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Abstract

Experimental study was conducted to determine the change in overall heat transfer coefficient
and the thermo hydraulic performance characterictics of a single pass multi tube cross flow
heat exchanger using Al,O3 nanoparticles in a binary mixture of water and ethylene glycol.
The base fluid was a mixture of water and ethylene glycol in 60:40% by vol. The
concentration of Al,O3 nanoparticles was 0.05% and 0.1 % by volume and the temperature
was varied from 45 °C to 55 °C with flow rate from 3, 4 and 5 LPM. Thermal conductivity
and viscosity were also measured. Enhancement of 6.58 % in thermal conductivity was seen
at 30 °C while it was 8.23 % at 60°C. The overall heat transfer co-efficient based on the fin
side heat transfer area was increased by 12.64%. The friction factor increased by 13.9% and

20.81% for 0.05% and 0.1% nanoparticle volume concentrations.

Key words: Nanofluids; Nanoparticles; Thermal conductivity; Viscosity ; Density ;
Stability ; Heat Transfer Coefficient
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Chapter 1

Introduction

1.1 Introduction

Miniaturized and highly efficient thermal systems represent the current requirements of the
automobile, industrial as well as residential cooling and heating systems. But the
performance of the modern thermal systems is primarily limited by the lower conductivity
of the fluids being used in these systems. As a result of research and technology
advancements, the concept of Nanofluids was introduced. The term Nanofluids broadly
refers to the fluids with particles of average size less than 100 nm dispersed in it. The
presence of these particles drastically alters the thermal and transport properties of the base
fluid due to which there is a wide scope of their applications. Primarily conventional fluids
like water, lubricating oil and coolant additives like ethylene glycol etc. are employed as
the working fluids for the heating and cooling systems. One of the major limiting factors
for the low heat transfer performance of these fluids is their poor thermal conductivity.
Hence the idea of dispersing solid particles in the fluid was introduced in order to improve
the thermal conductivity of the fluid and thus improve their heat transferring characteristics.
High conductivity of solids can be utilized in increasing the thermal conductivity of a fluid
by the addition of small solid particles to the fluid. The feasibility and application of the
usage of such mixtures of solid particles with sizes ranging from 10~ ° to 107 meters was
previously examined by many researchers.
Nanofluid is a new type of heat transfer fluid, having nanoparticles (1-100 nm) which are
evenly distributed in the base fluid. These uniformly distributed nanoparticles are generally
metal or metal oxides which have a great enhancing effect on the thermal conductivity of
the nanofluid, thus increasing conduction and convection coefficients and allowing for
higher heat transfer. Nanofluids are being examined for use as advanced heat transfer fluids
for the last two decades. However, because of the complexity and variety of nanofluid
systems, no particular agreement has been reached till now on the possible benefits of using
these fluids for heating/cooling applications.

Nanofluid cannot be considered simple liquid-solid mixture. It is important to

achieve agglomeration-free suspension for considerably long time periods without the

1



possibility of any changes in chemical composition of the base fluid. This can only be
achieved by reducing the density difference between liquids and solids or by increased
viscosity of base fluid. For two-phase systems one of the major issues is the stability of
these nanofluids, and till date it has remained a challenge.

1.2 Preparation methods

The preparation of nanofluids from nanoparticles can be broadly categorized under the
following two methods.

1.2.1 Two-Step Method

The Two-step method is the most commonly used method for preparing nanofluids.
Nanoparticles, nanotubes (carbon nanotubes), nanofibers and other nanomaterials utilized
in this method are produced as dry powders first by the means of chemical and physical
methods. After that the powder is be dispersed into a base fluid in the second step, with the
help of external mixing or stirring methods like magnetic agitators, ultrasonic agitators,
high-shear mixers, homogenizing or ball milling. The Two-step method is the most
commonly used and economic method to prepare nanofluids in large quantities because the
nanopowder manufacturing techniques have already started providing up to required
industrial production levels. Because of the high surface area and surface related activity,
the nanoparticles have a tendency to accumulate together. One of the important methods to
improve the stability of nanoparticles in base fluids is to use surfactants which reduce

surface tension of base fluids.
1.2.2 One-Step Method

Because of the difficulties faced regarding stability during the mixing process in preparing
nanofluids by Two-step method, the One-step method was developed. In order to reduce
the accumulation of nanoparticles, Eastman et al. [2] suggested the one-step physical vapor
condensation process for preparing Cu/ethylene glycol nanofluids. In this one-step method,
it involves the simultaneous synthesis and dispersion of the nanoparticles in the base fluid.
By this method, the drying, storage and transportation processes are removed, so the
accumulation of nanoparticles is kept at a minimum. Thus the stability of fluids is greatly
increased [1]. The one-step method can be used to prepare fluids with uniformly dispersed
nanoparticles and these particles can be kept suspended in a stable manner. The
nanoparticles so prepared have needle-like, square, polygonal or circular morphological

shapes. The One step process avoids the unwanted particle aggregation quite well.
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1.3 Stability analysis

The sticking together of particles termed as agglomeration leads to settlement of the
dispersed particles. Prolonged agglomeration can result in large deposits of particles which
can further result in clogging, especially in case of micro channels where the fluid passages
are already very small. Hence stability is also an important factor that needs to be
considered.

1.4 Methods for evaluating stability

1.4.1 Sedimentation method

This method is the simplest method for evaluation of stability [3]. An external force is
utilized to initiate the sedimentation. The sediment weight or the sediment volume
measured after the predetermined time period represents the stability. They are said to be
stable if the dispersed particle concentration remains constant with respect to time. The
sedimentation method was utilized by Zhu et al. [4] during experimentation in order to
establish graphite suspension stability. Most researchers capture photographs of the
samples at regular time intervals for 24 hours after the nanofluid sample is prepared to
determine sedimentation and hence conclude its stability [5, 6]. The only drawback of
sedimentation method is the long period for observation it requires. Therefore it can be
expedited by the action of a centrifugal force by placing the sample in a setup to spin it at a
speed of around 3000 rpm [7]. This improved method for sedimentation is termed as

Centrifugation method.
1.4.2 Spectral analysis method

Spectral absorbency analysis is also an efficient method to study the stability of nanofluids.
Generally the relationship between the absorbance intensity & concentration of particles in
the fluid is linear. If the nanoparticles dispersed in the fluid have a characteristic absorption
band in the region of 190-1100 nm wavelength, then it is a simple and reliable method to
establish the stability of nanofluids. It utilizes UV-visual spectral analysis. Its advantage is

that it gives quantitative results with respect to concentration of nanofluids [8].
1.4.3 Zeta Potential Analysis

Zeta potential is defined as the potential difference between dispersion fluid and the layer

of stationary attached to the surface of the dispersed particles. It represents the degree of
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repulsion amongst similarly charged adjacent particles. The Zeta potential can be either
positive or negative. Therefore suspensions with a high value of zeta potential are
considered to be electrically more stable as compared to suspensions with low zeta
potentials. The values of zeta potential ranging from 40-60 mV are believed to be highly
stable. Kim et al. [9] performed zeta potential analysis for Au nanofluids and observed
acceptable stability. Zhu et al. [10] studied Alumina-water based nanofluids at various pH

levels and at different surfactant concentrations.
1.4.4 Light Scattering and Electron Microscopy techniques

Imagery analysis of the nanofluids can be done by using electron microscope namely
Scanning Electron Microscope (SEM) or Transmission Electron Microscope
(TEM).Usually TEM is preferred over SEM in case of nanofluids and most of researchers
utilize TEM for their characterization. Cryogenic transmission electron microscope has the
capability to provide a more powerful and reliable characterization technique but its
available in very few laboratories. Sanning Probe Microsopy (SPM) did not find much use
for characterization. A very simple method represents particle size analysis on basis of
Dynamic Light Scattering (DLS). Most researchers have utilized DLS technique to
determine for particle size distribution and then corroborate the results with TEM as main
characterization tool. Other important characterization tools for the structure and
morphology nanoparticles are the Small Angle X-ray Scattering (SAXS) and Small Angle
Neutron Scattering (SANS).

1.5 Methods to increase stability

1.5.1 Use of ultrasonic agitators

After nanofluids have been prepared, agglomeration may occur over time which can result
in even faster sedimentation rates of particles because large clustered particles show the
tendency to settle down quickly under the action of gravity alone. Ultrasonic agitation can
break those clustered particles back into individual particles and it depends on how long the
nanofluid sample was kept in the agitator as demonstrated by Manson et al. [11]. Wang et
al. [6] Investigated two different nanofluids; carbon black-water and silver-silicon oil and
they utilized high energy of cavitation for breaking clusters among particles and again it
was observed that there were less clustered particles in samples that were kept in agitator

for longer time durations [12].



1.5.2 Surface modification techniques

This technique does not require a surfactant. It involves the addition of functional particles
into the base fluids which are capable of providing very stable nanofluids. There are several
of examples of these modification techniques. Yang et al. [13] experimented with addition
of silanes to the surface of silica nanoparticles in the solution. It was observed that there
was no deposition layer formation on the heating surface after the pool boiling process.
Another way to increase stability of carbon nanotubes is by adding hydroxyl groups onto
their surface [14]. These techniques, although complex, have shown to increase stability of
nanoparticles that otherwise tend to agglomerate. Another test was conducted to synthesize
nanofluids containing single as well as double walled CNTs by wet mechanochemical
reaction without the use of surfactants. Data from the infrared spectrum & zeta potential
tests represented that hydroxyl groups had attached onto CNT surfaces [16].

1.5.3 Surfactant addition

Surfactants added in nanofluids are also termed as dispersants. It is an easy and economical
method to achieve the stability of nanofluids. Surfactants tend to have an effect on surface
characteristics even when added in small quantities. They consist of a hydrophobic portion
called the TAIL which is generally a long-chain hydrocarbon, and a hydrophilic portion
called the HEAD. They are added to increase the surface contact of two materials which is
also termed as wet ability. Generally in case of two-phase systems, the surfactant tends to
position itself at the interface of the two phases and maintains a degree of continuity to
some extent between the particles and the base fluid. Depending upon the type of the head,
they are broadly classified into four categories namely a) nonionic (without any charge
groups in its head), b) anionic ( negatively charged head groups) c) cationic (with positively
charged head groups) and d) amphoteric (with zwitterionic head group). Selection of the
right type of surfactant is very important. Generally if the base fluid used is polar solvent
then its necessary to select water-soluble surfactants otherwise oil soluble ones can be
selected. In the case of nonionic surfactants the solubility through hydrophilic/lipophilic
balance (HLB) value can be evaluated. A lower HLB value indicates more oil soluble
surfactants, whereas a higher HLB number represents a more water-soluble surfactant.
Although it is an effective way to increase stability of nanoparticles, it can lead to several
problems like contaminating heat transfer media, produce undesirable effects like foaming
etc. during heating or cooling, effect thermal properties of the nanoparticles and base fluid

like reduced enhancement in thermal conductivity [15].
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1.6 Thermo physical properties

Experimental studies have shown that the thermal conductivity of nanofluids largely
depends on different factors like particle volume fraction, material used, particle size and
shape, base fluid used and also the temperature. The amount and types of additives along
with the acidity of the nanofluid were also responsible in the enhancement of the thermal
conductivity. Dynamic thermal conductivity along with the viscosity are largely dependent
on volume concentration of nanoparticle and other parameters like particle shape and its
size distribution, mixtures used and slip mechanisms, dispersants, etc. Studies have also
showed that thermal conductivity and viscosity both increase by adding nanoparticles in the
base fluid as compared to the base fluid itself. So far till date many theoretical and
experimental values have provided us with various correlations that have been proposed for
thermal conductivity as well as viscosity of these fluids. However, till now no general
correlations have been developed because of lack of mutual understanding on their

mechanisms.

1.6.1 Effects on viscosity

The particles when dispersed in a fluid may come close to each other and form aggregates
of sizes greater than the original particle size which, as a result, tend to settle down due to
gravity. Stability in nanofluids means that there is very low aggregation of the particles.
The aggregation rate is practically determined by the collisions frequency and the
probability of particles joining together during collisions. Another research was done to
analyze the dispersion and stability characteristics of nanofluids prepared by dispersing
CuO nanoparticles. The behavior characteristics based on concentrations by volume at high
pressures of 45 MPa and viscosity at atmospheric pressure were investigated
experimentally. It was observed that the effect of particle size on density was not
substantial but still it could not be ignored. Also the viscosity differences were very large
and required to be taken into consideration for practical applications. These viscosity
differences could be explained qualitatively with the help of a theory explaining both, the
state of aggregation and the distribution of particle size of the nanofluid. Tran X. Phuoc et
al [17] have given some experimental observations based on the shear rate effects and
particle concentrations by volume on the shear stress and the viscosity behavior of

nanofluids prepared by dispersing Fe,O; along with Polyvinylpyrrolidone (PVP) or
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Polyethylene oxide, (PEO), as a dispersant. The observations made clearly show that these
fluids experienced a yield stress and behaved like shear-thinning non-Newtonian fluids.
The yield stresses were reduced to Newtonian limit, as the particle volume fraction was

reduced but still existed at low particle concentrations by volume.

1.6.2 Effects on thermal conductivity

A large number of experimental and theoretical studies have been conducted in the
literature to determine a standard correlation for thermal conductivity of nanofluids. M.M.
Elias et al. [18] presented a research paper for the thermo physical properties of Al,O3
nanoparticles dispersed into water along with ethylene glycol used as coolant in automobile
radiator. The nanofluids were prepared by the two-step method utilizing an ultrasonic
homogenizer but without any surfactants. Thermo physical properties like conductivity,
viscosity and specific heat were determined at different volume concentrations of
nanoparticles at different temperatures. The results showed that thermal conductivity,
viscosity, and density of the nanofluid increased when the particle concentration was
increased but the specific heat of nanofluid showed a decrease. Moreover, with increase in
temperature, thermal conductivity and specific heat were increased but the viscosity and
density were decreased.

Madhusree Kole, T.K. Dey [19] investigated the viscosity of the nanofluid synthesized
from alumina nanoparticles dispersed in commercial car coolant. The nanofluid mixed with
predetermined quantity of oleic acid surfactant was observed to be stable for more than 80
days. The effects of volume fraction and temperature on viscosity were determined. Whereas
the pure base fluid exhibited Newtonian behavior at the measured temperature, it changed
into a non-Newtonian fluid after the addition of a small quantity of alumina nanoparticles.
Their results prove that viscosity of the nanofluid increased with increasing concentrations
and decreasing temperatures. Most of the previously predicted models under estimate the
values of the measured viscosity. Dependence of the nanofluid viscosity on volume fraction
is predicted quite well by most of the given correlations for nanofluids that consider the effect
of Brownian motion of nanoparticles. Similar results were given by other researchers also
[32].

L. Syam Sundar et al. [20] investigated the experimental and theoretical effect on
thermal conductivity and viscosity of magnetic Fe;O, water nanofluid. The nanofluid was
synthesized by first preparing Fe;O, nanoparticles utilizing chemical precipitation method,

and then a sonicator was employed to disperse them in water. Thermal conductivity &
7



viscosity were observed to increase with increasing particle concentration. Viscosity
enhancement was more as compared to thermal conductivity enhancement at any given
concentration & temperature. Theoretical correlations were predicted to give the properties of
nanofluids without having to revert back to the Maxwell and Einstein correlations,

respectively.
1.7 Heat transfer and pressure drop

The effective enhancement of thermal conductivity is very important for the improved heat
transferring behavior of the fluids. Various other variables also play important roles in the
observed results. For instance, the heat transfer coefficient in the case of forced convection in
tubes may be affected by several physical quantities that are related to the fluid as well as
geometry of the given process system through which the flow is being tested. These
quantities often are the intrinsic properties like thermal conductivity, specific heat, density or
viscosity of the fluid as well as the extrinsic system properties like the tube diameter, length,
flow velocity etc. A.A. Abbasian Arani et al. [22] investigated the effect of nanoparticle
concentration on the convection heat transfer coefficient along with pressure drop of TiO,
water nanofluids with particle concentration between 0.002 and 0.02 by volume and
Reynolds ranging from 8000 to 51,000. The experimental setup used was a horizontal double
tube counter-flow type heat exchanger. The results showed that by increasing the Reynolds
number or particle concentration, the convective heat transfer capability increased. But it is
well known that all nanofluids show higher Nusselt number as compared to the distilled water
itself. But for using the nanofluid at higher Reynolds number, much more pumping power
was required to compensate for the pressure drop in nanofluid, whereas the increase in the
Nusselt number with respect to all Reynolds numbers is approximately the same. Hence the
use of nanofluids at higher Reynolds numbers as compared to lower Reynolds numbers
shows very less benefits. Deepak Kumar Agarwal et al. [23] studied the turbulent convective
heat transfer characteristics of kerosene- Al,O; nanofluid in a horizontal circular
experimental configuration using a closed loop setup. The purpose was to identify the
possibilities of use of kerosene-Al,O; nanofluid in the regenerative cooling of the thrust
chamber in a semi-cryogenic rocket engine. The particle size variation effects, effects of
concentration from 0.05% to 0.5% and effects of Reynolds number on convective heat
transfer & pressure drop were explained. Heat transfer performance of the nanofluid is
calculated with respect to identical Reynolds number, Peclet number and velocity. Further

detailed study of experimental data predicted that in most cases, heat transferring properties
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were significantly higher as compared to the pure base fluid i.e. kerosene. Higher increase in
heat transfer coefficient was noticed for larger sized particles compared to smaller sized ones
although the measured thermal conductivity was showed to be higher for smaller sized
particle. A correlation to determine the total heat transfer characteristics of nanofluids is also
determined, which indicates the advantages of these fluids with respect to their thermo
physical properties. The observations also highlight the importance of Prandtl number in
convective heat transfer characteristics.

using computational fluid dynamics (CFD). The behavior and characteristics of pure water &
pure ethylene glycol were compared with the observed results. The heat transfer coefficients
from both methods were compared with those of different particles concentrations. A minute
change in the friction factors was observed in the system and the convective heat transfer

coefficient of the second model was quite different from that of the first model.
1.8 Application of nanofluids

The concept of nanofluids came into existence about two decades ago. Their potential in
heat transfer or cooling applications has continuously attracted increasing attention. Up till
now, there were some research papers which presented overviews of different aspects of
these nanofluids. Because of higher density chips, the design of more compact electronic
components makes heat dissipation even more difficult. All advanced electrical or electronic
devices are facing heat management challenges due to the increased levels of heat generation
and the reduction in the surface area for heat rejection or dissipation. So a reliable heat
management system is very important for the continuous and smooth working of these
modern electronic devices. Generally, there are two alternatives for improving the heat
dissipation for the electronic equipment. First one is to find the best geometry for cooling
devices; second one is to increase their capability to transfer heat. Nanofluids with very high
thermal conductivities also have high convective heat transfer coefficients when compared
to their base fluids. Recent reviews showed that nanofluids can increase the heat transfer
coefficient as well as the thermal conductivity of a fluid or coolant.

Nanofluids have very high potential in improving automotive industry and cooling
rates of heavy-duty engine by increasing efficiency, reducing the weight and complexity of
heating/cooling systems. The increased cooling rates for automobile and truck engines can
also be used to reject more heat energy from higher output engines using the same sized
cooling system. Also on the other hand it would be beneficial to design even more compact

cooling system with radiators which are smaller and lighter. It would also be beneficial as it
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would increase the performance and fuel economy and performance of cars and trucks.
Nanofluids based on Ethylene glycol have recently attracted attention in the possibility of
use as engine coolant [18, 24, 32] because of the low-pressure working conditions compared
to a 50/50 mixture of water and ethylene glycol, which is the most commonly used
automobile coolant. These nanofluids have a very high boiling point, and these can be used
to increase the working temperatures of normal coolants and also remove more heat utilizing
the already existing cooling systems.

In Space and Defense sectors, because of the restriction of space, weight, and
available energy in space stations and aircrafts, there is a very strong demand for highly
efficient heating/cooling systems which are as small in size as possible. The Nanofluids with
very high heat fluxes are capable of providing the necessary cooling/heating rates in such
applications and in other systems of the military or defense and space sectors, which may
include military vehicles and submarines or even high-power laser. Therefore, the
applications of nanofluids range widely especially in the fields where density of power is
very high and the equipment needs to be smaller and lighter.

Over the last two decades, drug delivery systems based on nanoparticles have also
been developed so as to increase the efficiency of the drug action. The very small-sized,
customized surface improves the soluble properties and the multi functional aspects of the
nanoparticles open many opportunities and create new applications in the field of

biomedicines.
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Chapter 2

LITERATURE REVIEW

Ali et al. [1] studied the effect of Alumina/water nanofluids on the thermal performance of
cooling system of an automobile radiator. Al,Os/water nanofluids were prepared at five
different concentrations viz. 0.1, 0.5, 1, 1.5 and 2 % by volume. Gradual enhancement in
heat transfer was observed with particle volume concentration of 0.1, 0.5 and 1.0 % and
was optimum at 1.0 % while it declined with further increment in particle volume
concentration. The maximum percentage increase of the heat transfer rate, heat transfer
coefficient, and Nusselt number of nanofluid was found 14.79, 14.72, and
9.51,respectively, which take place at maximum load of 1 KW and at particle volume
concentration of 0.01.

Jalal et al. [2] conducted the experiments to study the effect of CuO/water nanofluids on
convective heat transfer performance of a heat sink. Four different nanoparticle
volume concentrations i.e. 3.5, 4, 4.5 and 5 % were used. Experimental results verified that
the overall heat transfer coefficient improved and thermal resistance of the heat sink
declined. They concluded that increasing the particle volume concentration results in an
increment in the heat transfer coefficient.

Mohammed et al. [3] reviewed the effect of nanofluids on the heat transfer characteristics
of micro channel heat exchanger. They reported that heat transfer rate can be increased
significantly at the cost of increased friction factor. They recommended to understand the
heat transfer phenomenon related to nanofluids more deliberately and proper study of
nanofluid preparation techniques.

Garg et al. [4] investigated the thermal conductivity and viscosity of ethylene glycol based
copper nanofluids. By using water as solvent, they prepared copper nanofluid with the help
of chemical reaction method and then dispersed it into ethylene glycol by using sonication.
They prepared nanofluid without adding any surfactant. Particle volume concentration was
varied from 0.4 to 2%. Transient hot wire method was used to measure thermal
conductivity of nanofluids of different concentrations. They concluded that because of
higher increment in viscosity as compared to thermal conductivity, the nanofluids are not

suitable in the existing thermal system. However, the advantages of increased thermal
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conductivity could be beneficial by increasing the tube diameter in the application where
the size of thermal equipments is of lesser importance.

Bozorgan et al. [5] studied the effect of AI203/water nanofluids on the performance of an
automotive diesel engine cooling system. Nanofluids were prepared by using y-Al203
nanoparticles of 20 nm mean size and dispersing them in water. The nanofluids were used
as coolant in automotive diesel engine radiator. Overall heat transfer enhancement was
investigated at different particle volume concentrations in turbulent flow region. Results
showed that while keeping the particle volume concentration as constant, the pumping
power was decreased with the vehicle speed. Concentration of particles increased the
viscosity and density of nanofluids which consequently increased the friction factor.
Sheikhzadeh et al. [6] analyzed the thermal performance of a car radiator while using
copper/ethylene glycol as coolant. It was found that the overall heat transfer coefficient of
air side was increased considerably by increasing Reynolds number and particle volume
fraction of nanofluids, consequently the heat transfer rate was increased. They observed
that when particle volume concentration increased from 0 to 5 %, overall heat transfer
coefficient and heat transfer rate were increased by 64.3 % and 26.9 %, respectively. They
also found that when Reynolds number increased from 4000 to 6000, overall heat transfer
coefficient of air and nanofluid were increased by 4.5 % and 12.4 %, respectively.
They concluded that heat transfer performance of radiator was better in hot weather of 50°C
as compared to weather of 20°C.

Leong et al. [7] investigated the performance of an automotive car radiator by using Cu/EG
nanofluids as coolant. Results were compared by taking Reynolds number of air and
coolant as 6000 and 5000, respectively. They found that heat transfer rate was
increased by 3.8 % by adding 2 % of Cu nanoparticles. Thermal performance of heat
exchanger was found highly dependent on air and coolant Reynolds number. An
increment of 42.7 % and 45.2 % was observed when air’s Reynolds number was
increased from 4000 to 6000 for ethylene glycol and Cu/EG nanofluid, respectively. While,
thermal performance was increased by only 0.9 % and 0.4 % when coolant Reynolds
number was increased from 5000 to 7000 for ethylene glycol and Cu/EG nanofluid,
respectively. They observed that frontal area of heat exchanger was reduced by 18.7 % by
adding 2% of Cu nanoparticles into the base fluid. Pumping power for nanofluid was found
12.13 % higher than that with pure ethylene glycol, while keeping volumetric flow rate of

nanofluid constant to 0.2 m3/s.
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Heris et al. [8] investigated the heat transfer characteristics of a circular tube while using
Al203/water nanofluids as heat transfer fluid. Experiments were carried out at constant
wall temperature boundary condition and in laminar flow region. Variation of Nusselt
number with Reynolds number and Peclet number was investigated. Results showed that
heat transfer coefficient increases with particle volume concentration and Peclet number.
They concluded that along with increased thermal conductivity, Brownian motion of
particles, chaotic movement and dispersion of particles plays a vital role in the heat transfer
enhancement.

Nieh et al. [9] employed Al203/water and TiO2/water nanofluids in air cooled radiator to
improve the performance. Thermo-physical properties of nanofluids were measured at
different nanoparticle volume concentration and then pressure drop and heat dissipation
rate were measured at different Reynolds number. Efficiency factor and heat dissipation
rate was greater for nanofluids as compared to that with ethylene glycol/water solution.
They concluded that the TiO2/water nanofluids showed the greater enhancement than
Al203/water nanofluids. Heat dissipation rate was enhanced by 25.6% , 6.1%
improvement for pressure drop was seen , pumping power was increased by 2.5 % and
efficiency factor has 27.2% enhancement as compared to ethylene glycol/water mixture.
Elias et al. [10] experimentally investigated the thermo-hydraulic performance of car
coolant system using nanofluids as coolant. Nanofluids were prepared using AlI203
nanoparticles and base fluid as a mixture of water and ethylene glycol. Two step method
was used to prepare nanofluids. Various thermo-physical properties of nanofluids such as
density, viscosity, thermal conductivity and specific heat were measured at different
temperatures ranging from 10°C to 50°C. Different volume concentrations of
nanoparticles were used varying from 0 to 1 %. Results showed that density, viscosity and
thermal conductivity were enhanced with particle volume concentration while specific heat
of nanofluids was decreased. With increasing temperature, thermal conductivity and
specific heat were increased while density and viscosity were decreased. Enhancement in
average thermal conductivity was observed 3.26 % and 8.30 % with temperature and
particle volume concentration, respectively.

Hwa-Ming Nieh et al. [11] Used Al,O3 and TiO, nanoparticles in air cooled radiator to
enhance the performance. Viscosity, thermal conductivity and specific heat of nanocoolant
was measured at different nanoparticle concentration and then pressure drop, heat

dissipation capacity, pumping power was evaluated at different flow rates. Results showed
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the relationship between pumping power and heat dissipation capacity with the help of
efficiency factor. Efficiency factor and heat dissipation is higher for nanocoolant than
Ethylene glycol/water mixture. TiO, showed the grater enhancement than Al,O3;. Maximum
enhancement ratio was 25.6% for heat dissipation rate, 6.1% enhancement for pressure
drop, 2.5% enhancement for pumping power and efficiency factor has 27.2% enhancement
as compared to Ethylene glycol/water mixture.

Sandesh S. Chougle et al. [12] done experiment on car radiator by using carbon
nanotubes (CNT) and Al203 nanoparticles in water with four different concentration range
from (0.15 to 1 vol.%). Flow rate was varied between 21/min to 5 I/min. Forced convective
heat transfer performance was studied and results showed that at 1% vol. nanoparticle
maximum heat transfer enhancement was 90.76% and 52.03% for CNT and AI203
nanofluid respectively was achieved. As the coolant mass flow rate increased heat
transfer performance was increased for both the nanocoolant. CNT nanofluid showed
massive enhancement as compared Al203 nanofluid because CNT had high aspect ratio,
high thermal conductivity, and low thermal resistance. As the concentration of nanoparticle
was increased thermal conductivity was also increased hence cooling performance was also
increased.

Naraki M et al. [13] took CuO/water nanofluids in car radiator under laminar condition
(100< Re < 1000) at 0.4 % concentration by volume and about 8% enhancement is
achieved over distilled water. Due to increase in thermal conductivity and Brownian
motion of nanoparticles enhancement was increased. Flow rate increment in nanofluids
lead to increase in overall heat transfer coefficient but as inlet temperature of nanofluid
increased from 50°C to 80°C overall heat transfer coefficient decreased. There were
three factors for that decrement a) as the temperature increased viscosity of nanofluid
decreased much greater than density which leads to higher Reynolds number. b) At low
viscosity of nanofluids the particles alignment was very rapid leading to less contact
between nanoparticles. ¢) Thermal conductivity become lower as the particles depleted near
the wall surface. For air side Reynolds number as it increased the overall heat transfer
coefficient increased.

Navid Bozorgan et al. [14] y-Al203 with 20 nm mean sized nanoparticles were used in
water as coolant in automotive diesel engine radiator. Turbulent conditions were taken for
overall heat transfer enhancement at different volume fractions. Results showed that at

same concentration the pumping power decreased as the speed of wvehicle increased,
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and at different concentrations the power increased as the concentration increased at same
speed. Concentration increased the viscosity and density of nanofluid increased as a result
pressure drop increased which lead to increment in friction factor.

Leong et al. [15] investigated the performance of heat transfer coefficient of car radiator
with water and ethylene glycol as coolant. There was 3.8% enhancement in heat transfer
coefficient with 2% concentration of copper nanoparticle in water when air Reynolds
number is 6000 and for coolant it was 5000. When ethylene glycol was used as coolant
with 2% concentration of copper nanoparticles only 0.9% enhancement was occurred at
4000 and 6000 Reynolds number for ethylene glycol and air respectively. 0.4% of
enhancement was achieved when only ethylene glycol used as coolant. Power was
increased by 12.13 % and reduction in frontal area was 18.7%.

Das et al. [16] investigated the thermal conductivity enhancement with temperature of
Al,O3 CuO water-based nanofluids. Temperature Oscillation technique was used to measure
the thermal conductivity. Average diameter of alumina particles was 38.4 nm and for
CuO was 28.6 nm the experimental results showed that with increased in temperature
thermal conductivity increased. Nanofluid containing smaller particles (CuO) showed
greater enhancement in thermal conductivity with temperature. Enhancement in
conductivity also depended on particle concentration, as concentration increased thermal
conductivity increased.

Arani et al. [17] investigated that the convective heat transfer coefficient and pressure drop
was affected by particle concentration. Ti02 (30 nm) nanoparticle in deionised water is
used, Reynolds number was between 8,000-51,000. As the Reynolds number was
increased the Nusselt number also increased, but higher value of Reynolds number leads to
high power consumption to compensate the pressure drop. Based on his experimental
results they consumption to compensate the pressure drop. Based on his experimental results
they concluded that, for a given Reynolds number Nusselt number increased as the
concentration of nanofluid  increased. Thermal performance of all Reynolds number is
examined by using high concentration of nanofluid having high Nusselt number.

Murshed et al. [18] studied the thermal conductivity enhancement of Ti0, and Al,O3
nanoparticles with water as base fluid affected by surfactant and nanoparticle cluster
formation in base fluid. This happened commonly when two step process for preparation
of nanofluid and these nanoparticle agglomerates settled down in container. Cluster
formation is studied by using transmission electron microscope (TEM). He observed

that as the concentration of nanoparticles is increased the agglomerate or cluster
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formation between nanoparticles is increased. This cluster formation reduced the thermal
conductivity enhancement. Agglomerate formation depended on particle size, shape,
concentration, viscosity of base fluid. Large size of cluster formation at high concentration
leads to free region in base fluid and provide high thermal resistance which reduce the
enhancement in conductivity. Remedy for nanofluid clustering is sonication and
surfactants. They break down the large agglomerate and offer stability in nanoparticles
and enhance the thermal conductivity. Cetyl trimethyl ammonium bromide (CTAB)
surfactant is used in small amount to make nanoparticles stabile and improve the
dispersion behavior of nanoparticle, Adsorption of surfactant in fluid leads to
electrostatic repulsive force and hydrophobic surface forces.

Xuan et al. [19] studied the effect of Cu nanoparticles concentration (with different
volume fraction) on heat transfer enhancement. Coefficient of convective heat
transfer increased with increased in flow velocity and volume fraction of nanoparticle for
Reynolds number between 10,000-25,000. It may be noted that the heat transfer
coefficient was larger than that of base fluid alone at same flow velocity. At high
concentration viscosity of nanofluid increased and holds back the heat transfer
enhancement because as viscosity was increased turbulence in flow decreased.
Energy transfer rate increased by random motion between the particles in suspension.
Jahar sarkar et al. [20] used 20% ethylene glycol and 80% water to form ethylene
glycol/water mixture (EG/water). Four type of nanoparticles are used Cu, SiC, Al,Os, and
TiO, to see the effect of these particle in coolant for improvement in cooling capacity,
effectiveness and reduction in pumping power. Results showed that SiC yield best result in
performance in radiator followed by Al,O3, TiO, and Cu respectively. Maximum 15.34%
enhancement in cooling capacity for SiC, 14.33% for Al,03, 14.03% for TiO,, 10.20%
for Cu. Cooling capacity was increased as the mass flow rate of air was increased. This
was happened because heat transfer coefficient increased and effectiveness was
decreased. Results showed that Cu based nanofluid had least cooling capacity and
effectiveness when compare to other. As mass flow rate of coolant increased cooling
capacity and effectiveness was increased. Cu required less power for pump as compared to
other when inlet temperature of nanofluid was increased. Heat transfer rate was
increased but there was very small increment in effectiveness. For each nanofluid

second law efficiency and effectiveness was improved.
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Chapter 3

Experimental Setup and Calibration

3.1 Experimental Setup

Several research papers have suggested that the nanofluids improved the performance of heat
exchangers because of their higher thermal conductivities as compared to conventional heat
transfer fluids like oil, ethylene glycol, water etc. For this experimental study Al,Os
nanoparticles dispersed in a binary mixture of water and ethylene glycol in 60:40% by vol.
were utilized to study effects on a single pass multiple tube cross flow heat exchanger. The

experimental setup is arranged as shown in the figure 3.1.

Figure 3.1: Experimental Equipment: (1) Display, (2) Air flow duct, (3) Forced draft fan, (4)
PID controller, (5) Rotameter, (6) By pass valve, (7) Reservoir tank, (8) U tube manometer,
(9) Heat exchanger.

As shown the setup consists of a cross flow heat exchanger fixed at the end of the duct
through which air is supplied by a forced draft fan with speed regulator at the other end of the
duct. Temperature sensors are positioned at different points on the heat exchanger and
connected to a temperature display. A U-tube manometer, flow lines, two centrifugal pumps,
bypass valve, reservoir with heating element and a PID controller complete the fluid flow

circuit. Performance was evaluated at three different hot fluid inlet temperatures i.e. 45 °C, 50
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°C and 55 °C at three different flow rates of 180, 240 and 300 LPH. Velocity of cold air by
forced draft fan was varied at 3.4 m/s, 5.8 m/s and 6.4 m/s. First the experiment was carried
out using distilled water as working medium, then mixture of water and ethylene glycol in
60:40% by vol. and then Al,Os nanofluids of 0.2% and 0.4% by wt. concentration were added

to above solution to conduct the experiment.

U tube
manometer

= 7
)
L P,

Pump 7 \

Cross flow Heat Exchanger

Rotameter

(= Bypasshne 1

VAT

}:{ — Themmocouple

Heating element

P-1-D control

Figure 3.2: Layout of the Experimental Setup

Table 3.1: Equipment details and specifications

S.No. | Product Specification

1 Cross flow heat exchanger Single pass multi tube cross flow
compact heat exchanger with flat tubes
having semicircular ends.

2 Duct Made of Gl sheet 18 gauge.

3 U-tube manometer Pressure drop across radiator.

4 Rotameter Capacity 0-540 LPH.

5 Temperature sensor RTD PT-100 type.

6 Water tank Stainless steel

7 Heating element 3000W power.

8 PID controller Selec TC 303

9 Anemometer AM 804 CFM/CMM
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Figure 3.3: Heat exchanger with temperature sensors

Table 3.2: Heat exchanger specifications

Height 154 mm Tube 0.255 m?
Cross flow core i
_ _ Width 194 mm Heat Exchanger | Fin Area| 1.106 m®
dimensions _ Areas
Thickness 21 mm Total 1.361 m?
Fin per inches FPI 56 Front Face Area | Total 0.030 m?
Fin Length 21 mm Tubes Rows No. 2
Fin Width 3.5 mm Tubes Total 38
Fin Thickness 0.1 mm Tube Thickness 0.4 mm
Fin Type Multi Louver Tube Space 5.0 mm
3.1.1 Duct

For a uniform flow of air over the heat exchanger, a duct of rectangular cross section made
of galvanized iron sheets of 15 gauge thickness was used. The first 0.25 m length of duct
was formed as a converging section followed by a uniform rectangular cross section to 1.25
m length. A forced draft fan was installed at the convergent section. Heat exchanger was

fixed on the end of uniform section. Another honey comb structure was fixed at the
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converging section end to obtain uniform flow of air through the duct. The forced draft fan

was regulated to vary the flow rate of air passing over the heat exchanger.

Figure 3.4: Duct
3.1.2 U tube manometer

A Differential mercury U tube manometer was setup to measure the pressure drop between
inlet and outlet for the working fluid. The differential U-tube manometer is shown below is

indicative of energy consumed for pumping.

Figure 3.5: Mercury U Tube manometer
3.1.3 Fluid Reservoir

The fluid reservoir made of stainless steel was setup with a heating element to heat the
working fluid. The capacity was 5.5 liters. Pump was setup in reservoir to pump the hot fluid

whose temperature was controlled. A heating element of 3000W power was installed to heat
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the working fluid. The heating element power supply was regulated by the PID controller.

Figure 3.6 shows reservoir tank.

—— T T T P T —

Figure 3.6: Reservoir tank with heating element and pump
3.1.4 PID controller

A Proportional-Integral-Derivative (PID) control was used as it is the most commonly used
control algorithm used in the industry. The PID algorithm employs three basic coefficients
integral, proportional and derivative. The proportional component depends only on the
difference between the set point and the process variable and is called the Error term. The
proportional gain (Kc) determined the ratio of output response to the error signal. The
integral component estimates the error term over time. This results in even a small error term
to cause the integral component to increase slowly. The integral response continuously
increases over time till the error becomes zero, so the final effect is to drive the Steady-State
error to zero. The derivative component results in the output to decrease if the process
variable is increasing quickly. The derivative response is directly proportional to the rate of
change of the process variable. Increasing the derivative time (Td) parameter results in the
control system to strongly react to the changes in the error term and increases the speed of

the overall response of the control system. Figure 3.7 shows the PID controller.
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Figure 3.7: PID controller
3.1.5 Pump

Two pumps were used one to circulate the working fluid and another was used to agitate the
fluid in tank itself so that nanoparticles remained suspended in base fluid. The Second pump
also acted as an agitator which avoided evaporation and local heating of fluid close to the

surface of heating element.

Figure 3.8: Pump

3.1.6 Rotameter
A Rotameter was installed to measure flow rate of working fluid. For the calibration of
rotameter, flow rates were calculated with the help of a stopwatch and a measuring beaker.

The calibration graph is as follows.
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Figure 3.9: Rotameter Calibration graph

3.1.7 RTD Pt 100 temperature sensors

RTD is the abbreviation for resistance temperature detector as shown in Fig. Resistance of
conductor varies linearly with temperature. Due to its high resistivity, least amount of
material is used for the RTD. Pt is for platinum and 100 signifies its resistance value at 0°C
temperature. Platinum can withstand very high temperatures and is therefore the most
commonly used. It provides high accuracy over a wide range of temperature (-200 to +850
°C). Total nine temperature sensors were used on cross flow heat exchanger to get the air side
as water side temperature readings. Four were inserted in heat exchanger to measure the hot
fluid temperature at inlet as well as outlet. Four were fixed at the front side also called air

outlet and one on back side also called inlet of heat exchanger.
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Figure 3.10: Temperature sensor calibration graph

3.2 Ultra sonicator water bath

Ultra sonicator produces ultrasonic sound wave energy in order to agitate the nanoparticles in
base fluid and hence make suspension stable for longer time period. It is shown in the figure
3.11.

Figure 3.11: Ultra sonicator water bath
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3.3 Thermal properties analyzer KD2 PRO
Thermal conductivity of nanofluid was measured by KD2 PRO. It is hand held type

instrument with a sensor which is inserted in medium to measure conductivity. Single-needle
KS-1 60 mm small sensor as shown in Fig. 3.12 is used to measure the thermal conductivity
and resistivity of fluid. The small size of the needle is designed primarily for liquid samples
and insulating materials, which have short heating time. A very small amount of heat is
applied to the needle which helps to prevent free convection in liquid samples.

Figure 3.12: KD2 Pro with KS-1 needle
Table 3.3: Specification single-needle (KS-1)

Size 1.3 mm diameter x 60 mm long

Range 0.02 to 2.00 W/(m- K) (thermal conductivity)
50 to 5000 °C-cm/W (thermal resistivity)

Accuracy (Conductivity) | £5% from 0.2 - 2 W/(m- K)
+0.01 W/(m- K) from 0.02 - 0.2 W/(m- K)

Cable length 0.8m

3.4 Brookfield DV-111 Rheometer

Viscosity of nanofluid was measured using Brookfield DV-1I1 Rheometer.. It gives fluid
parameter like shear stress and the viscosity at the given shear rate. The principle of operation
of the DV-11I is that the spindle is driven by means of a calibrated spring, which can measure

the viscous drag of the fluid against the spindle by deflection of the spring. A rotary
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transducer is present to measure the spring deflection. Rotational speed of the spindle
measures the range of a DV-III in centipoises as shown in Fig.3.13 and specification are

given in table .

Figure 3.13: Brookfield DV-111 Rheometer

Table 3.4: Specification Brookfield DV-I11 Programmable Rheometer
Speed Range 0-250 RPM, 0.1 RPM increments

Viscosity Accuracy +1.0% of full scale range for a specific spindle

running at a Specific speed.

Temperature sensing range - 100°C to 300°C (-148°F to 572°F)
Temperature accuracy +1.0°C from -100°C to 150°C
+2.0°C from +150°C to 300°C
Analog torque output 0 -1 Volt DC (0 - 100% torque)
Analog temperature output 0 -4 Volts DC (10mv / °C)
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Chapter 4
Methodology and Calculations

4.1 Preparation of nanofluids

The a-Al,O3 nanoparticles of average size 40nm were purchased from Intelligent Materials

Pvt. Ltd, Panchkula. The properties of Al,O3; nanoparticles are given in table 4.1.

Table 4.1: Properties of the Al,O3; nanoparticles [1].

Chemical Name a-Al,O; nanopowder
Appearance White powder
Purity >99%

Average particle size | 40nm

pH 6.6

Density (Kg/m°) 3970

Nanofluids were prepared by two step method. The nanoparticles were dispersed into the
base fluid i.e. water and ethylene glycol mixture in 60:40 ratio. For the required volume
concentrations of 0.05%, and 0.1%, fixed quantities of 2.0947 gm and 4.1980 gm of
nanoparticles per 1000 ml of base fluid were dispersed respectively. The nanoparticle
concentrations were selected because after studying literatures it was observed that up to
0.1% concentrations the nanofluids exhibited very good stability. To further hold the
particles in suspension the nanoparticles, ultra sonicator was used. Sonication was done for 2
hours before testing thermal conductivity and viscosity of the nanofluids. After this process
the nanoparticles were more evenly dispersed in base fluid. The Al,Os; samples prepared are

as shown in Fig. 4.1.
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Figure.4.1: 0.1% volume concentration Al,Os/water and ethylene glycol (60:40) nanofluid

4.2 Experimental procedure

Experimental setup consisting of a cross flow heat exchanger placed at one end of duct
with a force draft fan fixed to other end having varying rpm to change the velocity of air.
Duct is 1.25 m in length to produce a uniform flow of air throughout the cross flow heat
exchanger. Fluid reservoir having a heater of 3000W with power supply regulated by PID
controller was used. Temperature sensors are located on heat exchanger to get the air side
temperature readings and four sensors are inserted in heat exchanger to measure the hot
fluid temperature at both inlet and outlet. A U-tube mercury manometer was used to
determine the fluid side pressure drop.

The above mentioned experimental setup was used for heat transfer rate and pressure drop
calculations have been described below.

1. Electrical heater was switched on which is connected to the PID controller to
maintain the required inlet temperature. Three temperatures taken were 45°C, 50°C,
and 55°C. First we set 45°C temperature for measuring..

2. Pump was used to circulate the hot fluid in heat exchanger circuit as described.

3. Hot fluid consists of base fluid and nanofluid which contain Al,O;
nanoparticle at 0.05% conc. and 0.1% conc. in base fluid.

4. Another pump was used as agitator to maintain the suspension of nanoparticle in
base fluid and avoid the local heating of fluid near the heating element to maintain
the same temperature throughout the reservoir.

5. First base fluid was used as hot fluid for experimental procedure. Base fluid
readings were then compared with nanofluid readings to see the changes.

6. The flow rate of hot fluid flowing in heat exchanger was set. Three different flow
rates were taken i.e. 3, 4 and 5 litres per minute respectively.

7. The bypass line valve was set to get minimum flow rate through it and

maximum required flow rate through the rotameter.
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8. The fan was switched on and velocity set at which the readings were to be taken.
There were 3 different velocities settings for fan ie. 3.30 m/s, 5.30 m/s and
6.4 m/s. For first experimental readings the velocity was set at 3.30 m/s.

9. Temperature readings were noted every 5 min for all the temperature sensors
through the digital temperature indicator till steady state was achieved. Pressure
drop readings were noted from U tube manometer.

10. Two readings were noted at steady state for all the temperature sensors.

11. The flow rate of hot fluid was changed to 3, 4, and 5 litres per minute and the
same steps 9 and 10 were repeated.

12. Then the fan speed was set to 5.30 m/sec after and steps 9 to 11 were repeated.

13. When tests at all three speeds were done then temperature was set at 50°C and
the procedure was repeated from step 7.

14. The same procedure from step 7 was repeated again for 55°C temperature and the
temperature readings were noted at steady state.

15. The procedure was repeated from step 6 for nanofluid at 0.05% and 0.1%

concentrations for all flow rates, all fan speeds, and all temperatures.
4.3 Experimental calculations

Experimental calculations were done for both water side and air side at 45°C temperature of
hot working fluid. Air side thermo physical properties were considered at bulk mean
temperature of air passing across the heat exchanger. Hot fluid thermo physical properties
were also considered at bulk mean temperature. A control volume as shown below in

Fig.4.2 to calculate the different types of area was considered.

Tube ‘\\— /
N
/e m

Fin 10

'Y
A 4

E 3 Tube width

Length
of tube
+ Fin width

Fin thickness

Figure 4.2 Tube fin control volume
4.3.1 Air side calculations

Aiir side calculation and its thermo physical properties are given below.

34



Dpa = 0.00153 m Ha= 18.836 x 10® Ns/m*  p,=1.1154kg/m®* Pr=0.71

Ka =0.026 W/mK  Cp,=1013.3 J/kg K V,=3.3m/s

Mass flow rate of air, W, = pa X Ac X V, (4.2)
W, =0.11042 kg/s

Heat capacity rate = W, X Cya 4.2)
Heat capacity rate = 111.89 W/K

Core mass velocity [2], G, = Wi /A. 4.3)
G, = 3.68 kg/m’s

Re, = Ga X Dpat pa = 299 (4.4)
Reynolds number louvered side, Rejp = pa X I, X Va/ pa (4.5)
Rey, = 164.2

Colburn factor (Jy) is dimensionless representation of heat transfer coefficient [2]
Ja=0.249 x Reppy* x 1103 x HO% x |M/H; (4.6)
J.=0.010

ha = Ja X Ga X CpalPra (4.7)
ha, = 46.854

m = (2 x hy/Ka % 8)°° =0.36 (4.8)
ml =0.36 x 3.5/1000 = 0.00126

Fin efficiency n¢=tanh ml / ml (4.9)
= 0.98

4.3.2 Hot working fluid tube side

Hot fluid side calculation and thermo physical properties for the base fluid are given below at

3 litres per minute flow rate

Dhpt = 0.0013623 m e = 0.001546 Ns/m” ppr = 1092 kg/m® Prys = 8.66
Kot =0.424 W/mK  C,r = 3560 J/kg K Ve = 0.094 m/s

Mass flow rate of base fluid, Wy = 0.0546 kg/s

Heat capacity rate = Wy X Cp pr (4.10)

Heat capacity rate = 194.376

Reynold number through each tube, Reps = pps X Vit X Dhps/ Hof
Reps = 90.23

Nt = Ko X NUps / Dnps

hpt = 1436.460 W/m’K
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Chapter 5

Results and Discussion

5.1 Temperature dependence of thermo-physical properties

Various thermo physical properties of the nanofluid namely the thermal conductivity, density
and viscosity were measured experimentally with the help of KD2 Pro thermal property
analyzer, specific gravity bottle and Brookfield DV-111 Rheometer respectively. Temperature
dependence of these properties was also studied experimentally which were then compared
with those of the base fluid.

5.1.1 Temperature dependence of density of nanofluid

From Figure 5.1, it could be concluded that nanofluid density was higher than that of water as
was expected but it decreased slightly with increase in temperature of the fluid. There was a

maximum variation of only 1.01% when temperature increased from 25 °C to 65 °C .
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Figure 5.1: Effect of temperature variation on density of Al,Os/water and ethylene glycol

nanofluid.
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The trend of change in density was similar to the trend shown by the base fluid which was
mixture of water and ethylene glycol in 60:40 ratio.

5.1.2 Temperature dependence of thermal conductivity of nanofluid

From experimental data it was observed that the thermal conductivity of Al,Os/water and
ethylene glycol nanofluid was higher than that of water and ethylene glycol which was the
base fluid. Also it showed strong dependency on temperature of the fluid. Figure 5.2 shows
the experimental data of thermal conductivity of nanofluid which increased significantly with
the base fluid temperature. The reason can be attributed to the fact that increase in fluid
temperature further strengthens the Brownian motion of dispersed nanoparticles and also
reduces the viscosity of the base fluid. Along with a strengthened Brownian motion of
particles, the effect of micro convection in heat transport increases and as a result it increased
the thermal conductivity of nanofluids.

0.47
—m— Base Fluid
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Figure 5.2: Dependence of Thermal Conductivity of Al,Os/water and ethylene glycol
nanofluid with temperature.
5.1.3 Temperature dependence of viscosity of nanofluid

From the experimental data obtained, it was observed that viscosity of nanofluid at 0.1%
(vol.) concentration was slightly higher than that of water, simply because when solid

particles are added to the base fluid, it increased the density of the mixture and as a result it
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required more force to overcome the inertial forces. Hence the viscosity increased but there
was significant variation in viscosity with changes in temperature. The trend of change in
viscosity was similar to the trend shown by the base fluid as shown by the figure 5.3 below.
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Figure 5.3: Effects of temperature on viscosity of nanofluid.

5.2 Tube side analysis of working fluid

Experiments were performed at varying temperatures and inlet flow rates of working fluid,
using base fluid and two different concentrations of Al,O; nanoparticles. Heat transfer rate
was increased significantly with addition of nanoparticles into base fluid primarily due to the
increased thermal conductivity of base fluid. To understand the changes in heat transfer
coefficient, the changes in Nusselt number were observed because Nusselt number is a
dimensionless form of heat transfer co-efficient.

Friction factor, which is a measure of pressure drop, was also another important
parameter that was observed. The thermal performance of the heat exchanger was improved
significantly along with slight increase in the pumping power after the addition of
nanoparticles. The tube side performance characteristics were observed by analyzing the
following parameters. The effect on Reynolds number of working fluid, inlet temperature and
nanoparticles concentration on tube side Nusselt number and friction factor have been

illustrated as follows.



5.2.1 Temperature dependence of Reynolds number at different flow rates

Reynolds number is a measure of flow pattern. For laminar flow through pipes and tubes its
value is below 2000. Figure 5.4 shows the effect on Reynolds number for base fluid and
particle volume concentrations of 0.05% and 0.1 % at different inlet temperatures of 45°C,
50°C, 55°C along with different flow rates of 3, 4, 5 Litre per minute (LPM). Similar trends
were found for higher values of temperature. The enhancement of heat transfer with rising

Reynolds number was observed primarily due to reduction of the thermal boundary layer

thickness.
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Figure 5.4(c): Reynolds number for 0.1% Al,Os

From the data it was observed that although the trends were similar but the actual values of
Reynolds number were different due to different fluid properties of the base fluis at different
temperatures namely the viscosity and density.

5.2.2 Temperature dependence of Nusselt number at different flow rates
Nusselt number is a dimensionless measure of heat transfer coefficient. Figure 5.5 shows the
effect on Nusselt number for base fluid and particle volume concentrations of 0.05% and 0.1
% at different inlet temperatures of 45°C, 50°C, 55°C along with different flow rates of 3, 4,
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5 Litre per minute (LPM). Similar trends were found for higher values of temperature. The

enhancement of heat transfer with rising Nusselt number was observed.
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Figure 5.5(c): Nusselt number for 0.1% Al,Os

It can be clearly seen from the data the variation trends were similar to the one shown by the
base fluid. It can also be interpreted that Nusselt numbers significantly increased with
increasing Reynolds number which itself increased with increasing flow rates as showed in
figures 5.4.

5.2.3 Temperature dependence of friction factor at different flow rates
Friction factor is the measure of pressure drop and therefore signifies the pumping power
required to pump the working fluid through the heat exchanger. As shown in figure 5.6
friction factor of base fluid decreased as the Reynolds number increased at the given
temperature but it was also observed that as the temperature was increased the value of
friction factor decreased because in the case of liquids the Reynolds number increases due to
decrease in viscosity. Friction factor was observed to decrease considerably with increasing
flow rates, simply because at higher flow rates the Reynolds number also increased because

the inertial forces become dominant as compared to the viscous forces. At this stage the
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addition of nanoparticles increased the friction factor which showed that the use of nanofluids
for heat transfer enhancement did increase the required pumping power.
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Figure 5.6(c): Friction factor for 0.1% Al,Os

5.2.4 Heat transfer coefficient variation with nanofluid concentration

The tube side heat transfer coefficient increased as the nanoparticle concentration was
increased as shown in figure 5.7. It was also observed that with increasing inlet temperature
of the fluid the heat transfer coefficient increased with a maximum enhancement of 3.54% for
0.1% vol. concentration and a minimum enhancement of 1.87% for 0.05% vol. concentration
of Al,O; nanoparticles. The minimum enhancement was observed at 40 °C temperature and
maximum enhancement was observed at 55 °C temperature. From the graph it was also
observed that for 0.1% vol. concentration the increase in enhancement was relatively small

over 0.05% vol. concentration as compared to the base fluid.
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Figure 5.7: Effects of temperature on heat transfer coefficient at different concentrations.

5.2.5 Variation in pressure drop

The experiment was conducted with a U tube manometer connected across the inlet and
outlet of the heat exchanger to measure the direct pressure drop through it. The data is plotted
in figure 5.8 as shown below. It was observed that the pressure drop increased with the
increasing concentration of nanoparticles as was expected. The maximum increase in
pressure drop was observed to be 20% for 0.1% vol. concentration of Al,Os nanoparticles.
Whereas for 0.05% vol. concentration the maximum pressure drop was observed to be around
12%.

60

1 —=— Base Fluid
%7 —e— (0.05 vol.%) Al,0,/Base Fluid

504 —4— (0.10 vol.%) Al,O,/Base Fluid

45

40 L]

30
B4,

1 ®
20

15 T T T T T T T T T
3.0 3.5 4.0 4.5 5.0

Flow Rate (L/min)

Pressure Drop (mm of Hg)
&
1
'\’

Figure 5.8: Tube side pressure drop at different concentrations.
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Chapter 6

Conclusions

The experiments were conducted on a single-pass multiple tube cross-flow heat exchanger to
study the effect of Al,Os/water and ethylene glycol nanofluid on the thermo hydraulic
performance characteristics of the heat exchanger. The experiments were conducted using
mixture of water and ethylene glycol in 60:40 ratio as base fluid, 0.05% (vol.) and 0.1% (vol.)
concentration Al,Os/water and ethylene glycol nanofluid as hot working fluid flowing through
the heat exchanger tubes.

The experiments were conducted at 45°C, 50°C and 55°C fluid temperature at inlet. Reynolds
number of working fluid and air flowing across the heat exchanger was varied at three
different settings. The tests were carried out in laminar flow regime and the following

conclusions were made based on the data from the experiment performed.

6.1 Thermo physical Properties

e Thermal conductivity of base fluid was increased with the addition of nanoparticles.
Also it was observed that thermal conductivity showed dependence on temperature.
Enhancement of 6.58 % in thermal conductivity was seen at 30 °C while it was 8.23 %
at 60°C.

e Density of nanofluid was observed to be slightly higher than the base fluid. But with
increasing the temperature its density decreased. Density showed a variation of 1.01%
as temperature increased from 25°C to 65°C.

e Viscosity of nanofluid was also higher than that of base fluid as was expected, and it
followed a decreasing trend with increase in temperature. Viscosity of nanofluid
showed a variation of 9.57% as temperature increased from 40°C to 55°C with a

maximum increase of 19.1% over the base fluid for 0.1% vol. concentration sample.
6.2 Heat exchanger tube side performance

e Nusselt number of hot working fluid was increased with increasing flow rate of fluid

and nanoparticles volume concentration. For 45°C inlet fluid temperature, Nusselt
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number was increased by 3.9% and 4.5% for 0.05% and 0.1% vol. concentration of
nanofluids, respectively.

Nusselt number also showed an increase with increasing the inlet temperature of hot
working fluid. For 0.05% particle volume concentration, value of Nusselt number was
increased by 5.38% and 5.85% for 0.05% and 0.1% vol. concentrations respectively
when temperature was increased to 55°C from 45°C.

The heat transfer coefficient increased with a maximum enhancement of 3.54% for
0.1% vol. concentration and a minimum enhancement of 1.87% for 0.05% vol.
concentration of Al,O3 nanoparticles.

Friction factor of hot working fluid showed an increase with addition of nanoparticles
into the base fluid. At 45°C inlet temperature of nanofluid the friction factor increased
by 13.9% and 20.81% for 0.05% and 0.1% nanoparticle volume concentrations
respectively over the base fluid.

The average friction factor of nanofluid decrease with increasing inlet temperature of
nanofluid. For 0.05% vol. concentration, friction factor was decreased by 14.28% and
for 0.1% vol. concentration it decreased by 12.6% when temperature was increased to
55°C from 45°C.

6.3 Heat exchanger overall performance

The effectiveness of the heat exchanger was increased with the aid of Al,Os/Water
and ethylene glycol (60:40) nanofluids. It increased by 11.19 % and 18.72% for
0.05% and 0.1% vol. concentrations of nanofluids respectively.

The overall heat transfer co-efficient based on the fin side heat transfer area was also
increased by 7.21% and 12.64% for 0.05% and 0.1% vol. concentrations respectively

as compared to the base fluid.

6.4 Future scope

The presented work was done utilizing Al,Os/water and ethylene glycol (60:40) nanofluid

which was prepared by two step method. Al,O; nanoparticles of average particle size 40 nm

were dispersed into the base fluid at 0.05% and 0.1% volume concentrations. Future scopes

of the work are as follows.
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Experiments can be performed using smaller sized particles, less than 40 nm, as it
would help in stabilizing the nanofluid and avoid settling down of particles.

CFD analysis needs to be done extensively to get results comparable to the
experimental results.

Better understanding required for two phase CFD analysis because single phase

analysis gives comparable results only for very low particle concentrations.
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Appendix

Table Al: Rotameter calibration data

Flow rate | Flow rate (ml
Test1l | Test2 | Test3 | Test4 | Test5 | Test6 | Test7 | Test8 | Test9 | Test 10
(LPM) | per30second)
2 1000 1010 | 1004 998 990 992 1006 990 996 1003 | 1007
3 1500 1515 | 1506 | 1497 | 1485 | 1488 | 1509 | 1485 | 1494 | 1504 | 1510
4 2000 2020 | 2008 | 1996 | 1980 | 1984 | 2012 | 1980 | 1992 | 2006 | 2014
5 2500 2520 | 2510 | 2495 | 2490 | 2485 | 2510 | 2490 | 2488 | 2507 | 2515
6 3000 3010 | 3012 | 2994 | 2985 | 2990 | 3015 | 2985 | 2988 | 3009 | 3015
Table A2: Temperature sensors calibration data (°C)
Thermometer
. TS1 | TS2 | 1S3 | TS4 | TS5 | TS6 | TS7 | TS8 | TS9
reading
20 196 | 204 | 21.3 | 21.1 | 204 | 20.2 | 19.8 | 20.5 | 20.3
26 26 25.4 25 24.8 | 275 | 26.4 | 27.1 27 25.4
29 30 294 | 303 | 29.5 | 298 | 29.1 | 30.4 | 28.7 | 28.5
35 35.4 | 35.6 | 34.6 35 359 | 345 | 34.7 | 35.2 | 36.1
42 43 42,7 | 42.8 | 423 | 41.4 | 41.7 | 43.2 | 42,5 | 41.7
46 47.4 46.2 45.2 47.1 46.9 45.6 45.7 46.8 45.1
50 51 51.5 | 49.2 | 50.4 | 50.9 | 489 | 49.2 | 50.8 | 50.2
55 54.8 | 54.9 | 55.8 56 54.1 55 56.2 | 55.7 54
60 59.5 | 60.5 | 61.3 | 60.7 | 60.3 | 59.3 [ 59.8 61 60.7

Table A3: Thermal Conductivity of Al,Os/water and ethylene glycol nanofluid with

temperature.
Temperature | Thermal conductivity (W/mK)

() Base fluid| 0.05% 0.10%
30 0.411 0.418 0.426
35 0.417 0.425 0.431
40 0.421 0.431 0.434
45 0.424 0.435 0.439
50 0.427 0.441 0.445
55 0.429 0.445 0.45
60 0.433 0.451 0.456
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Table A4: Viscosity of nanofluid with temperature

Temperature Viscosity (Pa. s)&
(°¢) Base fluid| 0.05% 0.10%
40 0.001367 | 0.001463 | 0.001565
45 0.001246 | 0.001423 | 0.001512
50 0.001177 | 0.001346 | 0.001434
55 0.001095 | 0.0012 | 0.00131

Table A5: Reynolds number with temperature.

Reynolds number for Base

Reynolds number for 0.05 %

Reynolds number for 0.1 %

Flow Rate ]
(LPM) Fluid conc. conc.
45°C 50°C 55°C 45°C 50°C 55°C 45°C 50°C 55°C
3 111.95762| 118.1954| 126.6965| 98.30108( 103.5449| 115.8235| 92.68382| 97.36886| 106.2929
4 149.27683| 157.5938| 168.9287| 131.0681| 138.0599| 154.4313| 123.5784| 129.8251| 141.7239
5 186.59604| 196.9923| 211.1609| 163.8351| 172.5749| 193.0392( 154.473| 162.2814| 177.1548
Table A6: Nusselt number with temperature.
Flow Rate | Nusselt number for Base Fluid Nusselt number for 0.05 % Nusselt number for 0.1 %
(LPM) conc. conc.
45°C 50°C 55°C 45°C 50°C 55°C 45°C 50°C 55°C
3 4.6771631| 4.638964| 4.623251| 4.638964| 4.653631| 4.687977| 4.623251| 4.636356| 4.661318
4 4,7815508| 4.730618| 4.709668| 4.730618| 4.750175| 4.795969| 4.709668| 4.727141| 4.760424
5 4.8859385| 4.822273| 4.796085| 4.822273| 4.846719| 4.903961| 4.796085| 4.817927| 4.85953
Table A7: Friction factor with temperature.
Flow Rate Friction factor for Base Fluid |[Friction factor for 0.05 % conc. | Friction factor for 0.1 % conc.
(LPM)
45°C 50°C 55°C 45°C 50°C 55°C 45°C 50°C 55°C
3 0.73242| 0.693767| 0.647216| 0.834172| 0.791927| 0.707974| 0.884728| 0.842158| 0.771453
4 0.549315| 0.520325| 0.485412| 0.625629| 0.593945| 0.53098| 0.663546| 0.631619| 0.57859
5 0.439452| 0.41626| 0.388329| 0.500503| 0.475156| 0.424784| 0.530837| 0.505295| 0.462872
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Table A8: Properties of air at 1 atm pressure

Specific '
Temperature Density P Thermal Dynamic Prandtl

] , heat o Viscosity
(°C) ( kg/m?) conductivity number (Pr)

(J/kg.K) (Pa.s)

(W/m.K)

20 1.204 1007 0.02514 1.825 0.7309
25 1.184 1007 0.02551 1.849 0.7296
30 1.164 1007 0.02588 1.872 0.7282
35 1.145 1007 0.02625 1.895 0.7268
40 1.127 1007 0.02662 1.918 0.7255
45 1.109 1007 0.02699 1.941 0.7241
50 1.092 1007 0.02735 1.963 0.7228
60 1.059 1007 0.02808 2.008 0.7202

Table A9: Temperature data for 45°C fluid temperature at 3 LPM flow rate and air
velocity of 3.3 m/s

No. | TL | T2 | T3 | T4 | TS5 | Te | T7 | T8 | T9
1 26 |49.1 202|453 | 43 | 426|505 | 37.7| 38.4
2 1258|49.2 1201|449 428|424 ]50.7 | 376 | 38.2
3 | 257|489 |20.1 449|427 |425|50.7 |375| 38
4 1254|488 | 20 | 449|426 | 426|508 | 372|378
5 254|493 | 20 | 449 | 427|426 |50.7 | 373|379
6 |254|488 | 20 | 449 |42.7 426 |50.7 | 37.3 | 37.7
7 254|488 20 | 449|427 42.6 | 50.7 | 37.3 | 37.7
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