horizontal tube. The 43 nm
Al2O3 nanoparticles were prepared from an aqueous solution of aluminum chloride by
microwave assisted chemical precipitation method. Nanofluid with specified volume
concentration was prepared by ultra-sonication of the solution to get a stable Al2O3/water
nanofluid.
For the heat transfer measurement, Chandrasekar et al. (2010) built a test loop consisting
of a reservoir, a peristaltic pump, cooling section, test section and a collecting station. A
straight copper tube of 1200 mm in length and 4.85 mm in diameter was used as the test
section. RTDs are placed along the test section for heat transfer measurements. Pressure
ports are connected at the inlet and outlet to the test section to measure the pressure drop.
For 0.1% volume fraction, they found out that the Nusselt number increased by 12.24%
at Re = 2275 compared to distilled water. This increase in Nusselt number is attributed to
mixing effects near the wall, Brownian motion of the particles, increased thermal
conductivity, particle migration and rearrangement, reduction in boundary layer thickness
and delay in boundary layer development. For 0.1% volume concentration, for laminar
flow they found no significant increase in the friction factor compared to distilled water.
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The reason for this may be attributed to the fact that the nanofluid has a low volume
concentration (around 0.1%) of nanoparticles.
Hu et al. (2009) measured the convective heat transfer and pressure drop for alumina
water and zirconia-water nanofluid in a vertical heated tube. Their experimental setup
consisted of a flow loop made up of stainless steel tubing. The loop consisted of a gear
pump to pump the fluid, a turbine meter for volumetric flow measurement; control valve,
pressure transducer, and a heat exchanger to cool the fluid coming out from the test
section (see Figure 2.8). The test section was kept vertical made up of stainless tube with
an inner diameter of 4.5 mm and outer diameter of 6.4 mm and a length of 1.01 m. T-type
thermocouples were cemented along the length of the test section and two T-type
thermocouples were inserted into the flow channel before and after the test section for
bulk fluid temperature measurement. The test section was heated with a DC power
supply.
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Figure 2.8. Schematic of Experimental Setup for Convective Heat Transfer and Viscous Pressure
Drop Measurement, Hu et al. (2006).

They used alumina/water and zirconia/water nanofluids with 6% and 3% volume
concentration of nanoparticles with particle size of 50 nm. They measured the thermal
conductivity of these nanofluids with transient hot wire method with measurement
accuracy of ±2%. The viscosity of the nanofluid was measured with a capillary
viscometer submerged in a temperature controlled bath with measurement accuracy of
0.5%. They found out that the thermal conductivity dependence on temperature of the
nanofluid is same that of the base fluid or water. They also proposed correlations for
thermal conductivity and viscosity for alumina-water nanofluids and are given as
(2.23)
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(2.24)

For heat transfer, Hu et al. (2006) used the following relation for their Nusselt number for
laminar range

(2.25)

(2.26)

where

(2.27)

For fully developed laminar flow, Hu et al. (2006) found that the heat transfer
enhancement for 6% vol. fraction alumina nanofluid and 1.32% vol. fraction zirconia
nanofluids are 27% and 3% respectively. For 6% volume fraction of alumina nanofluids,
they found out that the viscosity is around 7.2 times higher than that of water, resulting
similar increase in pressure loss.
Selvakumar et al. (2012) carried out experiments on the convective heat transfer and
frictional factor characteristics of CuO/water nanofluid under laminar flow and constant
heat flux. The CuO particles were prepared by sol-gel method with average particle size
of 15.7 nm. The sol-gel method involves a reaction of copper chloride and sodium
hydroxide. The particles formed from the reaction is filtered, washed, dried, scraped off
and then ground to obtain the nanoparticles. They prepared nanofluid with concentration
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of 0.1%, 0.2% and 0.3% by dispersing required amount of nanoparticles in water by
using ultrasonic agitation.
The thermal conductivity of the CuO/water nanofluid is measured with a KD2 thermal
property analyzer from Decagon Devices. The thermal conductivities of 0.1%, 0.2% and
0.3% volume concentrations of CuO/water nanofluids was reported to be 0.671, 0.682
and 0.727 W/m.K, respectively. The viscosity was measured with a Brookfield DV-I+Pro
viscometer. The viscosities of 0.1%, 0.2%, and 0.3% volume concentrations of
CuO/water nanofluids were reported to be 0.83, 0.86, and 0.88 cP, respectively, at 27°C.
Their experimental loop setup consists of a test section pipe of 4.85 mm in diameter and
800 mm in length, heat exchanger, flow measurement device and a reservoir. Pressure
transducer ports are connected to the inlet and outlet of the test section and
thermocouples are attached at different locations along the test section for measuring the
friction factor and heat transfer. For a Reynolds number of 2200, the experimental
Nusselt for 0.1, 0.2 and 0.3% volume concentrations of CuO nanoparticles were reported
to be 6, 9.9 and 12.6 %, respectively, higher than that obtained with distilled water. The
friction factor for for 0.1, 0.2 and 0.3% volume concentrations of CuO nanoparticles were
reported to be 8, 13 and 20.7 %, respectively, higher compared to that of distilled water.
Yu et al. (2012) investigated the thermophysical properties and convective heat transfer
phenomenon of Al2O3-polyalphaolefin (PAO) nanofluids containing both spherical (NF1)
and rod (NF2) like particles. The nanofluids were prepared by dispersing alumina
nanoparticles in PAO under ultrasonication. Special dispersants were added to the PAO
to lessen the aggregation of the nanoparticles and stabilize the nanofluid. The diameter of
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the spherical nanoparticles was found to be 60 nm with the aid of a dynamic light
scattering (DLS) instrument. The diameter and length of the rod like nanoparticles was
found to be 7 nm and 85 nm, respectively.
The viscosity was measured with a capillary viscometer under static condition at a
temperature of 25°C for particle volume fractions of 0.33, 0.49, 0.65 and 1.3% volume. It
was seen that the viscosity of the nanofluid clearly increases with the nanoparticle
loading. For the nanofluids containing rod like particles, the viscosity was found to be
higher than that of nanofluids containing spherical nanoparticles for the same volume
concentration of nanoparticles. Yu et al. (2012) also gave a correlation for estimating the
relative viscosity of nanofluids containing spherical nanoparticles which is valid for
volume concentration less than 1.3%.
(2.28)
The thermal conductivity is measured by a thermal property analyzer (KD2 Pro from
Decagon Devices) with an uncertainty of 5%. For spherical nanoparticles, they developed
a correlation using the least squares method and it is given as a function of the volume
concentration of nanoparticles.

(2.29)

The experimental setup of convective heat transfer and pressure drop measurements
established by Yu et al. (2012) consists of a gear pump, turbine flow meter, heat
exchanger, pressure transducer and thermocouples (see Figure 2.9). All the data were
collected by a data acquisition unit. The test section is a circular tube made up of stainless
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steel with 1.09 mm inner diameter, 0.25 mm wall thickness and 306 mm length. The test
section was heated using a DC power supply. Pressure transducers and thermocouples
were placed in the inlet and outlet of the test section for measuring the pressure drop and
bulk fluid inlet and outlet temperature. Thermocouples were also placed along the test
section for measuring the heat transfer. The experimental setup is shown schematically
below

Figure 2.9. Schematic of experimental setup for measuring pressure drop and heat transfer, Yu et al.
(2012).

The pressure drop experiment was conducted for a maximum Reynolds number of 460
which was limited due to the high viscosity of PAO as well as the nanofluid. They
conducted the experiment for 0.65% vol. and 1.3% vol. of spherical and rod shaped
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particles, respectively. They found out that the nanofluids incur higher pressure drop than
the base fluid and the difference get higher with increasing volume concentration of
nanoparticles. Also the pressure drop of the nanofluid containing non-spherical
nanoparticles was found to be always greater than the spherical particles for the same
volume fraction. For medium to high Reynolds number (200−400), the friction factor for
the nanofluids containing non spherical particles was seen to drop below than that given
by Hagen-Poiseuille equation (f Re = 64). This is attributed to the strong alignment of the
nanorods under the shear stress causing the effective viscosity of nanofluids to decrease
in a manner similar to shear thinning.
The convective heat transfer experiments were conducted for 0.65% vol. and 1.3% vol. of
spherical and non-spherical nanoparticles, respectively. The local heat transfer
coefficients were measured at 5 axial locations for Reynolds numbers of 350 and 490.
They found out that the heat transfer of nanofluids is enhanced than that of the base fluid
and the increment increases proportionally to Reynolds number and the loading of
nanoparticles. The local Nusselt number are plotted against a dimensionless parameter
given by
(2.30)
They found out that for spherical nanoparticles, the prediction for the local Nusselt
number given by Shah-London equation closely matched their experimental data. The
Shah-London equation (Shah et al., 1978) is given as
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(2.31)

However, for non-spherical particles, the local Nusselt number vs. the dimensionless
parameter initially follows the Shah-London equation and then drops rapidly with a slope
much steeper than the theoretical curve.
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CHAPTER III

EXPERIMENTAL SETUP AND METHODOLOGY

A proper and sound experimental setup is necessary to minimize the measurement
uncertainties and accurately obtain the data. There has been different speculation by
different authors regarding the thermophysical, fluid flow and heat transfer parameters of
nanofluids. These differences may be caused by the method of measuring and obtaining
the data. Therefore a sound technique of measuring different parameters of the fluid is
critical. This chapter discusses on the detailed experimental setup of obtaining the
thermal conductivity, viscosity, pressure drop, and heat transfer measurements. The
experimental setup is divided into 1) temperature control system, 2) viscosity
measurements, 3) thermal conductivity measurement, 4) experimental loop, 5) instrument
calibration, 6) experimental procedure and 7) experimental uncertainties. The
experimental setup is fairly simple to operate and can be used to measure different types
of fluids other than nanofluids.

42

3.1 Temperature Control System
To measure the physical and thermal properties of fluid at various operating
temperatures, a proper system to maintain a specified temperature is required. This is
achieved through a constant temperature bath form Brookfield Engineering (model TC550MX), see Figure 3.1. This temperature bath can be operated within the range of
−20°C to 135°C with a temperature stability of 0.07°C. The temperature bath has a
reservoir that can hold 7.0 liters of fluid. An opening at the top allows measurement of
different properties by submerging the sample into the bath or the fluid can be circulated
through a tube to other instruments requiring a temperature controlled environment
through constant speed pump.

Figure 3.1. TC 550MX constant temperature bath.
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3.2 Viscosity Measurement
The viscosity is measured with a Brookfield viscometer (model DV II+Pro Extra) with an
accuracy of ±0.1% of the full scale reading. It measures the viscosity and shear stress of
the fluid sample at a given shear rate. The shear rate can be varied by varying the
rotational speed of the spindle from 0.01 to 200 RPM, with 0.01 RPM increments from
0.01 to 0.99 RPM, and 0.1 RPM increments from 1 to 200 RPM. The spindle is immersed
in the sample fluid and rotated at a specified rotational speed. The viscous drag force
against the spindle is measured by a spring deflection. The spring deflection is measured
in terms of torque by a rotary transducer. While taking measurements, the measured
torque should be in between 10–90% of the full scale torque of the calibrated spring to
obtain a good reading. The percentage of the torque will be displayed in the screen. For
the DV II+Pro Extra model, the full scale torque is 0.0673 milliN.m. The measurement
range of the instrument is determined by the rotational speed, size and shape of the
spindle (various spindle come along for measuring various viscosity), and the container
in which the spindle is rotating. The operating temperature is obtained with the help of a
temperature bath. A 600 ml beaker filled with the sample can be placed into the reservoir
of the water bath where the spindle can be immersed and readings can be taken. With the
help of an Enhanced UL adapter with EZ-lock spindle coupling system, the fluid in the
temperature bath can be circulated through a water jacketing system built around the
sample chamber to take readings at a specified temperature (see Figure 3.2).
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Figure 3.2. DV II+Pro Extra Brookfield viscometer connected to the TC-550MX temperature bath.

The viscometer is attached to a PC with a serial USB cable and all the readings are taken
via Rheocalc V3.3 Build 49-1 software. All the communication with the viscometer is
done via this software. This software is capable of programming the viscometer to
operate it at different shear rate. All the readings from this software can be exported to
MS Excel where further analysis of the data can be done.
Before taking any measurements, the use of the viscometer has to be validated for its
accuracy. This is done with the help of a calibration fluid which comes along with the
viscometer. The calibration fluid has a viscosity of 493 cP at 25°C. Readings are taken at
this temperature at different rotational speed. The values are then placed into a standard
template which determines whether the viscometer has passed the calibration test or not.
For other samples, the following are the procedures that must be taken for accurate
readings:
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1. Ensure that the viscometer is level. This can be done by a leveling meter at the top
of the viscometer and leveling screw at the bottom.
2. Turn on the viscometer and select external mode or standalone mode. The
external mode allows the viscometer to be controlled with the help of the
Rheocalc software, whereas in the standalone mode, the viscometer must be
controlled with the touch dials located in the viscometer itself.
3. Ensure that the spindle is not attached to the viscometer. Then auto zero the
torque in the spring. Make sure that at the end of the auto zeroing process, the
percentage torque reads 0% or ±0.1 to ±0.2%.
4. Attach the desired spindle depending upon the readings to be taken. If using a
beaker in the temperature bath, make sure that the volume of sample taken can
fully immerse the spindle. If using the Enhanced UL adapter, 20 ml of the sample
will be enough.
5. Set the temperature bath to the desired temperature with the RTD probe inserted
into the reservoir. When the temperature bath reaches the specified temperature,
wait 3 min before taking any readings. This ensures the sample temperature is in
equilibrium with the bath temperature.
6. After taking the reading, increase the temperature of the bath by 5°C and follow
the same procedure for taking the readings till the maximum desired temperature
is reached.
7. Follow the same procedure by decreasing the bath temperature for the highest to
the lowest.
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3.3 Thermal Conductivity Measurements
The thermal conductivity is measured with the help of a thermal roperties analyzer from
Decagon Devices (model KD2 Pro) with a measurement accuracy of ±5% over the range
of 0.2 to 2 W/(m.K). It is also capable of measuring thermal resistivity, volumetric
specific heat capacity and thermal diffusivity. All the data recorded by the instrument can
be extracted to a PC with the help of a serial cable and the KD2 Pro utility software. The
data can be exported to MS Excel where it can be analyzed.

Figure 3.3. Schematic of thermal conductivity measurement using the KD2 Pro thermal property
analyzer.

It has three sensors which is to be selected depending upon the type of sample (liquid or
solid). This instrument operates on the principle of transient heat conduction. A small
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amount of current is passed through the sensor needle immersed in the sample and the
temperature of the sensor needle is monitored over time to get the thermal conductivity.
Mathematically, this process of obtaining the thermal conductivity reading can be
described by the following equation
3.1

where k is the thermal conductivity in [Wm−1K−1], q is the applied heat per unit length in
[W/m], t is the heating time in [s], and dT is the rise in temperature over the heating time
in [K].
The amount of current input kept minimal so that the heat input is small which minimizes
the sample movement from the sensor and free convection. The KD2 Pro is capable of
resolving 0.001°C temperature so the small amount of heat added does not significantly
affect the result.
The KD2 pro is well capable of measuring the thermal properties of liquids. However,
extra care should be taken to minimize errors. Error may result from convection or bulk
movement of the measuring samples. The sample should be in thermal equilibrium so
that no thermal gradient exists in the sample to minimize free convection. To minimize
error from forced convection, the sensor and the sample must be absolutely still.
Readings must be done during the night time or the weekends so that we do not encounter
any vibration from the HVAC. It is also a good practice to shut down other equipment in
the lab before taking the thermal conductivity reading as they can be a source of vibration
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which can induce forced convection. The sensor needle should be placed into the sample
in a vertical position to get accurate readings.
Before taking any readings, the KD2 Pro and the experimental method should be checked
for its accuracy. This can be done with the help of a provided thermal conductivity
standard liquid whose thermal conductivity is 0.285 W/(m.K) at 20°C.
The following is a procedure which is followed to take a thermal conductivity reading:
1. Take 40 ml of the liquid sample in a septum vial. Ensure that it is completely
filled. Insert the sensor needle into the vial. It must be noted that the sensor needle
is not touching the walls of the vial and it almost lines up with the axis of the vial.
2. Place the vial along with the needle into the temperature bath
3. To have the sensor needle in a perfect vertical position, attach it to a lab stand.
4. Set the temperature bath at a specified temperature at which the reading is to be
taken. Once the bath temperature indicator indicates that it has reached the
specified temperature, keep running the bath at that temperature for 15 minutes to
ensure no thermal gradients in the sample.
5. After that, turn off the temperature bath. Allow 1 min for everything to come to a
still before taking a reading so that no vibration exists.
6. Take a reading; while taking the reading it should be noted that there are no
disturbances or vibrations around.
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3.4 Experimental Loop
This is a closed loop system consisting of 1) reservoir, 2) gear pump, 3) mass flow meter,
4) pressure transducers, 5) data acquisition, 6) thermocouples, 7) DC power supply unit
and 8) heat exchangers which are all connected by a pipe network (see Figure 3.4). The
piping network consists of a ¼ inch stainless steel tubing and flexible PVC tubing. The
flexible tubing is incorporated in this experimental loop to accommodate different lengths
of the test section. This flow loop can facilitate experiments for fluids flowing through
tubes ranging from 6 mm to 500 μm I.D.

Figure 3.4. Schematic of experimental loop for conducting pressure drop and heat transfer
measurements.
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The working fluid is contained in a reservoir which is then pumped to the flow loop by a
gear pump. A counter flow heat exchanger just after the gear pump removes the heat
added by the pump on the fluid. A metering valve allows adjusting the mass flow rate in
the loop. A Coriolis mass flow meter measures the mass flow rate. Pressure transducers
are connected at the inlet and the outlet of the test section to measure the pressure drop. A
DC power supply heats up the test section. Thermocouples are cemented along the test
section for heat transfer analysis. A second heat exchanger right after the test section
removes any heat gained by the fluid when passing through the heated test section. All
the pressure transducer, DC power supply and the mass flow meter are connected to the
data acquisition system which is used to gather and analyze data. The fluid after passing
through the test section goes back to the reservoir.

3.4.1 Reservoir
Figure 3.5 shows the reservoir, which is a PVC made and in cylindrical shape with
diameter of 0.25 m, length 0.3048 m and a capacity of 15 liters. The reservoir is kept 1 m
above the gear pump so that the gear pump will have adequate pressure avoiding it to run
dry. At the bottom of the reservoir a piping connects to the gear pump while at the top a
bypass line and the line from the loop are connected.
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Figure 3.5. Flow loop reservoir.

3.4.2 Gear Pump
The gear pump used for the experiment is a Liquiflow sealed gear pump (model 35 F),
see Figure 3.6. It is rated for a maximum flow of 12.8 LPM and maximum ∆P of 6.9 bar.
This pump is capable of operating at variable speed with maximum rated speed as 1750
RPM. The suction side of the pump is connected to the reservoir whereas the discharge
side is connected to a T-connector which divides the flow through the closed loop and a
bypass.
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Figure 3.6. Liquiflow sealed gear pump.

3.4.3 Mass Flow Meter
The mass flow meter is a Micro Motion mass flow sensor (model CMFS010M)
connected to a 1700R model transmitter (see Figure 3.7). It has an accuracy of ±0.05% of
the flow rate. The maximum flow rate it can measure is 108 kg/hr. The mass flow meter
operates on the principle of the Coriolis effect. The fluid is passed through a U-shaped
tube in the mass flow sensor which is initially vibrating at a given frequency. When the
fluid flows through the U- shaped tube due to its angular velocity and inertia causes the
tube to twist. The twisting of the two legs of the U-shaped tube is sensed by an
electromagnetic sensor in terms of a phase change. This phase change is measured in
terms of mass flow.
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Figure 3. 7 Micro Motion mass flow sensor connected to a 1700R transmitter.

The flow going through the mass flow meter is controlled by a metering or needle valve.
The transmitter gives a DC current signal which is calibrated linearly in terms of flow
rate. The transmitter also allows for the adjusting of the flow range through the display
and switches located in the transmitter itself.

3.4.4 Pressure Transducers
There are three Rosemount pressure transmitters (model 3051) with accuracy of +0.65%
of span connected to the inlet and outlet of the test section (see Figure 3.8). The three
pressure transducers correspond to different pressure ranges. The lowest one can measure
a pressure drop from 0 to 9 psi, the intermediate one can measure pressure drop from 0 to
36 psi and the largest one can measure pressure drop from 0 to 300 psi. All of them are
connected in parallel so that each of them reads the same pressure drop for a given flow
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rate. The main purpose of having the three pressure transmitter connected in parallel is
that for a given pressure drop more accurate reading can be obtained. The pressure
transmitter outputs DC current which is calibrated linearly in terms of pressure drop. If a
pressure drop reading is above the maximum for a given transducer, the data acquisition
unit is programmed to produce an alarm after which a valve on the pressure transmitter
itself allows for the isolation of the particular transmitter.

Figure 3.8. Three Rosemount pressure transmitters (model 3051) connected in parallel.

3.4.5 Data Acquisition Unit
The data acquisition instrument used for the experiment is an Agilent data acquisition
unit (model 34972A) with a 20 channel multiplexer (see Figure 3.9). All the
thermocouples, mass flow meter, pressure transducer are attached to the channels of
multiplexer. The data acquisition unit can sense the temperature based on the type of
thermocouple. All the outputs of the pressure transducers and the mass flow meter are in
55

DC current which can be sensed and programmed linearly to give the output readings in
psi and gm/sec, respectively.
The data acquisition unit is connected to the PC via a USB cable. Agilent Benchlink Data
Logger 3 is used to program the channels, set the reading time and capture data. A read
time of 0.1sec is used for all the experiments conducted.

Figure 3.9. Agilent data acquisition unit (model 34972A).

3.4.6 Thermocouples
There are two different thermocouples used for the experiment. The thermocouples used
for the bulk fluid inlet and outlet temperatures in respect to the test section are
thermocouples from Omega (model no. TMQSS-020U-6). It is a T-type thermocouple
with 0.020 inches sheath diameter and 6 inches length. The tip of the thermocouple is
inserted into the middle of the flow path of the fluid with the help of a Tee and a reducing
compression fitting from Omega (part no. SSLK-116-18, 1/16*1/8). The thermocouple is
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then attached to the data acquisition unit where the bulk temperature are recorded and
analyzed.
Another type of thermocouples is made up from a 36 AWG thermocouple wire from
Omega (model TT-T-36-SLE-1000). The two tips of the thermocouples were welded to
form a thermocouple tip with the help of a thermocouple welder. Special care is taken so
that the tip is small as possible. The tips are then cemented along the test section (see
Figure 3.10) with the help of a high temperature and thermally conductive epoxy from
Omega (part no. 08-101-16). This epoxy is highly thermally conductive but acts as an
insulator for DC current. This protects the thermocouple and enables accurate
temperature readings.

Figure 3.10. Thermocouple wire tip cemented to the test section outer wall with the help of Omega
bond cement.
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3.4.7 DC Power Supply
The DC power supply used in the experiment is the N5761A DC power supply from
Agilent Technologies (see Figure 3.11). It has a rated output of 6 V / 180 A, 1080W. It
has a measurement accuracy of ±300mA for current and ±6mV for voltage. The output
from the DC power supply is connected to the test section through a copper strip soldered
to the test section. The DC power supply has a remote load sense circuit which is
connected to the same copper strips so that the DC power supply can compensate for the
voltage drop in the wires between the test section and the DC power supply itself.

Figure 3.11. N5761A Agilent DC power supply unit.
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3.4.7 Test Section
Three stainless steel 304 tubing from Small Parts are used for the experiment. The first
one is a stainless steel 304 hypodermic tubing of 6 gauge, 0.203 inches in OD, 0.175
inches in ID and 36 inches in length. The second one is a stainless steel 304 hypodermic
tubing of 10 gauge, 0.134 inches in OD, 0.118 inches in ID and 36 inches in length. The
third tubing is the same as the second one except its length is 22 inches. They are
connected to the test loop with the help of polyimides ferrules made up of graphite which
are supplied by Small Parts. The polyimide ferrules acts as a reducing fitting and acts as a
sealing between the experimental loop and the test section. The thermocouple wires are
connected to the test sections (see Figures 3.12−3.14) by the procedure explained in
section 3.4.6. Also the DC power supply is connected to the test section with the help of
copper strips.

Figure 3.12.Stainless steel 304 hypodermic tubing of 6 Gauge, 0.203 inches OD, 0.175 inches ID and
36 inches length. Thermocouples tip are cemented along the test section with two copper strips at the
end for supplying DC power.
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Figure 3.13. Stainless steel 304 hypodermic tubing of 10 Gauge, 0.134 inches OD, 0.118 inches ID
and 36 inches length. Thermocouples tip are cemented along the test section with two copper strips at
the end for supplying DC power.

Figure 3.14. Stainless steel 304 hypodermic tubing of 10 Gauge, 0.134 inches OD, 0.118 inches ID
and 18 inches length. Thermocouples tip are cemented along the test section with two copper strips at
the end for supplying DC power.

3.4.8 Heat Exchangers
Two counter flow heat exchangers are fitted coaxially to the ¼ inch tubing in the
experimental loop. One heat exchanger is placed just after the gear pump to eliminate the
heat added from the pump and maintain a steady inlet temperature to the test section.
Another heat exchanger is fitted just after the test section to remove the heat added during
heating of the test section for heat transfer experiments.
The heat exchangers are ½ inch diameter stainless steel tubing with length of 38 inches.
Each of the heat exchangers is fitted in the test loop with the help of a ½ inch Tee
connection and a bore through fitting from Swagelok on each end. The bore through
fitting has a ½ inch thread at one end and a ¼ inch compression fitting in the other end.
The threaded end is connected to the Tee while the compression fitting maintains a seal
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in between the ½ inch tubing and the ¼ inch tubing. The other free end of the tube is
connected to a cold water supply by a ½ inch PVC tubing.

3.5 Instrument Calibration
3.5.1 KD2 Pro Thermal Property Analyzer Calibration
Before taking any thermal conductivity measurement, the KD2 Pro was calibrated with
the help of a standard calibration fluid from the manufacturer to test the accuracy of the
experimental setup and procedure. By following the same procedure as described in
section 3.3, the measured values are compared with the standard value of the calibration
fluid (see Figure 3.15).
The calibration fluid was specified with a value of thermal conductivity of 0.285 W/m.K
±5% at 20°C. The measurements were performed by keeping the bath temperature at
20°C. It can be seen that the measurement process gives repeatable values with a standard
deviation of 0.0005 W/m.K for the thermal conductivity. The average of these values
deviated from the standard value by −1.05% which is well within the uncertainty limit of
the given thermal conductivity value of the standard calibration fluid. This can conclude
that our experimental procedure for thermal conductivity measurement gives accurate
results.
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Thermal conductivity, k (W/m.K)
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0.3
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0.29
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0.265
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20.5

21

21.5
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Figure 3.15. Thermal conductivity measurement for a standard calibration fluid at a temperature of
20°C. The error bar represents ±5%.

3.5.2 Pressure Transmitters Calibration
The three pressure transducers are calibrated using a pneumatic hand pump from Ametek
(model T-970, range 0 to 580 psi), see Figure 3.16, and a digital electronic gage from
Dwyer (model DPG-107, range 0–300 psi) and model DPG-104, range 0–50 psi).The
calibration was performed by recording the output voltage from the transducers when
certain amount of pressure is applied by the hand pump. The following is the procedure
followed for calibration of the pressure transducers:
1. Connect the digital pressure gauge to the hand pump. Then connect the hand
pump to the high pressure side of the pressure transmitter.
2. Apply certain amount of pressure by pumping the hand pump. Leave the system
for about 2 minutes. If the pressure has reduced, check the connections for leak
using soap solution.
62

3. Apply certain amount of pressure and record the voltage corresponding to the
pressure.
4. Increase the applied pressure by 5 psi and record the voltage. Repeat this step
until the higher range of the pressure transmitter has been reached.
5. Repeat the same steps for other two pressure transmitters.
These steps were followed and Figures 3.17−3.19 show the calibration results for the
three pressure transmitters. A linear trend line is also shown in each of the graphs along
with respective R2 value. This trend line is a curve fit for the linear relation between the
applied pressure and output voltage. The linear equation is also shown in the graph. This
equation is set as a gain (Mx + B) in the data acquisition unit to read the output directly in
terms of pressure drop.

Figure 3.16Ameterk hand pump for calibration of the pressure transducers.

63

10
p = 1.1246V - 2.2474
R² = 1

9

7
6

0-9 psi PT
calibration
chart

5
4
3
2
1
0
0

2

4

6 Volts (V) 8

10

12

Figure 3.17. Calibration graph for 0–9 psi pressure transmitter.
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Figure 3.18. Calibration graph for 0–36 psi pressure transmitter.
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Figure 3.19. Calibration graph for 0–300 psi pressure transmitter.

3.5.3 Viscometer Calibration
The Brookfield viscometer is factory calibrated. Still our process needs to be checked for
accuracy. This is done with the help of a standard calibration fluid. The calibration fluid
has a viscosity of 493 cP at 25°C. The exact procedure outlined in Section 3.2 is followed
by using the enhanced UL adapter. The results of the calibration for the standard
viscosity fluid are shown in Figure 3.20.
It can be seen that the cooling curve follows the same path as the heating curve. While
heating, the viscosity at 25°C is found to be 493.09 cP, while cooling, the viscosity at
25°C is found to be 494.39 cP. These values fall well within the uncertainty of the
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instrument (±2 cP). Thus, it can be concluded that our procedure for taking the viscosity
measurements is accurate.

580.00

viscosity curve for heating
process
viscosity curve for cooling
process

560.00

Viscosity (cP)

540.00
520.00
500.00
480.00
460.00
440.00
17.00

22.00
Temperature

27.00

32.00

(oC)

Figure 3.20. Viscosity vs. temperature curve for the given standard viscosity fluid. The fluid has a
viscosity of 493 cP at 25°C.

3.5.4 Thermocouples Calibration
The heat transfer results are directly affected by the temperature measurements. Thus, all
the thermocouples used in this experiment must be calibrated to determine their accuracy.
Both types of thermocouples were calibrated using the temperature bath and an RTD. The
temperature range for calibration was from around 7–70°C, which falls under the
operating temperature range for this experiment. It can be seen from Figures 3.21 and
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3.22 that the thermocouple readings are in close agreement with the RTD readings in the
temperature range of 7–70°C. The maximum difference between the calibrated
thermocouples and the RTD is 0.31°C.
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Figure 3.21. RTD readings vs. thermocouple readings for the TT-T-36-SLE-1000 thermocouple.
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Figure 3.22. RTD readings vs. thermocouple readings for the TMQSS-0.0U-6 thermocouple.

3.6 Experimental Procedure
3.6.1 Pressure Drop Measurement
1. Start up the pump, mass flow meter, data acquisition unit and the pressure transducers.
2. Set the pump speed to match the desired flow rate and Reynolds number.
3. Make sure that the bypass valve is open to limit the strain in the pump.
3. Supply the heat exchangers with cold tap water.
4. Adjust the metering valve to fine tune the flow rate.
5. See if the all the pressure transducers are stable and reading the same value.
6. Wait 5 min to allow the system to be in steady state.
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7. Start recording the outputs from the mass flow meter, pressure transducers and bulk
temperature measuring thermocouples for 5 minutes.
8. See if all the recordings indicate a steady state process.
9. Increase the flow rate by 1 gm/s by fine tuning the metering valve or increasing the
speed of the pump and repeat the process until the maximum Reynolds number or flow
rate is reached.

3.6.2 Heat Transfer Measurements
1. Stick the thermocouples along the length of the test section with the help of Omega
bond.
2. Use fiber glass insulation (R-25) to insulate the test section. Make sure that the test
section is well insulated.
3. Turn on the pump, mass flow meter, pressure transducers and the data acquisition unit.
4. Make sure the bypass valve is open.
5. Supply the heat exchanger with cold tap water.
6. Fine tune the metering valve or increase the speed of the pump to maintain a desired
flow rate.
7. Turn on the DC power supply.
8. Wait for 15 minutes for the system to be in a steady state.
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9. Start recording the data for 6 minutes.
10. Verify the data recorded represents a steady state process.
11. Increase the flow rate by 1 gm/sec by fine tuning the metering valve or increasing the
speed of the pump.
12. Repeat the process until maximum flow rate has been achieved. If the bulk fluid
temperature difference between the inlet and the outlet becomes less than 2.5oC, stop the
process.
14. Make sure that the DC power supply is turned off first and then the pump. Turning
the pump first might cause excessive temperature in the test section damaging the
thermocouples and the test section. For nanofluid, excessive heat can cause dry out and
clog up the test section.

3.7 Experimental Uncertainties
3.7.1 Friction Factor
The friction factor is given by the Darcy equation which is expressed mathematically as
(3.2)

The velocity term in this equation is computed as
(3.3)
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The flow area is given by
(3.4)

Therefore, the velocity can be written as,
(3.5)

Finally, the friction factor can be written as
(3.6)

From Eq. 3.6, it can be seen that the friction factor depends upon 1) pressure drop, 2)
inside diameter of the tube, 3) density of the fluid flowing through the tube, 4) length of
the tube, and 5) mass flow rate of the fluid.
The uncertainty of measuring the pressure drop, mass flow rate and the length of the tube
can be controlled depending upon the procedure of taking the data. However, uncertainty
in the tube diameter depends upon the manufacturer’s accuracy and methods.
The accuracy of the pressure transmitter is specified as +0.65% of span by the
manufacturer. While taking readings, careful attention was given so that the process
reached steady state and all of the three transducers were reading the same pressure drop.
However, when taking readings with water at low Reynolds number and higher tube
diameter, the uncertainty in the measurement of pressure drop seemed to be high which
were indicated by slightly different reading of the three pressure transmitters. The
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situation seemed better when using nanofluid as the working fluid. In this case the
readings from the lower range pressure transmitter were used for data analysis.
The uncertainty in the inside diameter of the test section is a major factor that affects the
measurement of friction factor. From equation 3.5 it is clear that the friction factor relates
to the fifth power of the inside diameter. The tolerance provided by the manufacturer is
±0.002 inches.
The accuracy of the mass flow meter is specified as ±0.05% of the flow rate. Here also
extra attention was given to capture a steady state process.
The uncertainty of the tube length is determined by the accuracy of the measurement
scale used for measuring the tube. The least count of the measurement scale used is ±
0.25 inches. Repeated measurements were taken to avoid any error. The uncertainty for
the length of the tube is given as ± 0.25 inches.
The nanofluid density is taken as 1.19 gm/cc. The operating range of the experiment was
from 5°C till 70°C. It is assumed that the particle density stays constant over this range
whereas the density of water may change slightly. The maximum uncertainty in density is
calculated as 1.69%.
The uncertainties of the friction factor were estimated within ±5.65 to ±8.53%, as shown
in Table 3.1.
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Table 3.1. Uncertainty in friction factor.

Uncertainty
in pressure
drop

Uncertainty in
inside
diameter

Uncertainty
in length

Uncertainty
in mass flow
rate

Uncertainty
in density

Uncertainty in
friction factor
measurement

±40.43 Pa

1.69%

0.64%

0.05%

1.69%

5.65 to 8.53%

3.7.2 Heat Transfer
The heat transfer is quantified in terms of the Nusselt number. The Nusselt number is
given as
(3.7)

where Nu is the Nusselt number, h is the convective heat transfer coefficient in
[W/m2.K], Di is the tube inside diameter in [m], and k is the thermal conductivity in
[W/m.K].
The convective heat transfer coefficient is calculated from the following equation
(3.8)

where q is the heat flux per unit area and is given as
(3.9)

where Q is the total heat input to the test section and x is the axial distance along the
heated section.
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The inside wall temperature Twi is calculated from the outer wall temperature Two by
using the conduction equation given as
(3.10)

where L is the length, Do is the outside diameter, Di is the inside diameter of the test
section, and ks is the thermal conductivity of the wall. For stainless steel 304, the thermal
conductivity values are given in tabular form by Ho et al. (1977). A temperature
dependent equation for thermal conductivity of stainless steel 304 is obtained by curve
fitting the data from Ho et al. (1977), and is given as
(3.11)
The bulk fluid temperature is assumed to vary linearly from the inlet of the test section to
the outlet and for any axial distance along the test section, it is given as
(3.12)
where Tb,in is the inlet fluid bulk temperature in [°C] and Tb,out is the outlet fluid bulk
temperature in [°C].

74

25

Ks (W/m.K) vs…
y = 0.0156x + 14.53
R² = 0.9982

ks (W/(m.K)

20

15

10

5

0
0

100

200

300

400

500

600

Temperature (oC)

Figure 3.23. Stainless steel thermal conductivity vs. temperature, Ho et al. (1977).

Therefore in final form, the Nusselt number can be written as,
(3.13)

It can be therefore said that the Nusselt number is a function of 1) thermal conductivity of
the fluid, 2) bulk fluid inlet and outlet temperatures, 3) tube outer wall temperature, 4)
length of the heated section,

length of each axial locations, 5) thermal conductivity of

the tube, 6) tube inside diameter, 7) tube outside diameter, 8) current supplied by the DC
power supply, and 9) Voltage supplied by the DC power supply.
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The uncertainty in measurement by the thermocouple is given as ±0.5°C by the
manufacturer for T-type thermocouples. However, when we compared the thermocouples
with a RTD, the maximum deviation found was ±0.31°C.
The thermal conductivity of the fluid is measured with the help of the KD2 pro whose
accuracy is within ±5% for the range 0.2−2 W/m.K.
The thermal conductivity of the 304 stainless steel is obtained from an equation from a
curve fitted value. Here the maximum uncertainty found is 0.617%.
Using these uncertainties, the uncertainty in the measurement of Nusselt number is 6.54%
(see Table 3.2).

Table 3.2. Uncertainty in measurement of Nud.

Uncertainty in
measurement of
h

Uncertainty in
measurement of
q

Uncertainty in
measurement of
Tb

Uncertainty in
measurement
of Twi

Uncertainty in
measurement of
Nud

4.72%

3.14%

1.96%

1.08%

6.91%
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CHAPTER IV

RESULTS AND DISCUSSION

This chapter discusses on the experimental findings and the comparison of the results
with results from different researchers. For most of the experiments, a validation of the
experimental setup and procedure is checked by gathering the data with distilled water.
All the experiments for nanofluid are conducted with 6.0% vol. fraction Al2O3/water
nanofluid with average nanoparticle size of 47 nm. For the viscosity measurements
different concentration of nanofluid were also considered and analyzed.

4.1 Results for Experimental Setup Validation Using Water
Before conducting experiments in the flow loop with nanofluid, it was necessary to
conduct experiments with distilled water and see if the results matched with theory. This
was also done to predict the accuracy of the flow loop and different instruments
connected to it. With water, experiments were conducted with a Reynolds number above
2300. Laminar flow could not be achieved with water due to its low viscosity and the
sensitivity/accuracy of the instruments.
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4.1.1 Thermal Conductivity Measurements with Water
The thermal conductivity of water was first measured with the procedure outlined in
Section 3.3. The plot between the thermal conductivity and temperature for water is
shown in Figure 4.1. It can be seen that the measured value for thermal conductivity of
water well represents the standard values available in textbooks, such as Holman (2010).
The measured thermal conductivity of water tends to increase with temperature. The
thermal conductivity of
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Figure 4.1. Comparison between measured value of thermal conductivity for distilled water at
temperature range from 7°C to 50°C with the standard value.
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water as measured at 7°C is 0.5742 W/m.K and at 50°C is 0.649 W/m.K. Above 50°C
measurements were not taken as the accuracy of measuring thermal conductivity depends
upon the viscosity of the liquid. A higher viscosity implies that it will dampen out the
disturbances and the readings will be more accurate. Above 50°C due to the lower
viscosity of water, readings were not stable and scattered and did not represent a true
value for the thermal conductivity of water. Since the measured values of thermal
conductivity for water is in close agreement with that of the standard value, the procedure
of taking the thermal conductivity measurement is validated and further experiment were
carried out with the NF using the same procedure.

4.1.2 Friction Factor Measurements with Water
The friction factor was calculated with the help of the Darcy-Weisbach equation given as

(4.1)

From the equation, it is clear that the friction factor involves the measurement of the
pressure drop and the mass flow rate. These values of friction factor were plotted against
the Reynolds number. Two tubes of diameter 0.175 inch and 0.118 inch with the same
length of 36 inches were taken as the test section. Most of the values of friction factor
were measured at Reynolds number greater than 4000 for distilled water. The values
measured was compared with different correlations available from the literature which
are given below
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Blasius (1913) for 4000 ≤ Re ≤ 105,
(4.2)
Drew et al. (1932) for 4000 ≤ Re ≤ 5 × 106,
(4.3)
Churchill (1977) for laminar to turbulent region,

(4.4)

where

(4.5)
(4.6)

Bhatti and Shah (1987) for 4000 ≤ Re ≤ 107,
(4.7)
A plot between the measured values of friction factor vs. Reynolds number for water for
both the tube diameter is shown in Figure 4.2. Comparison of the measured value with
other correlation is also done in the same figure. It can be seen that the measured values
are in agreement with that given by the correlation. Further the comparisons between the
measured values of friction factor with those given by the correlations are shown in
Figures 4.3−4.6. It can be seen that the measured values are within ±5% of those
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predicted by the correlations. Thus, it can be concluded that the experimental procedure
for measuring the friction factor is accurate and validated.

Figure 4.2 Plot between the measured friction factor of water in different tube diameter vs. the
Reynolds number. Friction factor calculated from other correlation vs. Reynolds number are also
shown.
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Figure 4.3 Comparison of the measured friction factor of water in different tube diameter with the
value of friction factor calculated from the Blasius correlation. Dotted lines represent ± 5% error.
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Figure 4.4. Comparison of the measured friction factor of water in different tube diameter with the
value of friction factor calculated from the Bhatti and shah correlation. Dotted lines represent ± 5%
error.

Figure 4.5. Comparison of the measured friction factor of water in different tube diameter with the
value of friction factor calculated from the Drew et al. (1932) correlation. Dotted lines represent ±
5% error.

83

Figure 4.6. Comparison of the measured friction factor of water in different tube diameter with the
value of friction factor calculated from the Churchill (1977) correlation. Dotted lines represent ± 5%
error.

4.1.3 Heat Transfer Measurements with Water
The heat transfer is characterized in terms of Nusselt number which is expressed
mathematically as

(4.8)

where Nu is the Nusselt number, h is the convective heat transfer coefficient in
[W/m2.K], Di is the tube inside diameter in [m], and k is the thermal conductivity in
[W/m.K].
The convective heat transfer coefficient is calculated from the following equation
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(4.9)

where q is the heat flux per unit area and is given as

(4.10)

where Q is the total electrical heat input to the test section, and x is the axial distance
along the heated section.
The inside wall temperature (Twi) is calculated from the outer wall temperature (Two) by
using the conduction equation given as

(4.11)

where L is the length, Do is the outside diameter, Di is the inside diameter of the test
section, and ks is the thermal conductivity of the wall. For stainless steel 304, the thermal
conductivity values are given by Ho et al. (1977). A temperature dependent equation for
thermal conductivity of stainless steel 304 is obtained by curve fitting the data from Ho et
al. (1977),
(4.12)
The bulk fluid temperature is assumed to vary linearly from the inlet of the test section to
the outlet and for any axial distance along the test section, it is given as
(4.13)
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where Tb,in is the inlet fluid bulk temperature in [°C] and Tb,out is the outlet fluid bulk
temperature in [°C].
Since the values of Reynolds number for the experiment were in the range
3000 ≤ Re ≤ 12000, the results were compared with the correlations given by Dittus and
Boelter (1930) and Gnielinski (1976). The Dittus and Boelter correlation is valid for fully
turbulent flow and for Prandtl number ranging from 0.6 to 100 and is given as
(4.14)
The Gnielinski correlation is valid for 3000 < Re < 5 × 106 and for Prandtl number
ranging from 0.5 to 2000, and is given as

(4.15)

The plot between the measured Nusselt number and the Reynolds number (see Figure
4.7) shows that the Nusselt number increases with the Reynolds number. The plot for the
Nusselt numbers for 0.175 inch ID tube shows that the measured Nusselt numbers are in
agreement with that calculated by Dittus and Boelter (1930) and Gnielinski (1976)
correlations. For both correlations, most of the value lies within ±15% that of the
expected value (see Figures 4.8 and 4.9). For the 0.118 inch ID, 36 inch long tube, most
of the value lies within ±15% when compared with the Dittus and Boelter correlation,
and within ±10% when compared with the Gnielinski correlation (see Figures 4.10 and
4.11). For the 0.118 inch ID, 18 inch long tube most of the value lies within ±18% when
compared with the Dittus and Boelter correlation and within ±5% when compared with
the Gnielinski correlation (see Figures 4.12 and 4.13). This shows that the Gnilenski
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correlation compares better with the measured data using water than the Dittus and
Boelter correlation. The Gnielinski correlation is generally considered to be more
accurate than the Dittus and Boelter correlation. Since the measured values of Nusselt
number are in agreement with these correlations for different tubes, the experimental
procedure is validated and experiments for heat transfer of nanofluid can be carried out.
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Figure 4.7. Measured Nusselt number vs. Reynolds number for water flowing in different tubes.
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Figure 4.8. Plot showing comparison of the measured Nusselt number and the Nusselt number given
by the Dittus and Boelter correlation for the 0.175 inch ID tube.
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Figure 4.9. Plot showing comparison of the measured Nusselt number and the Nusselt number given
by the Gnielinski correlation for the 0.175 inch ID tube.
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Figure 4.10. Plot showing comparison of the measured Nusselt number and the Nusselt number given
by the Dittus and Boelter correlation for the 0.118 inch ID, 36 inch long tube .
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Figure 4.11. Plot showing comparison of the measured Nusselt number and the Nusselt number given
by the Gnielinski correlation for the 0.118 inch ID, 36 inch long tube.
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Figure 4.12. Plot showing comparison of the measured Nusselt number and the Nusselt number given
by the Dittus and Boelter correlation for the 0.118 inch ID, 18 inch long tube.
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Figure 4.13. Plot showing comparison of the measured Nusselt number and the Nusselt number given
by the Gnielinski correlation for the 0.118 inch ID, 18 inch long tube.

4.2. Thermal Conductivity Results of Nanofluid
The plot for the thermal conductivity measurement of NF vs. temperature is shown in
Figure 4.14. It can be seen from the plot that from 7°C to 50°C the thermal conductivity
of the NF does not increase that much as compared to water. For water the increase in
thermal conductivity from 7°C to 50°C is 13%, whereas for NF it is 3.65%. The
maximum enhancement in thermal conductivity of NF as compared to water is 16.6% at
7°C, which decreases with increasing temperature, and at 50°C the enhancement is
6.96%.
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Figure 4.14. Plot showing the thermal conductivity vs. temperature for water and NF. A plot for the
thermal conductivity ratio vs. temperature is also shown. The vertical axis on the right represents the
thermal conductivity ratio.

Beck et al. (2009) found that the curve of thermal conductivity of Al2O3 nanofluids vs.
temperature with a particle diameter of 12 nm follows a trend the same as that of water.
They report that the temperature dependency of the nanofluid is due to the base fluid and
not the nanoparticles. But in our case, the thermal conductivity of NF stayed pretty much
constant over the temperature range of 7–50°C and did not follow the same trend as that
of water. This suggests that there might be a complex mechanism involved between the
base fluid and the nanoparticle depending upon the nanoparticle size, volume fraction and
interaction between the base fluid and the nanoparticle.
The plot between the measured thermal conductivity ratio and the temperature is shown
in Figure 4.15 along with the values calculated from Maxwell (1892) correlation. It can
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be seen that the Maxwell (1892) correlation clearly under predicts the enhancement in
thermal conductivity, whereas the correlation developed by Beck et al. (2009) over
predicts it. The Maxwell correlation takes into account the thermal conductivity of the
base fluid and the volume fraction, while the correlation developed by Beck et al. (2009)
takes into account the thermal conductivity of base fluid, volume fraction and diameter. It
can be seen that the two correlations seem to be constant for the given temperature range
stating that the temperature dependence of thermal conductivity of nanofluid is solely
dependent upon the base fluid. However, for our case, addition of Al2O3 nanoparticles in
base fluid stabilizes the thermal conductivity of the solution over the temperature range
of 7°C till 50°C. This adds to the fact that the thermal conductivity enhancement in
nanofluid is a complex phenomenon, which takes into account various interactions
among the base fluid and the nanoparticle.
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Figure 4.15. Plot comparing the values of measured thermal conductivity ratio and the thermal
conductivity ratio given by Maxwell (1892) correlation.

Correlation developed by Prasher et al. (2005) takes into account convection due to the
Brownian movement of the nanoparticle, translation Brownian motion and the existence
of interparticle potential in addition to thermal conductivity of base fluid, volume fraction
and diameter. It can be seen that the thermal conductivity enhancement decreases slightly
over the temperature range of 7–50°C. Also our measured values are in good agreement
with the correlation developed by Prasher et al. within a ±5% deviation. This shows that
the thermal conductivity enhancement of nanofluids is dependent upon several factors
including the interaction among the base fluid and the nanoparticle.

94

Thermal conductivity ratio, KNF/Kwater

1.3

6% vol. alumina
nanofluid, measured

1.25

correlation, Beck et al
(2009)

1.2

+5%

1.15

-5%

1.1
1.05
1
0

10

20

30

Temperature

40

50

60

(oC)

Figure 4.16. Plot comparing the values of measured thermal conductivity ratio and the thermal
conductivity ratio given by Beck et al. equation (2009) correlation.
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Figure 4.17. Plot comparing the values of measured thermal conductivity ratio and the thermal
conductivity ratio given by Prasher et al. (2005) correlation.
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4.3 Viscosity Results of Nanofluid
The viscosity of NF is measured at different temperature following the exact procedure
outlined in Section 3.2. The plot between the viscosities of NF with temperature is shown
in Figure 4.18. It can be seen from the plot that the viscosity of NF decreases sharply
with temperature. At a temperature of 6°C, the viscosity is 12.27 cP while at 75°C is 3.45
cP representing a decrease in viscosity by 72% over the temperature range 6–75°C. While
for water the change in viscosity is by 74% over the temperature range 6–75°C, which is
pretty much comparable to NF.
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Figure 4.18. Viscosity vs. temperature for water and NF.
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A plot between the viscosity of nanofluids and temperature for different concentration of
nanofluid is shown in the Figure 4.19. It can be seen that as the concentration of
nanoparticles decreases, the viscosity of the nanofluid also decreases and approaches the
viscosity curve of water vs temperature at lower volume concentration.
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Figure 4.19. Plot showing the viscosity vs. temperature for different concentration Al 2O3/water
nanofluid.

The plot between the relative viscosity of Al2O3/water nanofluid and temperature for
different concentration of nanoparticle is shown in Figure 4.20. It can be seen from the
plot that for 6% vol. fraction Al203/water nanofluid, the relative viscosity increases with
temperature much more compared to lower volume fraction nanofluid.
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For lower volume fraction, the curve seems to be pretty flat. This indicates that for higher
concentration, the viscosity is a strong function of the temperature. For lower
concentration, the temperature dependence of viscosity for nanofluid can be predicted to
be inherited from the base fluid itself. This phenomenon is also observed by Zhou et al.
(2010). Also the relative viscosity of 6 % vol. fraction Al2O3/water nanofluid lies within a
range of 7.25 to 10.24 for the temperature range from 7 to 75°C, which implies a high
viscosity that makes the use of this nanofluid questionable for practical applications.
However, if a good balance between the increased viscosity and the rate of heat transfer

Relative viscosity, µr

is achieved, this nanofluid might find its way for practical purpose.
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Figure 4.20. Plot showing the relative viscosity vs. temperature for different concentration
Al2O3/water nanofluid.
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A plot between the viscosity of nanofluid and volume concentration of nanoparticles at
different temperatures is shown in Figure 4.21. It can be seen that the viscosity of
nanofluids increases with increase in volume concentration of nanoparticles. From the
plot, we can see that, the increase in viscosity with the volume concentration at different
temperatures almost follows the same trend.
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Figure 4.21. Plot showing the viscosity vs. volume concentration of nanoparticles for Al 2O3/water
nanofluid at different temperatures.

The plot between the applied strain rate and the shear stress at three different
temperatures of 6°C, 30°C and 75°C for the NF is shown in Figure 4.22. It can be seen
that the curves are straight lines passing through the origin. This behaviour represents the
NF as a Newtonian fluid for the given shear rates, implying that the viscosity of the fluid
99

is independent of the applied force. The proportanility constant between these curves
represents the viscosity.
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Figure 4.22. Plot between the shear stress and shear rate for NF.

While taking the viscosity measurements for the NF, it was observed that the viscosity vs.
temperature curve on cooling did not follow the curve on heating for a temperature range
7°C–75°C showing some hysteresis. Further experiments were carried out by lowering
the temperature range. For the temperature range 5−30°C, 5−40°C, 5−50°C, and
5−56.8°C, the viscosity vs. temperature curve on cooling lined up with that for heating
(Figures 4.23–4.26). However, for the temperature range of 5−62.65°C (Figure 4.27), the
curve on cooling shifted higher than the curve representing the heating phase. This can
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conclude that above 62.65°C, some of the alteration in properties of nanofluid occurs,
where the particles agglomerate and causes an irrecoverable increase in viscosity. This
type of behavior of nanofluid was also observed by Mintsa et al. (2007), where they
defined a critical temperature above which the nanofluid property changes and causes an
irrecoverable change in viscosity.
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Figure 4.23. Plot showing the viscosity vs. temperature for the NF. The NF is first heated from a
temperature of 6°C to 30°C and then again cooled to 6°C.
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Figure 4.24. Plot showing the viscosity vs. temperature for the NF. The NF is first heated from a
temperature of 6°C to 40°C and then again cooled to 6°C.
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Figure 4.25. Plot showing the viscosity vs. temperature for the NF. The NF is first heated from a
temperature of 6°C to 50°C and then again cooled to 6°C.
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Figure 4.26. Plot showing the viscosity vs. temperature for the NF. The NF is first heated from a
temperature of 6°C to 60°C and then again cooled to 6°C.
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Figure 4.27. Plot showing the viscosity vs. temperature for the NF. The NF is first heated from a
temperature of 6°C to 62.65°C and then again cooled to 6°C.
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Figure 4.28. Plot showing the viscosity vs. temperature for the NF. The NF is first heated from a
temperature of 6°C to 70°C and then again cooled to 6°C.

4.4 Friction Factor Results of Nanofluid
The friction factors for the NF are measured in two different tubes of internal diameter
0.175 inch and 0.118 inch with the same length of 36 inches. Plots between the friction
factor for the NF flowing in the 0.118 inch ID and 0.175 inch ID tubes is shown in
Figures 4.29 and 4.30. Also, the plot between the Poiseuille number and the Reynolds
number for the NF flowing in the 0.118 inch ID and 0.175 inch ID tubes is shown in
Figures 4.31 and 4.32. It can be seen that the friction factor of NF closely matches the
Hagen-Poiseuille equation within ±5%. Also, after a Reynolds number of approximately
1500 in both the tubes, the measured value of friction factor starts to rise up from that
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predicted by the Hagen Poiseuille equation. This indicates a transition from laminar flow
above this Reynolds number.

Figure 4.29. Plot between the friction factor and Reynolds number for the NF flowing through 0.118
inch ID, 36 inch long tube.

Figure 4.30. Plot between the friction factor and Reynolds number for the NF flowing through 0.175
inch ID, 36 inch long tube.
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Figure 4.31. Plot between the Poiseuille number vs. the Reynolds number for the NF flowing through
the 0.175 inch ID, 36 inch long tube.

Figure 4.32. Plot between the Poiseuille number vs. the Reynolds number for the NF flowing through
the 0.118 inch ID, 36 inch long tube.
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4.5 Heat Transfer Results of Nanofluid
Before measuring the heat transfer for a forced convection, an analysis about the entrance
length must be carried out. The thermal entrance length is given by Lienhard and
Lienhard (2008) and is expressed mathematically as

(4.16)

where xe is the entry length in [m].
The heat transfer results for the NF lies under the laminar regime. Under constant heat
flux conditions, the Nusselt number should be Nu = 4.36 for fully developed laminar
flow. However, in our case, the thermal profile in the heated test section did not reach
fully developed condition except for the 0.175 inch ID, 34 inches long tube and 0.118
inch ID, 34 inches tube, when the Reynolds number is less than 150 and 200,
respectively. For the 0.175 inch ID, 34 inches long tube, at the last station where the flow
is fully developed, Nusselt numbers of 4.43, 4.52 and 4.65 were measured for Reynolds
numbers of 96, 120 and 136, respectively, which is within ±7% of the standard value. For
the 0.118 inch ID, 34 inches long tube, at the last station where the flow is fully
developed, Nusselt numbers of 4.35, 4.42 and 4.40 were measured for Reynolds numbers
of 133, 175 and 195, respectively, which is within ±1.37% of the standard value.
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For other Reynolds number a comparison is done with the correlation developed by
Lienhard and Lienhard (2008) which gives the Nusselt number for a thermally
developing flow and is expressed mathematically as

(4.17)

where x+ is the dimensionless distance given by

(4.18)

For all the three tubes, plots between the Nusselt number and the dimensionless distance
are shown in Figures 4.33 to 4.35. It can be seen that all the measured values lie within
±10% with those predicted by Lienhard and Lienhard (2008) correlation and also follows
the same trend as predicted by the correlation.
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Figure 4.33. Nusselt number vs. x+ for 6% vol. alumina/water nanofluid flowing through a 0.175 inch ID, 34 inch long heated test section. The solid line
represents the correlation by Lienhard and Lienhard (2008). Dash lines represent ±10% error.
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Figure 4.34. Nusselt number vs. x+ for 6% vol. alumina/water nanofluid flowing through a 0.118 inch ID, 34 inch long heated test section. The solid line
represents the correlation by Lienhard and Lienhard (2008). Dash lines represent ±10% error.
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Figure 4.35. Nusselt number vs. x+ for 6% vol. alumina/water nanofluid flowing through a 0.118 inch ID, 18 inch long heated test section. The solid line
represents the correlation by Lienhard and Lienhard (2008). Dash lines represent ±10% error.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

This chapter discusses on the conclusions derived from the results of the experiment and
recommends further procedure and experiments which could have been done if
limitations in experimental instruments and time were not a factor to conduct this
research.

5.1 Conclusions
An experimental study was carried out to investigate the thermophysical properties,
friction factor and heat transfer characteristics of 6% vol. concentration AL2O3/water
nanofluid. The conclusions derived from this experiment and its results are discussed in
this chapter.
The thermal conductivity of the nanofluid was measured and it was found out that there is
certain enhancement in thermal conductivity when using alumina/water nanofluid instead
of water. Within the temperature range from 7 to 50°C, the enhancement is higher at a
lower temperature and vice versa. This is because addition of nanoparticle into base fluid
stabilizes its thermal conductivity and the nanofluid thermal conductivity will not be a
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strong function of temperature whereas for water the thermal conductivity rises with
temperature. The thermal conductivity of nanofluid is a complex phenomenon which
takes into account not only thermal conductivity of the base fluid, thermal conductivity of
the nanoparticles, diameter of the particle, volume fraction but also several interactions
among the base fluid and the nanoparticle.
The viscosity of NF is higher than that of the base fluid by a factor of 8 at 7°C which
increases to a factor of nearly 10 at 75°C. The viscosity of the nanofluid decreases with
the volume concentration of the nanoparticles and at different temperatures follows the
same trend. The plot between the shear stress and the shear rate (6 to 122 s−1) for the NF
shows that it is a Newtonian fluid indicated by the linear line passing through the origin.
After 62.65°C, the NF experiences an irrecoverable increase in viscosity and shows a
hysteresis effect on viscosity when heated beyond this temperature and cooled.
The friction factor of the NF in the laminar region can be well approximated by the
Hagen-Poiseuille equation, f = 64 / Re. It is also seen that the transition from laminar flow
starts to occur at a Reynolds number approximately 1500.
The convective heat transfer for fully developed thermal flow indicated a Nusselt number
close to 4.36 within ±7%. For a thermally developing flow, the measured values of
Nusselt number was in well agreement with the correlation given by Lienhard and
Lienhard (2008) within ±10%. Also, the heat transfer of nanofluid can be accurately
predicted by the correlation given for a single phase fluid.
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5.2 Recommendations
The thermal conductivity measurement is very susceptible to error caused by external
disturbances. However, if measurements are conducted by placing the apparatus in a
vibration isolation table, a more accurate reading can be obtained. As indicated by the
hysteresis effect on viscosity, the measurement of thermal conductivity should also be
done by considering cyclic heating and cooling to see if we get a similar trend in thermal
conductivity. Also, the effect of different nanoparticle material, volume concentration
and particle size on thermal conductivity as well as the viscosity should be determined to
understand the thermophysical behavior of the nanofluid in a greater extent. The
nanofluid taken into concentration showed a Newtonian behavior for a value of applied
shear rate between 6 and 122 s−1. The range was limited due to the limitation in the range
of shear rate of the measuring instrument. The nanofluid might or might not show a
Newtonian behavior at higher shear rates. However, to understand the behavior of
nanofluids fully, its behavior must be determined by subjecting it to a greater shear rate
(>500 s−1).
The friction factor and heat transfer results for the nanofluid was measured mostly in the
laminar region. A turbulent flow could not be reached due to the limitation of the gear
pump. A pump capable of producing turbulent flow in the test channel for the nanofluid
should be taken into consideration to understand the friction factor and heat transfer
behavior in the turbulent region. The high tolerance given by the manufacturer led to a
high uncertainty in friction factor measurement. To lessen the uncertainty, an accurate
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method of determining the dimensions of the test section like Laser scanning microscopy
techniques should be applied.
The idea of using nanofluid is to get an increase in the heat transfer rate than when using
conventional fluids. A study conducted by Ghajar and Tang (2007) showed that when
using two phase air-water mixture, after a certain gas flow rate the convective heat
transfer increases to be greater than that of single-phase fluid, as shown in Figure 5.1.
Since the thermal conductivity of nanofluid is more than that of water, similar procedure
can be followed by using nanofluid-air mixture which may further increase the heat
transfer characteristic.

Figure 5.1. Plot showing the convective heat transfer coefficient vs. gas mass flow rate for a two
phase air-water mixture (Ghajar and Tang, 2007).
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