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ABSTRACT

Cooling is one of the critical problems being faced by the modern industry due to the
technol ogical development such as microel ectronic devices, high power engines, and ultrahigh
heat-flux optical devices. Conventional heat transfer fluids such as water and ethylene glycol
have been used for cooling purposes in automobile radiators; however, the heat transfer
performance of these liquids is limited owing to their poor thermo-physical properties. An
enhancement in the heat transfer performance of these fluids can result in improved
performance of the automobile engines. Nanofluids can be used in heat exchangers and
automobile cooling systems due to their better features than micrometer and millimeter sized

particlesi.e., high specific surface area, less erosion of components, low pumping power, €etc.

In this work two types of nanoparticles such as aluminum oxide (Al20s) and copper oxide
(CuO) were used to prepare the nanofluids. The objective  the work is estimation of thermo
physical properties of different concentrations of Al>Os and CuO nanoparticles at different
temperatures. The various thermophysical properties of prepared nanofluids such as thermal
conductivity, density, specific heat and viscosity were measured experimentally using KD2
Pro, specific gravity bottle, differential scanning calorimeter and viscometer, respectively. The
stability of nanofluids is checked by Zeta potential, measuring the absorbance using UV -vis
spectrophotometer and thermal conductivity. The aluminum oxide nanofluids remain more
stable than copper oxide nanofluids. The thermal conductivity enhanced significantly with
increase in particle concentration and temperature. The thermal conductivity of nanofluids was
more sensitive to temperature than that of the base fluid. The density and viscosity increased
with increasing the particle concentration, while they both decreased with increase in
temperature. The heat capacity of nanofluids increases with temperature but diminishes with

increase in particle volume concentration.

The experimental study has been reported so far on the heat transfer performance of nanofluids
in flat tubes of a radiator under turbulent flow conditions a which most of the automobile
radiators are operated. Therefore, the main objective of the present work is to study the heat
transfer and pressure drop performance of alumina-water and copper—water nanofluidsin aflat

vertical tubes under forced turbulent convection.



The nanoparticles plays a vital role in enhancing the Nusselt number and suspending the
nanoparticlesin base fluid leads to an increase in heat transfer coefficient for flat vertical tubes
of radiator. The heat transfer rate increased with increase in fluid inlet temperature, particle
concentration, Reynolds number aswell as air inlet velocity. The pressure drop increased with
increasing the Reynolds number and particle volume concentration, while it slightly decreased
with increasein fluid inlet temperature because density and viscosity decrease with increasein
temperature. Thefriction factor (f) of nanofluid in the flat tubeincreased with increasein Al>O3
and CuO nanoparticle concentration. However, it decreased with increase in Reynolds number
and the lowest friction factor value was obtained for the base fluid. The pumping power needed
by nanofluids was considerably higher than that needed for the base fluid.

The heat transfer performance of compact heat exchanger evaluated at various fluid inlet
temperature such as 40 °C, 50 °C, 60 °C, 70 °C and 80 °C and at Reynolds number range from
5000 to 14000 and water based nanofluids in the range of 0.25% v/v to 1% v/v concentration
of aluminaoxide and copper oxide nanoparticles. The heat transfer rate increased with increase
in fluid inlet temperature, particle concentration, Reynolds number aswell asair inlet velocity.
Heat transfer enhancement was more than the enhancement in the thermal conductivity of
nanofluid at same temperature and concentration. This indicates that besides thermal
conductivity, other factors such as fluid inlet temperature, Reynolds number and air velocity
also affect heat transfer coefficient.

This study proves that the size of automotive cooling system can decreased with the use of
nanofluids in place of conventional cooling fluids because the heat transfer is the primary

concern for cooling systems.
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CHAPTER 1
INTRODUCTION

1.1. Introduction
Cooling isone of the critical problems being faced by the modern industry due to the technol ogical
devel opment such as microel ectronic devices, high power engines, and ultrahigh heat-flux optical
devices [1]. Efficient cooling system is not only necessary for the norma performance of the
thermal devices but aso for its long life and reliability. During normal operating conditions,
temperature up to 2500°C is created within combustion chamber. If the engine is not properly
cooled then this heat would lead to rapid expansion. A large amount of heat released during
combustion is removed from the engine by exhaust gases. Some heat is absorbed by engine ail,
however remaining heat has to be taken by engine’s cooling system. Engine cooling systems can
be based on either air or water. Air cooling is the most basic method for cooling of any system. It
has limitation that it is not suitable for the system producing higher heat fluxes more than 100
W/cm? and such devices will require liquid cooling. But for sophisticated system or devices, heat
transfer is realized through some heat transfer devices such as heat exchanger, heat sink,
evaporators, condensers etc. The heat dissipation requirements from automobile engine has been
increased significantly due to the rising demands of higher engine efficiency, smaller space and
environment standards. The oil cooler and radiator have been used as the heat exchangers to
dissipate heat from internal combustion engine. A lot of work has been done to increase the
performance of these heat exchangers [2,3]. The space occupied by the device is more important
with compactness requirements. In the transportation industry, high power engines or hybrid
vehicles require larger radiators in the cooling system. Conventional coolants and oils have
inherently poor heat transfer properties. So, there is need to devel op advanced cooling system and
high heat transfer performance fluids than those presently available. The rate of heat transfer can
be increased by following methods:

a) Increasethe heat transfer area (A) i.e. by introducing the fins on heat transfer surface.

b) Increase the flow rate (velocity).

c) Decrease the hydraulic mean diameter (dh).

d) Increasethe thermal conductivity of fluid (ks).



Research activities are continuously carried out to enhance the heat transfer process. However,

conventional heat transfer fluids such as water, oil and ethylene glycol have poor thermal

conductivity. Heat removal can be enhanced significantly by designing fluids that are more

conducting. To increase the thermal conductivity of fluids, one of the methods isincorporating the

very small size particles such asmetallic, non-metallic and polymericinto base fluidsthat istermed

as nanofluids [4]. Nanofluids are dilute liquid suspensions of nanoparticles with at least one

dimension smaller than 100 nm [5].

~
Applications of

nanofluids
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l Micro-scalefluidic devices ]

Figure 1.1: Applications of nanofluids
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Nanoparticles stay suspended much longer than large particles. In addition, their surface area is
1000 times larger than micro particles. The suspended nanoparticles increase the surface area and
heat capacity of the fluids [6]. The first theoretical work on the suspension was done by Maxwel
more than 100 years back. Maxwell proposed theoretical enhancement of thermal conductivity of
suspensions containing solid particles but it is difficult to suspend a solution with higher
concentration which limits the use of micro and mini sized particles. As compared with suspended
conventional particles of millimeter or micrometer dimensions, nanofluids show better stability,
high thermal conductivity with very low or negligible viscosity [7-9]. Due to the higher stability
of nanofluids, very less sedimentation occurs. The scale formation takes place inside the annuals
of heat exchangerswith use of nanofluids at elevated temperature which is called as fouling effect.
The pressure drop increases if nanoparticles size increase and hence power required for pumping
also increases. The properties of the base fluid like density and viscosity directly influence the
pressure drop. If the viscosity and density of the fluid increases, then pressure drop and pumping
power also increases. The modification of nanoparticles surfaces with surface modifying additives
such as the surfactant has not any effect on the thermal conductivity enhancement while the with
modification techniques enhances the stability of nanoparticles and surfactant act as thermal
resistant between the nanoparticles and base which diminish the therma conductivity
enhancement. Surfactants are compounds that lower the surface tension between two liquids or
between aliquid and solid. But, excess quantity of the surfactant has harmful (is atoxicant) effect
on viscosity, thermal property and chemical stability. Due to superior stability and advantages of
nanoparticles over micro sized particles, nanofluids have many applications in different fields as

shown infigure 1.1.

1.2. Compact heat exchangers

Compact heat exchangers are the devices having a high heat transfer surface area with respect to
their volume and is further associated with high heat transfer coefficients. These heat exchangers
are further characterized by a large heat transfer surface area per unit volume of the exchanger.
The compact heat exchangers having surface area density equal to or more than 700 m?m?3. The
compact heat exchangers are having reduced space, less weight, energy requirements and cost as
well as process design. The compact heat exchanger have smaller dimensions in flow direction

and higher temperature gradients in the flow direction. The compact heat exchangers may be of
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gasto gas, gasto liquid or liquid to liquid type. These compact heat exchangers are used or used
asvehicular heat exchangers, aircraft coolers, air conditioning, automobile oil coolers, intercoolers
of the compressor and space industry. The compact heat exchangers are also used in cryogenics
processes, electronics, energy recovery, and other industries. A compact heat exchanger is
generally not of small bulk and mass. Plate-fin, tube-fin, and rotary regenerators are examples of
compact heat exchangers for gas flow on one or both fluid sides, and gasketed, welded, brazed
plate heat exchangers and printed-circuit heat exchangers are examples of compact heat
exchangers for liquid flows. Most common compact heat exchangers are plate-fin and tube-fin

heat exchangers.

1.2.1. Tube-fin heat exchangers

Tube fin heat exchangers are classified as conventional and specialized tube-fin exchangers. In a
conventional tube-fin exchanger the heat transfer takes place between the two fluids by conduction
through the tube wall then from the tube surface to the other fluid which passes over the extended
surface through an induced drat fan or by aforced fan by convection. The compact heat exchangers
are described on the bases of area density and higher heat transfer coefficient. The area density of
finned tube heat exchanger is about 210 ft%ft3 (700 m?/m?). In a gas-to-liquid exchanger, the heat
transfer coefficient on the liquid side is generally higher than that on the gas side, due to which the
extended or the secondary surfaces are added on the gas side to enhance the heat transfer area on
the gas side. These extended or the secondary surfaces are called fins. In a tube-fin exchanger,
round and rectangular tubes are most common, although elliptical tubes are also used. Fins are
generally used on the outside, but may be used on the inside of the tubesin some applications. Fins
can be of various geometries like rectangular, square, cylindrical, annular and tapered, these fins
bulge out rectangular base or a cylindrical base. Fins are attached to the tubes/bases by a tight
mechanical fit, tension winding, adhesive bonding, soldering, brazing, welding, or extrusion. The
high operating pressure on the tube side can be handled by the tube fin heat exchanger but it has
certain restrictions at high temperature, the restrictions are material used, type of bonding,
conductivity of materia and materia thickness. The tube fin heat exchangers are having lower
compactness than the plate fin heat exchanger. The tube fin heat exchanger is having numerous
configurations according to application area. The tube fin heat exchanger are mostly used for

industrial purposes like condensers and evaporators in air conditioning and refrigeration. It can

-4-



further be used for water or oil cooling of combustion engine as radiators. Some other examples
of compact heat exchangers are gas turbine heat exchanger, regenerator of stirling engine etc. The
tube fin heat exchangers are also classified according to the type and arrangement of fins used.

a) Norma finson individual tubes (individualy finned tube); helical, plain circular, annular

fins geometries like spine, studded, slotted and wire loop fins.

b) Longitudinal finson individual tubes.

c) Flat or continuous external fins on an array of tubes; plain, wavy, interrupted/louvered.

d) Finsinside of tube; integrated fins, fins attached internally.

Radiator is one type of cross flow heat exchangers used to transfer the thermal energy for the
purpose of cooling. The radiator of a vehicle plays a crucial role in cooling the engine [10]. A
small and light weight radiator is the need for all types of automobile vehicles because the
compactness of flow passage enhances the heat transfer performance. In heavy duty automobile
engines, alarge amount of heat is generated continuously, which should be dissipated efficiently
by aradiator using afluid flowing at high Reynolds number. Flat tubes are used in most automobile
radiators to transfer heat because aflat tube has higher ratio of surface to cross sectional areathan
a circular tube, which leads to improved heat transfer performance and compactness of radiator
[11]. Flat tubes have low pressure drop in air side as compared to circular tubes [12]. In radiator,
primarily water based fluid circulates through the tubes and transfer the heat to tubes that transfer
the heat to fins. Further, that heat is released to ambient air. To increase the contact surface of
tubesto air, fins are attached with tubes, which increase the heat exchange efficiency. The core of
radiator consists of number of tubes rows and fins. The cross section of tubes is rectangular with
elliptical ends and fabricated from brass. The fins are plain and louvered fabricated with copper.
For high performance vehicles, copper - brass radiator cores are preferred because of its superior
cooling performance. In modern cars, radiators are made of brazing thin aluminum finswith flatten
aluminum tubes. Due to low thermal conductivity, air has lower heat capacity than liquid coolant.
To capture the heat from the coolant large volume flow rate of air flow through the radiator core
isrequired. The heat transfer can be increased with use of nanofluids for heat transfer devices
[13,14].



1.3. Closure

Conventional methods of heat removal have been found rather inadequate in case of ultra-high
cooling, which is the very first need of the modern industries. Nanofluid is an effective way to
increase heat transfer capabilities of existing heat transfer equipment. The heat transfer coefficient
could increase with increasing the thermal conductivity of the coolant with use of nanofluids. With
continuous technological development, it has increased the demand of high efficiency engine not
only onits performance based but also for better fuel economy. Nanofluids have better heat transfer
rate this could lead to reduce the size of tube-fin compact heat exchangers.

Thethesisis organized as following:
Chapter 1 isintroduction and covers the introduction of engine cooling system, background of
compact heat exchanger and nanofluids and its applications in different field.

Chapter 2isliteraturereview of research work and coversthe literature of various thermophysical
properties of nanofluids, i.e. therma conductivity, density, viscosity and specific heat and
literature of experimental and theoretical studies of application of different nanofluids in various
heat exchanging devices especialy in flat tube and compact heat exchanger. In addition, it
identifies the gaps which could be used for the further research and focused on the objectives for

the present work.

Chapter 3 is the preparation, stability and thermophysical properties of nanofluids at various

conditions.

Chapter 4 is the Experimental setup and performance evaluation method and this chapter
discusses in detail about the fabrication of setup for the heat transfer and fluid flow studies.

Chapter 5 is results and discussion and covers the study of heat transfer and pressure drop

characteristics of nanofluidsinside aflat vertical tube and radiator of vehicle cooling systems.

Chapter 6 summarizes the conclusions and future scope of the present research work.



CHAPTER 2
LITERATURE REVIEW

2.1. Introduction
In last decade, a significant amount of experimental and theoretical research has been made to
investigate the thermophysical behavior of nanofluids [5,15]. Nanometer particles have great
potential to improve the thermal transport properties of heat transfer fluids than micrometer and
millimeter sized particles. In this chapter, experimental and theoretical results on thermal
conductivity, heat capacity, viscosity, heat transfer coefficient and performance of nanofluids in
heat transfer devices based on experimental and theoretical results have been reviewed. The
thermophysical properties of nanofluids have great significant on any heat transfer application.
The literature has been presented the experimental and theoretical research as per the following
categories:

a) Preparation and stability of nanofluids.

b) Thermophysical properties of nanofluids.

¢) Performance of nanofluidsin heat transfer devices.

d) Thermal and flow performance of flat tube and radiators.

2.2. Preparation and stability of nanofluids

Nanoparticles have been produced by physica and chemical synthesis [5,16,17]. Nanoparticles
are in the powder form and in powder form can be dispersed in liquid to prepare the nanofluids
[18]. Nanofluids have been produced by two techniques which are known as one step method and
two step method [19]. The proper dispersion of nanoparticlesin the basefluid is very important as
the thermophysical properties depends on the preparation of nanofluids [20]. Further performance
of heat transfer devices depends on thermophysical properties [21,22].

In one step technique, formation and dispersion of the nanoparticlesin a single process only [18].
In this technique, direct evaporation has been used such as copper nanoparticles which uniformly
dispersed and suspended in ethylene glycol as shown in figure 2.1(a). There were some difficulties
in one step technique which were overcome by modification of one step method and this modified
method was proposed by Wagener et al. [23]. Then someimprovements al so suggested by Eastman
et al. [24] to prepare the copper based particles nanofluids. One step method is also used for the
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coating of some nanoparticles. The chemical co-precipitation technique is also used for the
synthesis of copper oxide particles which has aso proved the good structural and surface
morphology properties [25]. In second technique, two-step method, oxide nanoparticles are
produced by evaporation and inert gas condensation processing. In two step method, there are high
chances of agglomeration of nanoparticles which leads poor stability and thermophysical

properties of prepared nanofluids [26].

b @ Base fluid

Direct mixing <

\ 4

Heated crucible o
Sonication < Surfactants
Liquid
Cooling system Nanofluids

Figure 2.1: Nanofluid preparation method (a) one step method (b) two step method

\ 4

Chemical reduction

Direct evaporation

— Laser ablation

Arc submerged synthesis

One step

method

\ 4

Chemical vapor deposition

Chemical precipitation

> Physical deposition

Figure 2.2: One step techniques for nanofluids preparation



In two step process, the nanoparticles in the powder form are dispersed in base fluid as shown in

figure 2.1(b). The methods of single step technique is shown in figure 2.2 [27-30].

As the nanofluids is not simply mixture of base fluid and nanoparticles so there are chance to
aggregate the nanoparticles due to high specific surface area. Some specia requirements are
essential for the suspension and negligible agglomeration of the nanoparticles [17]. There are
different techniques used for the proper suspension of nanoparticles in the base fluid i.e.
controlling pH value, use of surfactants and ultrasonic vibration [16,17,31]. Two types of
interactions take place in nanofluids, one the interaction between the nanoparticles and another
between the nanoparticle and surrounding base fluid which result in the agglomeration of
nanoparticles [32]. The agglomeration can be reduced by electrostatic repulsion and steric

mechanisms. The mechanism of electrostatic repulsion and steric repulsion is shown in figure 2.3.

a

Figure 2.3: Steric repulsive (a) and eectrostatic repulsion (b) mechanism

The nanofluids can be stabilized with physical methods i.e. ball milling, magnetic stirring,
ultrasonic disruptor and ultra sonication. The ultra sonication method is good to reduce the
agglomeration of nanoparticles. The ultra sonication can be done by either by probe type or bath

type sonication and both methods improve the stability.

The addition of surfactantsis simplest and economic method to enhance the stability of nanofluids.
The surfactant can be either nonionic surfactant without charge or anionic surfactant with negative
charged. For the cooling application good fluidity, low viscosity, minimum agglomeration are
important requirements. The chemical modification is good method to enhance the stability of
carbon nanotubes nanofluids [33] and plasma treatment is also used to increase the stability of
nanofluids[34]. The nanofluidswith low pH leadsto good stability and high thermal conductivity

but controlling the pH is not good for al nanofluids.
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2.3. Thermophysical properties
For the enhancement of heat transfer of any heat exchanger with nanofluids, investigation of
thermophysical properties i.e. thermal conductivity, viscosity, specific heat and density is
important. Experimental and theoretical studies on thermophysical properties of nanofluids have
been reported by several researchers but there is no consistency of observed value of thermal
physical properties. There are severa factors which affects the thermophysical properties of
nanofluids which are given below:

a) Basefluid.

b) Concentration of nanoparticles.

c) Correlations used to estimate thermophysical properties.

d) Method of thermophysical properties measurement.

€) Mixing time.

f) Methods of nanofluids preparation.

g) pH of basefluid.

h) Size of nanoparticles.

i) Shape of nanoparticles.

J) Surfactants.

k) Sonication time.

[) Stability.

m) Temperature of fluid.

n) Types of nanoparticles.

2.3.1. Thermal conductivity

In heat exchange devices, heat transfer fluids play a vital role and affect the performance of heat
exchangers[1]. Conventional heat transfer fluids such aswater and ethylene glycol have been used
for cooling purposes in automobile radiators; however, the heat transfer performance of these
liquids is limited owing to their poor thermo-physical properties [35,36]. An enhancement in the
heat transfer performance of these fluids can result in improved performance of the automobile
engines. The thermal conductivity of most solids is higher than that of liquids [5]. A number of
attempts have been made to improve the thermal conductivity of conventional fluids through the

use of micro and millimeter sized particles; but, the major drawbacks of micro-sized and millimeter
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sized particles include low specific surface area, high pumping power requirement and tendency
to settle out of suspension. Thermal conductivity is most responsible parameter for the
enhancement of heat transfer [9,37]. Transient hot wire and temperature oscillation techniques
have been employed to measure the therma conductivity of nanofluids. The suspended
nanoparticles increase the effective therma conductivity of the conventional fluid [38-4Q].
Thermal conductivity of nanofluids depends on particle volume fraction as well as on particle size
also. The factors which influencing thermal conductivity of nanofluids are 1) influence of base
fluid 2) influence of nanoparticles 3) influence of liquid solid interface [41]. Janaet d. [42] have
experimentally measured thermal conductivity of single and hybrid nano additives of carbon nano
tubes (CNT), copper nanoparticles and gold nanoparticles. The enhancement of thermal
conductivity with copper nanoparticles is the 74% over base fluid. The stability of carbon nano
tubes was higher as compared to Cu nanoparticles in nanofluids. The Brownian motion of

nanoparticles is responsible phenomenon for thermal conductivity enhancement [43,44].

Sundar et a. [45] have been estimated the thermal conductivity of ethylene glycol and water
mixture (50:50%) based Al>.O3 and CuO nanofluids at different volume concentration (max. 0.8%)
and temperatures (15°C-50°C). The thermal conductivity of nanofluids increased with increasing
particle volume concentration. The enhancement of therma conductivity varies from 9.8% to
17.89% with Al>0s nanofluids and from 15.6% to 24.56% with CuO nanofluids. Eastman et a.
[24] observed that thermal conductivity has been improved by 60% as compared to base fluid
when Al>03, CuO and Cu nanoparticles dispersed in water and HE-200 oil. Teng et a. [46]
investigated that the thermal conductivity is higher in the case of small size particles at high
temperature than large size particles at low temperature. Besides the thermal conductivity of
nanofluids, other properties such as viscosity, specific heat and density also have a great influence
on heat transfer.

Particle volume concentrations, particle size and shape, particle material, base fluid properties, and
temperature greatly affect the heat transfer properties; however, the pH of base fluids has a
negative effect on heat transfer [5,36,47]. Xuan and Li [48] reported that the thermal conductivity
enhanced with Cu particles of size 36 nm compared to Cu particles 100 nm dispersed in water.

The appropriate dispersants improved the stability of suspension. With increasing the temperature
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thermal conductivity ratio also increased under same weight fraction. The thermal conductivity is
higher in case of high temperature and small particle size as compared to low temperature and

large particle size.

Murshed et a. [49] have measured the thermal conductivity of nanofluid with transient hot wire
method. The thermal conductivity increased with increase in particle volume fraction of TiO2 in
water based nanofluids. The thermal conductivity enhanced by 33% over base fluid with 5%
volume fraction of TiO2 nanoparticles. Li and Peterson [50] have prepared nanofluid with Al>O3
and CuO of 36 nm and 29 nm size nanoparticles respectively in water. The thermal conductivity
almost increased by three times with increase in temperature from 24 °C to 37.4 °C. The effects of
pH value of the suspension and specific surface area of Al.Os nanoparticles as reported by Xie et
a. [51] and it has been found that enhancement of thermal conductivity highly depends on specific
surface area of nanoparticles. As the difference increased between pH value and isoel ectric point

of Al>0s thermal conductivity also enhanced.

Vajjhaand Das[52] determined the thermal conductivity of nanofluid containing aluminum oxide
(Al203), copper oxide (CuO) and zinc (ZnO) particles dispersed in ethylene glycol and water
(60:40) base fluids. The therma conductivity of nanofluid increased with increasing the particle
concentration and temperature. The thermal conductivity increased by 21% with 10% volumetric
concentration in Al>Os particles, 21.4% with 6% volumetric concentration in CuO nanofluid and
18% with 7% volumetric concentration in ZnO nanofluids at different temperature ranges from
298K to 363K. Wang et a. [53] investigated that the enhancement of the thermal conductivity
depends on volume fraction of graphite particles. The enhancement of thermal conductivity was
36% with adding 1.36 vol. % of graphitein oil. The thermal conductivity increased from 11% to
36% when amount of graphite increased from 0.68 to 1.36 vol. %. The shear thinning and
significant viscosity increased for 1.36 vol. % graphite/ oil nanofluid. Patel et al. [54] revea ed that
therma conductivity of nanofluids linear with particle volume fraction and nonlinear with
temperature. The enhancement of thermal conductivity 5% to 21% reported for water with
temperature range 30 °C to 60 °C at 0.00026 vol.% of Ag nanoparticles and improvement of
therma conductivity was around 7% to 14% at 0.011% v/v of Au particles. There was aso
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important effect of direct contact of the metal surface with solvent medium on thermal

conductivity.

Reddy and Rao [55] have studied the thermal conductivity of ethylene glycol- water based TiO>
nanofluids. The nanoparticles dispersed in base fluids water, ethylene glycol and water with ratio
40:60 and 50:50. The thermal conductivity of TiO2 nanofluids increased with increase in the
volume concentration of TiO2 and temperature. It leads to enhancement of thermal conductivity
by 10.64%. Khedkar et a. [56] reported that thermal conductivity of nanofluid increased with
increasing volume fraction of nanoparticles. The enhancement of thermal conductivity with CuO
- water nanofluids 1% to 7.5% reported. The enhancement in thermal conductivity for CuO - water
nanofluids was found greater than that for CuO - monoethylene glycol nanofluids. Hwang et al.
[57] have measured the thermal conductivity by a transient hot wire method for four kinds of
nanofluids such as multiwalled carbon nanotubes, CuO, SiO2in water and CuO in ethylene glycol.
The thermal conductivity water is enhanced upto 11.3% for multiwalled carbon nanotube in water

with volume fraction of 0.01%.

Koo and Kelinstreuer [58] proposed a new model for estimation of thermal conductivity of
different nanofluids and proposed model has good agreement with existing thermal conductivity
of different nanofluids. The thermal conductivity of nanofluids can be also calculated with some
available models, which are defined as follows:

Hamilton—Crosser [59] proposed amodel to calculate the thermal conductivity two phase mixture
fluid, which is defined as follows:

K Ky +(n=Dky —f (N—D(ky —K,)

_ (2.1)
Kt ko +(n=Dky —f (ky —k,)

Yu and Choi [60] also introduced a model to calculate the therma conductivity of nanofluids,
which is expressed as follows:
Ko Ky +2ky —2(ky —k, )1+ b)

nf

_ 3 (2.2)
Ky K, + 2Ky —(Ky —k, )L+ D)%

Where, B is the ratio of the nano-layer thickness to the original particle radius and for nanofluids.
The summary of enhancement of thermal conductivity with different types of nanoparticles, base

fluid and temperature variation isgiven in table 2.1.
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Table2.1: Summary of thermal conductivity enhancement with variation of different parameters

Author Nanoparticles | Volume Particle Base fluid Temperature Thermal M ethod used/ Remarks
concentration size (nm) range conductivity
enhancement
ratio
Two step method used.
1-4.30 384 Water 1.03-1.10 o i
Leeetdl. [61] Al20s, CuO 150 38.4 Ethylene - 1.03-1.18 tTherm‘:t conductivity increased with
1.0-3.41 23.6 Glycol 1.03-1.12 emperature
ALO Therma conductivity measured with
Hong & Kim [62] z3 1.0,3.0& 5.0 50 Water 25°C 1.04-1.22 3w method.
a) 3.0-5.50 Two step method used
5.0-8.0 28 e 111-1.16
Wang et d. [63] Al;03, CuO b) 4.50-9.70 Glycol - 1.25-1.46
23 y 1.17-1.34
Two step method used
Eastman et dl. [64] Al,Os 1.0-5.0 35 Ethylene - 1.05-1.18
glycal
Two Step method used
Daset al. [65] Al;O3 1.0-4.0 384 Water 21-51°C 1.02-1.08 Effect of temperature measured on
thermal conductivity
Li & Peterson [50] Al0s 2.0-10.0 36 Water 27.5°C 115122 | Twostep method
Two step method used
Wen & Ding [66] Al20s 0.19-1.59 42 Water 1.01-1.10
Two step method
Mahbubul et al. [67] AlOs 05-20 13 Ri41b Nano 5-20°C 1626 Thermal conductivity increased with
refrigerant temperature and particle volume
concentration
Two step method used.
20 1-1.04 Therma conductivity increased with
Teng et al.[46] Al;O3 0.5-2.0 50 water 10-50°C 1.02-1.035 increase in temperature, particle
100 1.03-1.08 concentration and reducing the size of
nanoparticles
Priyaet a. [68] CuO 0.004-0.016 40-60 Water 28-55°C 1.03-1.35 Two step method used.
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Thermal conductivity increased with
increase in temperature and particle
vol. fraction. Maximum enhancement
44% at 55°C at 0.016 vol% has been
reported.

Zhu et & .[69]

CuO

50-100

water

Room
temperature

1.1-13

Nanofluids prepared by other than
dispersing methods have higher
thermal conductivity.

Wei et al. [70]

CuO

0.01-0.05

200.5

water

28-55°C

0.83-1.24

Two step method used

Maximum enhancement in thermal
conductivity up to 24% achieved with
CuS0O,4 molar nanofluids

Kole & Dey [71]

CuO

0.005-0.025

40

Gear oil

5-80°C

1.03-1.10

Two step method used

At room temperature maximum
enhancement approximately 10.4%
and 11.9% at 80° C has been observed.

Zhuetal. [72]

CuO

0.2-1.2

10

water

25°C

1.01-1.045

Wet chemica method has been used
for synthesis of CuO Nanofluids.
Thermal conductivity increased with
increasing nanoparticle concentration
in base fluid.

Saterileet a. [73]

Cu

055& 1.0

60-100

water

1.2

The enhancement in thermal
conductivity enhancement
approximately 22% and 48% has been
observed with 0.55 and 1.0 vol.%
nanofluids.

Barbeset a. [74]

CuO

0.4-35

23-37

Water
Ethylene

glycal

25-65°C

1.02-1.3
1.02-1.15

Two step method used

It has observed that thermal
conductivity increased with
temperature and particle volume
fraction
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2.3.2. Viscosity of nanofluids

Viscosity of nanofluids is an important parameter in nanofluids because viscosity directly affects
the pressure drop in forced convection. Research related to the viscosity is limited as compared to
thermal conductivity of nanofluids. The extent of viscosity increase of nanofluids with respect to
pure fluids should be investigated. Nguyen et al. [75,76] reported that viscosity of nanofluids
depends on many parameters such as, particle volume fraction, particle size, temperature and extent
of clustering. The viscosity increased with increasing the particle volume fraction but decreased
with an increasing the temperature because increase of fluid temperature has weakening the effect
ontheinter-particle/ inter-molecular forces|[77]. Theincreasing concentration of nanoparticles have

directly influence on internal shear stress.

Jeong et al. [78] have experimentally investigated the viscosity and thermal conductivity of ZnO
nanofluids with volume concentration 0.05 - 5.0% v/v of rectangular and sphere shape
nanoparticles. The shape of the particles found to have significant effect on viscosity and thermal
conductivity. The enhancement of viscosity with rectangular particles has 77% greater than
spherical nanoparticles. The viscosity of the nanofluids increased up to 69% with increasing the
volume concentration. Wang et al. [79] observed that viscosity increased up to 40% at room
temperature with Al>Os particles for volume fraction of 3.5% in ethylene glycol. Prasher et a. [80]
reported that particle size has no effect on the nanofluid viscosity but on other hand Nguyen et al.
[75] indicated that viscosity of nanofluid changes significantly with particle size and temperature
whereas Pastoriza-Gallego et a. [81] reported that viscosity decreased with increasing particle size.

Kole and Dey [82] have studied the effect of aggregation on the viscosity of copper oxide
nanoparticles in gear oil. Viscosity of the nanofluids has enhanced approximately by three times
with copper oxide nanoparticles as compared to base fluid but viscosity decreased with increasing
the temperature. With increasing copper oxide volume fraction Newtonian feature of the base fluid
changes to non-Newtonian. Shear thinning behavior becomes prominent for nanofluid with higher
copper oxide concentration. Duangthougsuk and Wongwises [83] measured the viscosity of TiO>
nanofluids at different nanoparticles concentrations ( 0 — 2.0%) and fluid temperature (15 °C - 35
°C) and reported that the viscosity of nanofluids increased with addition of nanoparticles while
decreased with rise in fluid temperature and results have good agreement with developed
correlations. Sudar et al. [84] reported that the viscosity enhancement in the high viscosity base

fluid is less as compared to high viscosity base fluids with addition of aluminum oxide
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nanoparticles. The viscosity of ethylene glycol and water mixture with aluminum oxide

nanoparticles was 2.75 times higher than base fluid.

Aladag et al. [85] investigated the effects of temperature on viscosity of alumina nanofluids and
reported that depends on the shear rate nanofluids behaves as the Newtonian and non- Newtonian
behavior. Zyla et a. [86] investigated the rheological properties of glycol based MgAIl204
nanofluids under anisotropic pressure and electric field conditions. The electric filed has no effect
on the viscosity which is valuable information for industry. The temperature has significant effect
on viscosity of carbon nanotubes, aluminum oxide, copper oxide, copper, titanium oxide, silicon
oxide nanofluids [87-89]. Some theoretical models are available to estimate the viscosity of
nanofluids with different particle but these models have some variation with experimental observed
viscosity [89,90].

For determining the dynamic viscosity nanofluids containing the spherical particles, Einstein [86]
proposed an expression in which interaction between the particles are neglected:

m, =my, (1+2.5F) (2.3)

Later on, Brinkman [86] suggested an equation in which it is considered that viscosity should

increase unboundedly as particle volume fraction:

M= Gy 24)
Batchelor [91] improved the Einstein model, in which the interactions between particles were taken
into account.

m, = (L+2.5 +6.2f *)m, (2.5)

Some other theoretical models for calculating the viscosity of nanofluids are:
Maigaet al. [92] for Al.Os/ ethylene glycol nanofluids:

m, = (1+0.19f +3.6f 2)m, (2.6)
For for Al,O3/ water nanofluids:

m, =1+ 7.3 +123f 2)mJf (2.7
2.3.3. Density

Apart from the therma conductivity and viscosity of nanofluids, density of nanofluids is aso
important property for estimate the thermal performance of any heat transfer equipment. Very

limited experimental and theoretical investigations has been carried out for the density of nanofluids
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with different types of nanoparticles loading. In most of research work, a general correlation has
been used (given in the 2.8) for the estimation of density of nanofluids.
ro=@Q-f)r, +fr - (2.8)

The density of nanofluids increases with increase in nanoparticle concentration while decease with
increase the nanofluids temperature[19,93-95]. In an experimental study Shoghl et a. [96]
measured the density of CuO, Al>Os, CNT, MgO, ZnO, TiO2 and MWCNT and reported that
density of al nanofluidsincreased with addition of different nanoparticles. The density of aluminum
oxide particles based nanofluids (base fluid water and ethylene glycol mixture) increased with
increase in nanoparticles concentration up to 10% and dlightly diminishes with increase the
temperature of the base fluids [97]. In an experimental study Vajjhaet a. [98] measured the density
of three different nanofluids (aluminum oxide, antinomy-tin oxide and zinc oxide) of ethylene
glycol/water mixture and compared the density of nanofluids with equation 2.8. Density of
aluminum oxide, antinomy-tin oxide nanofluids has good agreement with equation while zinc oxide
nanofluids data has deviation from the equation. Vajjha et al. [98] also revealed that density of
nanofluids increased with particle concentration and decreases with temperature of nanofluids.

Y ousefi and Amoozandeh [99] proposed a new model by artificial intelligent technique to predict
the density of different nanofluids by considering the various parameters such as volume fraction
of nanoparticles, diameter of nanoparticles, fluid pressure, temperature of base fluid and Pak and
Cho equation. Montazer et a. [100] aso developed a correlation using response surface
methodology for multiwalled carbon nanotubes for low volume fraction (up to 0.1% ) and low
temperature range ( 20 °C - 40 °C) and reported that there is small decrease in density of carbon

based nanofluids with rise in temperature.

Zyla et a. [101] measured the density of ethylene glycol based nanofluids with addition of nitride
nanoparticles with different sizes and specific surface area of nanoparticles. The density of nitride
nanofluids decreased with rise in fluid temperature while increase with increase of nanoparticles
loading. The addition of nanoparticles in refrigerant, also increase the density of refrigerant based
nanofluids [102]. Mariano et al. [103] experimentally measured the density of different ethylene
glycol mixture nanofluids by varying the temperature and pressure of nanofluids. They report that
variation of pressure is aso contributes for increase the density of nanofluids along with variation

of temperature and volume fraction of nanofluids.
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2.3.4. Specific heat

Specific heat of nanofluidsisimportant property to analyze the exergy and energy[104,105]. In the
most of studies, specific heat is measured with differential scanning calorimeter (DSC) [13,106—
108] and well developed correlations [109] which are given in the equation 2.9 and 2.10

(Cp)uw =F(Cp) o + (L=T)(C,)us (29)

(Cpr )nf =f (r Cp)np + (1_f )(r Cp)bf (210)

The specific heat of water base alumina nanofluids decreased with addition of nanoparticlesin the
base fluid[107]. Kumaresan and Velrg [29] measured the specific heat of carbon nanotubes and
water/ ethylene glycol mixture nanofluids with differential scanning calorimeter and results has
been compared with developed equation. The specific heat measured for 0.15% - 0.45% of
MWCNT and maximum heat capacity was observed at lowest concentration of nanoparticles. With

the increase in nanoparticles concentration specific heat decreased.

Liu et a. [110] measured therma conductivity of graphene nanofluids for medium to high
temperature application of nanofluids and reported that decrease in specific heat 12% at 80 °C and
24% for 200 °C of the base fluid. Mohebbi [111] reported that the specific heat of silicon nitride
nanofluids|ower than the basefluid. Neth et al. [ 112] measured the specific heat of aluminum oxide
and titanium oxide nanofluids for the heat transfer capacity enhancement of vehicle cooling system.
The specific heat was measured in temperature range 80 °C — 90 °C. The heat capacity of aluminum
oxide nanofluids higher than the titanium oxide nanofluids. The heat capacity of nanofluids
increased with increase in fluid temperature while decrease with rise in nanoparticle concentration
of in the base fluids (water and ethylene glycol). They aso concluded that the specific heat of base
fluid higher than the specific heat of dispersed nanoparticles and temperature have significant effect

on rise of specific heat of nanofluids.

Pantzali et al. [113] reported that specific heat capacity of copper oxide nanofluids with 4% v/v was
20% lower than the base fluid. Shin and Banerjee [114] measured the specific heat of alkali salt
with alumina nanoparticles dispersion and the specific heat enhanced by 32% with alumina
nanoparticles. The specific heat of aluminum oxide nanoparticles with different particle
concentration and fluid temperature decreased with addition of nanoparticles in the base fluids
while slightly increase with increase in fluid temperature [19,94,95]. Ho and Pan [115] measured

the specific heat of pure Hitec fluid and nano-Hitec fluid with differential scanning cal orimeter and
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observed that specific heat of nano-Hitec fluid is lower than pure Hitec fluid due to addition of

alumina nanoparticles.

2.4. Performance of nanofluidsin heat transfer devices

In the last decade, extensive work has been carried out to enhance the performance of heat transfer
devices. The number of experiment and theoretical studies for the application of nanofluids in the
heat transfer devices or energy field have been reported [116-121]. Heris et a. [122] reported that
enhancement of the heat transfer by nanofluid greatly depends on particle type, particle size, base
fluid, flow regime and boundary condition. The heat transfer coefficient of nanofluids increased
with increasing nanoparticles concentration. Heat transfer coefficient enhanced up to 30% with
2.5% of volume fraction of Al>O3 nanoparticles. As reported by Wang and Mujumdar [123] there
are many factors such as particle size, shape, distribution of nanoparticles, pH value and particle

fluid interactions may have important effect on heat transfer performance of nanofluids.

Kakac et al. [47] have reported that with Al203 and CuO nanoparticles in water from laminar to
turbulence flow, the heat transfer enhancement as high as 40% with Al>Oz nanoparticles. According
to Yang et al. [124] heat transfer coefficient increased with increasing the temperature but
temperature has no essential influence on the pressure drop for viscoelastic fluid flow containing
copper nanoparticles. The pressure drop decreased with increasing the pressure. Suresh et al. [125]
have investigated the effect of Al>O3-Cu/ water hybrid nanofluid on heat transfer. The maximum
heat transfer enhancement was found with 0.1% volume concentration at Reynolds number of 1730

but friction factor is dightly higher when compared to water.

Zamzamian et al. [126] have evaluated the effects of Al>Oz and CuO nanofluids on heat transfer
coefficient in turbulent flow by using double pipe and plate heat exchanger. It was found that the
enhancement in heat transfer coefficient of nanofluids, ranging from 2% to 50% as compared to the
base fluid. Heat transfer coefficient of nanofluids increased with increasing the nanoparticles
concentrations and nanofluids temperature. Heyhat et a. [127] have investigated that heat transfer
coefficient of nanofluid is higher than base fluid. Heat transfer coefficient increased with increasing
the Reynolds number and particle concentration. The heat transfer coefficient increases by 32% in

fully developed region at 2% v/v. Pressure loss for the nanofluid higher than pure water.

Arani and Amani [128] investigated the effects of TiO2 nanoparticles with 0.002 — 0.02 volume
fraction on the heat transfer and pressure drop in water. The heat transfer coefficient enhanced

approximately 15% and 72% with nanoparticle concentration 0.002% and 0.02% respectively. The
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difference of enhancement between laminar and turbulent flow presumably occurred. Pressure drop
also increased with increasing the Reynolds number. It is observed that higher pressure drop in
nanofluids as compared to base fluid water. As stated by Arani and Amani [1] there has some effects
mean diameter of nanoparticles on the convective heat transfer and pressure drop. The TiO2
nanoparticles with diameters of 10, 20, 50 nm dispersed in distilled water. The Nusselt number has
not increased with decreasing the diameter of nanoparticles. The nanofluid with 20 nm particles
size diameter showed higher therma performance. Duangthongsuk and wongwises [129] have
reported the experimental results of heat transfer coefficient of TiO2/ water nanofluid in double tube
counter flow heat exchanger. The heat transfer coefficient with TiO/ water nanofluid, 6-11% higher
than base fluid. The heat transfer coefficient of nanofluid increased with increasing the mass flow
rate and with decreasing in nanofluid temperature. Temperature of heating fluid has no significant
effect on the heat transfer coefficient.

Asrevealed by the Das et a. [130] the boiling performance increased with increasing the particle
concentration of Al>0s and surface roughness. It was also found that the inclusion of nanoparticles
degraded the boiling performance by increasing the wall superheat for a given heat flux. The pool
boiling significantly enhanced with increase in the thermal conductivity. It also reported that pool
boiling heat transfer not reduced with increasing particle volume fractionsin the absence of acoustic
field.

Maigaet al. [92] numerically investigated the thermal characteristics of nanofluids flowing through
auniformly heated circular tube. The ethylene glycol-y Al>Os has better heat transfer enhancement
than the water—y Al>O3 nanofluids. Nanoparticles have effects on the wall shear stress. Fargjollahi
et al. [131] have compared the heat transfer characteristics of y-Al>Os/ water and TiO./ water
nanofluid. The heat transfer coefficient increased with increasing peclet number and with increasing
nanoparticles concentration. It observed that heat transfer coefficient higher with TiO2/ water

nanofluid at lower concentration and y-Al20s nanofluid at higher concentration.

Roy et a. [132] studied numerically heat transfer for y-AlOs/ water nanofluids and reported that
heat transfer rate increased with addition of nanoparticles in the base fluid. Heat transfer rates
increased up to two fold with 10% nanoparticles as compared to base fluid. Khanafer et al. [133]
numerically investigated the heat transfer behavior of nanofluids. The heat transfer rate increased
with increasing the particle concentration at any Grashof number. Xuan and Y ao [134] reported that
with increasing the temperature of fluid, distribution of the nanoparticles increased which is

important for enhancement of heat transfer coefficient in nanofluids. Xuan et a. [135] observed
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that due to the irregular fluctuation of suspended nanoparticles, the Nusselt distribution fluctuated
along the main flow direction The results indicated that the distribution and volume fraction of the

nanoparticles are important factors for heat transfer enhancement with nanofluids.

In a study Ghozatloo et al. [136] studied the performance of graphene nanofluids in shell and tube
heat exchanger under laminar flow conditions. The convective heat transfer coefficient increased
up to 38% as compared to base fluid with the use of graphene nanofluids a low nanoparticle
concentration and heat transfer coefficient increased due enhancement of thermophysical
properties. Halefadl et a. [137] investigated the thermal performance of heat exchanger with four
different types of carbon nanotube and constant wall temperature condition. The heat transfer

coefficient increased with increase in Reynolds number and particles concentration.

Lee et a. [138] have investigated the effects of nanofluids on heat transfer in hot vertical tube to
enhance the heat transfer with 0.1% Al>Os and 0.1% carbon nano colloid dispersed in water,
ethylene glycol and engine oil. The cooling performance enhanced more than 13s and 20sfor Al.Oz/
water nanofluid and carbon nano colloid respectively. The deposition of nanoparticlesformed athin

layer on heating surface which attributed more cooling performance.

He et a. [139] investigated the effects of TiO2 nanofluids flowing through a vertical pipe in both
laminar and turbulent flow regimes. The heat transfer and therma conduction increased with
increasing the particle concentration and decreasing the particle size but viscosity increased with
increasing particle concentration and size. Pressure drop in the turbulent regime was higher than

that in laminar flow regime. Reynolds number increased with increasing particle concentration

2.5. Thermal and flow performance of nanofluidsin flat tube and radiators.

Vajjhaet a. [11] have numerically studied heat transfer performance of flat tubes radiator with flat
fins using Al>0s and CuO nanoparticles in water. Average heat transfer coefficient increased by
94% with 10% v/v of Al>03 and 89% with 6% v/v of CuO nanofluid over the base fluid. Heat

transfer coefficient also increased with increasing the Reynolds number as shown in figure 2.4.

Peyghambarzadeh et al. [140] experimentally studied effects on heat transfer enhancement with
Al>0s nanoparticles in flat tubes radiator. They reported that heat transfer of nanofluids dependent
on the particle concentration, flow conditions and least dependent on temperature. Heat transfer
coefficient increased by 40% when Al>O3 has been mixed in base fluid in range of 0.1 - 1% v/v.

The heat transfer coefficient slightly improved with increase in the fluid inlet temperature. Heat
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transfer coefficient ishigher by using nanofluids as compared to the water. Heat transfer coefficient

also increased when pure water has been used with higher Reynolds number.
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Figure 2.4: Effect of Reynolds number on heat transfer coefficient and Nusselt number [11]

In an another study, Peyghambarzadeh et al. [14] have added copper oxide (CuO) and iron oxide
(Fex0Os3) nanoparticles in water with different concentration (0.15, 0.4, 0.65% v/v) and reported that
heat transfer coefficient increased with liquid flow rate, air flow rate. Heat transfer coefficient also
increased with increasing the concentration of CuO and FexOs. Heat transfer coefficient increased
with increasing the Reynolds numbers of air. Leong et a. [141] have been observed that heat
transfer rate has been increased when the concentration volume increased from 0% to 2% of copper
particles. Dynamic viscosity of nanofluids has been increased with increasing the volume fraction
of copper nanoparticles. It has been observed that 45.2% heat transfer enhanced for ethylene glycol
with 2% of copper particles when Reynolds numbers increased from 4000 to 6000. Naraki et al.
[20] have investigated the overall heat transfer coefficient by using CuO/ water nanofluids as a
coolant in car radiator. Heat transfer coefficient increased when concentration of CuO increased
from 0 to 0.4% v/v as shown in figure 2.4. The overal heat transfer coefficient increased with
increasing the particle concentration as compared to base fluid when flow rate of nanofluid was

constant.
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Figure 2.5: Effect of concentration and flow rate on heat transfer coefficient [20]

But, heat transfer coefficient was decreased with increasing the nanofluid temperature from 50°C
to 80°C. Air flow rate, inlet temperature and concentration of nanofluids have 23%, 22% and 13%
contribution in overall heat transfer coefficient. Peyghambarzadeh et a. [142] have been
investigated that heat transfer rate of automobile radiator increased with presence of Al2O3
nanoparticles at concentration of 1% v/v. Heat transfer coefficient enhanced with increasing flow
rate of pure water and nanofluid. Higher heat transfer coefficient obtained by using nanofluid
instead of water. Heat transfer coefficient increased about 30-40% in comparison the pure water.
Some correlation for heat transfer characteristics and pressure drop characteristic given in table 2.2

which are suggested by some authors.
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Table 2.2: Compilation of heat transfer and pressure drop characteristics correlations

S. No Equation Nanoparticles Concentration | Reynolds Reference no.
(%) number
1. | Nu=0.085Re*™ pro%® Aluminum oxide | 10.0 10*-5x10° [143]
2. T 1 1 Graphite 25 5-120 [144]
Nu = aRe” Pr3(%)3(%)3
3. | Nu=0.0059(1+ 7.6286] %% ped®)Re®%* pr04 Copper 2.0 10*- 2.5x10* [145]
4. Nu = 0.074Re®™ pr0%sj 007 Titanium oxide | 2.0 3000 - 18000 [146]
5. Nu = 0.086 Re** pro° Aluminum oxide | 10.0 3000 [147]
6. Nu = 0.28Re"* pr0-36 Aluminum oxide | 10.0 3000 [147]
7. | Nu=0.067Re*™ Pr®.1 0.0005Re Titanium oxide | 0.25 50000 - 30000 | [148]
8. Nu = 0.02172Re®® Pro®(1+j )& Iron oxide 0.2 3000 - 22000 [149]
9. | Nu=0.0023Re’ Pr®®+(0.617] —0.135)Re®*% 0% pr0%1 39 | Silver 0.9 900 - 12000 [150]
10. | Nu=0.065(Re**—60.22)(1+0.0169 °*°)pro>* Copper oxide 0.06 3000 - 16000 [151]
11. | Nu =3.138x107° Re(Pr) *°(1+j )"#(1+H)°%® Aluminum oxide | 0.1 3500 — 8500 [152]
12. | Nu = 0.5419(RePr)*®(£) %% Aluminum oxide | 0.1 2300 [153]
13. | Nu=0.065(Re*®*—-60.22)(1+0.0169 °%)Pro*? Aluminum oxide | 0.1 3000 - 16000 [151]
14. | Nu = 0.5657 (Re Pr) %% (£)~060%2 Copper oxide 0.1 2300 [153]
15. | f =26.4Re 5% (14] )= Aluminum oxide | 0.1 2300 [154]
16. | f =0.1648 Re®¥ (L+j )" ¥ 1+ &) % Copper oxide 0.3 2500 — 6000 [155]
17. | f =0.3491Re *® 1+ )**V Iron oxide 0.2 3000 - 22000 [149]
18. Aluminum oxide | 0.1 3000 - 16000 [151]

f = 0.3164Re 0% (11077 ()00
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2.6. Novelty of present resear ch work

The literature study indicates that thermophysical properties of nanofluids depends upon the many
parametersi.e., fluid temperature, particles size and shape, particles concentration etc. The use of
nanofluids leads to heat transfer performance enhancement. From the literature review it has been
observed that extensive experimental and theoretical studies have been conducted to investigate
thermal and transport properties of nanofluids in past decade. The effect of higher temperature on
thermo physical properties of nanofluids has not been studied so far becausein industrial application

some process has been carried out at high temperature.

A critical review of existing literature on heat transfer enhancement of radiator tubes using
nanofluids indicated that amajority of these studies were based on numerical simulations and afew
were based on experimental studiesunder laminar flow conditions. However, no experimental study
has been reported so far on the heat transfer performance of nanofluids in flat tubes of a radiator
under turbulent flow conditions (Re > 10000), at which most of the automobile radiators are
operated.

In the compact heat exchanger, limited research has been carried out with flat tube and louvered fin
radiators. In the flat tube vehicle cooling systems, only numerical studies have been carried out only
with oxide nanoparticles and no experimental study has not been reported. Most of research has
been carried out only to calculate the heat transfer coefficient at low Reynolds number and low
particle volume concentrations. The fluid flow performance of single flat tube and radiator with
high Reynolds number and high volume concentration not reported. The effect of air velocity on
heat transfer performance of flat tube not reported.

2.7 Scope of the present work

1. In the present work, aluminum oxide and copper oxide nanoparticles with an average size
20 — 30 nm are dispersed in base fluid (water) and nanoparticles are spherical in structure
which posses the good stability.

2. Thermophysical properties i.e. thermal conductivity, density, specific heat and viscosity
measured with temperature range from 30°C to 90 °C and particle concentration up 1.0%
v/v and mathematical equation developed.

3. The performance of water based aluminum oxide and copper oxide nanofluids studied in
theflat vertical and compact heat exchanger (radaitor) with variation of different parameters

i.e. particle concentration, Reynolds number, fluid inlet temperature, air inlet velocity.
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4. Correlation for heat transfer coefficient and pressure drop of nanofluids in flat tube were

developed in the terms of particle concentrations.

2.8 Objectives of work
The objective(s) of the work are as follows:

e Estimation of enhancement of cooling capacity of radiator by using nanofluids.

a) Estimation of thermo physical properties of different nanofluids of Al>Oz and CuO
nanoparticles at different temperatures (from ambient temperature to 85°C).
b) Study of heat transfer and pressure drop characteristics of nanofluids inside a flat

vertical tube.
c) Todevelop acorrelation for heat transfer coefficient and pressure drop of nanofluids

in flat tube.
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CHAPTER 3
PREPARATION, STABILITY, THERMOPHY SICAL PROPERTIES OF NANOFLUIDS

3.1. Introduction

This chapter presents detailed description of preparation of nanofluids, their stability analysis and
thermophysical properties of nanofluids. Stable nanofluids play an imperative role in heat transfer
applications. Proper mixing and stabilization of nanoparticles in the base fluid is important for
preparing the nanofluids. Three techniques have been used for suspension of nanoparticles — by

controlling the pH value of suspension, use of surfactants and ultrasonic vibration [16,17,31].

3.2. Nanoparticle materials

In present thesiswork two types of nanoparticles such as aluminum oxide (Al203) and copper oxide
(CuO) were used to prepare the nanofluids. Nanoparticles were procured from the M/s. Nanoshell
LLC, USA. Some physical properties of nanoparticles are given in table 3.1. The double distilled

water was used as the base fluid for preparation of nanofluids.

Table 3.1: Characteristics of nanoparticles

S. No | Parameter Unit Al203 | CuO
1. | Average particle size Nm 20 20-30
2. | Appearance - Whitish | Black
3. | Purity % >99 > 99
4. | Density kg/m® 3895 | 6310
5. | Therma conductivity | W/(m-K) 33 32
6. | Specific heat capacity | J/(kg-K) 765 540

3.3. Characterization of nanoparticles
There are number of methods available to study the characterization of different nanoparticles.
Some methods are given below:

a) Infrared spectroscopy

b) Optical spectroscopy

c) Raman Spectroscopy

d) X-ray diffraction (X-RD)

€) Scanning electron microscope (SEM)

f)  Transmission electron microscopy (TEM)

g) Zetapotentia
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In the present work nanoparticles characterization was carried out with transmission electron
microscopy and scanning el ectron microscope methods. The energy-dispersive spectroscopy (EDS)
anaysis of auminum oxide and copper oxide nanoparticles was carried on scanning electron
microscope (JEOL JSM 6510 LV) at SAI lab, Thapar Institute of Engineering and Technology,
Patiala. Transmission electron microscopy and scanning el ectron microscope are the techniques to
analyze the size, shape and distribution of nanoparticles. These techniques cannot be used for the
nanofluids because dry samples are required during the testing. This problem might be resolved
with cryogenic transmission electron microscopy and cryogenic scanning electron microscope as

the structure of nanofluidsis not changed during the cryogenic process.
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Figure 3.2: Scanning electron microscope image of aluminum oxide nanoparticles
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The transmission electron microscopy gives the two types of information about nanoparticles; first
is the size and shape of nanoparticles in terms of mean diameter and second is crystallinity from
electron diffraction. The EDS analysis of aluminum oxide nanoparticlesis showninfigure3.1. The
aluminum oxide nanoparticles contained 50.38% aliminum and 49.62% oxygen by weight
percentage. The atomic percentage of alumina was 37.58. The surface morphology of alumiunm
oxideis shown in figure 3.2 and it is clear from the figure that aluminum oxide nanoparticles are

spherical in struture and average size of nanoparticlesis 20 nm.
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Figure 3.3: EDS analysis of copper nanoparticles

Figure 3.4: Scanning Electron microscope image of copper oxide nanoparticles

The EDS analysis of copper oxide nanoparticles is shown in figure 3.3 and it was anayzed that
copper oxide nanoparticles contained 73.24% copper and 26.76% oxygen by weight percentage.

The atomic percentage of copper was 40.80. The surface morphology of copper oxide is shown in
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figure 3.4 and it is clear from the figure that copper oxide nanoparticles are spherical in struture

with average size of nanoparticlesis 20 nm.

3.4. Preparation of nanofluids

Two methods are widely used in the preparation of nanofluids, namely, one-step method and two-
step method [156]. In present thesiswork, nanofluids were prepared from 0-1.0% v/v concentration
of nanoparticles. Two-step method was used to prepare the nanofluids and methodology to prepare
nanofluidsis shown in figure 3.5.

The nanofluids preparation methodology is as follows:
a) The amount of nanoparticles required for preparing a given sample of nanofluids, was
calculated using eg. (3.1), which is based on volume concentration

Volume concentration = ——">— (3.1)
rnp rnof
— + -

P

@ Base fluid

Direct mixing

A 4

A

Sonication

v

Nanofluids

Figure 3.5: Preparation of nanofluids

b) Nanoparticles were added gradually to the base fluid in a glass flask while agitating with a
magnetic stirrer for about one hour.

c) The surface activator (surfactants) has vital role in the stability of nanofluids. The
aluminium oxide nanofluids were prepared without use of any surfactant while copper oxide
nanofluids with use of surfactant. For the copper oxide nanoparticles, 0.2 wt% of SDS was
added to prepare the stable copper oxide nanofluids.
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d) The nanofluids were sonicated for 2-3 hoursin an ultra sonicator in order to obtain a stable
suspension of nanoparticles. The sonication of nanofluids was carried out Branson

Ultrasonics, USA which is shown in figure 3.6.

Figure 3.6: Ultrasonicator

3.5. Stability of nanofluids

The stability of nanofluids is important for application of nanofluids as nanofluids are not ssimply
liquid — solid mixture. Some special treatment i.e. addition of surfactant is required for the stable,
durable suspension, minimum agglomeration of nanoparticles. The agglomeration of the
nanoparticles is not leads only clogging of channels but also decrease the thermal conductivity of
nanofluids. The stability of nanofluids was checked by Zeta potential, measuring the absorbance
using UV-vis spectrophotometer and thermal conductivity. The Brookhaven 90 plus particle size
analyzer was used for the Zeta potential measurement. The particle size analyzer was equipped with
PALS Zeta potential software. The Zeta potential shows electric potential difference between the
dispersed medium and layer of the fluid which is attached to suspended nanoparticle in base fluid.
The stability of nanofluids measured with the significance of Zeta potential value. The high value
of Zeta potential leadsto good stability of nanoparticlesin the base fluid. The suspension, with Zeta
potential value more than 60 mV, have the excellent stability and the Zeta potential value in the
range of 40 mV — 60 mV shows the good stability of nanoparticlesin base fluid. The suspension is
considered as physical stableif the value of Zeta potential is lies between the 30 mV - 40 mV and
if the value of Zeta potential decreases upto 20 mV, the nanofluids are limited stability [156].
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Further the value of Zeta potential lessthan 5 mV indicates the agglomeration of nanoparticles and
nanofluids are not suitable for any application. The results of Zetapotential of present work are al'so

compared with available literature.

The absorbance analysis is also a good method to check the stability of nanofluids. Thereislinear
relationship between the nanoparticles and intensity of absorbance. The UV-visanaysisisreliable
method if the particle suspended in base fluid have absorbance wavelength between 190 — 1100
nm. The stability of nanofluids measured over the days till absorbance value show >+ 0.01 error
relativetoinitial value of absorbance.

The thermal conductivity of nanofluids is an important transport property for heat transfer
applications. Different techniques have been used to measure the thermal conductivity of
nanofluids. In most of the studies, transient hot wire method has been used because it minimizes
the effects of convection. In this work, thermal conductivity of nanofluids was measured with a
battery operated KD2 thermal analyzer.

3.5.1. Stability of aluminum oxide nanofluids:

The stability of nanofluids measured with Zeta potential, UV-Vis absorbance and thermal
conductivity of nanofluids. Nanofluids were prepared from 0-1.0% v/v concentration of
nanoparticles.
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Figure 3.7: Zeta potential measur ement of Al203 nanofluids
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For the low concentration of nanoparticles, stability was measured with Zeta potential and UV -vis

absorbance while for high concentration, thermal conductivity method was used.
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Figure 3.8: UV-vis absorbance measurement of Al203 nanofluids

0'70_ al ' m' 0%vv '@ 0.25%viv

0.694 A 0500%viv v 0.75%viv
—~ 068 < 10%viv Temperature30°C
Eolecdad il
ST T T T 1111 444
"EQG&B_TTTTTTTTTTTT%
Sew]l (LT TTYYTYYYYY
EOM—IIIIIIIIIIILI
e
= ]

0.62

0-61-+' T T T T T T T T T T T T T T T

0 3 6 9 12 15 18 21 24



Thermal conductivity (W/m.K)

Thermal conductivity (W/m.K)

0.76

B 0%Vv @ 0.25%V/vV
074' b A 050%viv v 0.75%Viv
] < 10%viv Temperaure40°C _
$ d 1 1 11 1 1
072{d4 4 4 < 1 T T 7]
[PTTTTIT11144444
0704+ + ¢ . . . )
L S |
1y T T
0.684 YYYYYYYYYYYY_
1A A 4 4
T P NP NP NP S I
0.62 — T T 1 T 1 - 1T T T T T T T " T 7
0 3 6 9 12 15 18 21 24
Days
0.80 ' B 0%V @ 025%ViV
{ C A 050%viv v 0.75%viv
0.78 ] < 10%vi Temperature50°C
ored . . . . . ]
IR LT 1 T
0.74-L11515111fi‘1‘1_
1w w o &L I T T T T
02 Y YYYYYYYYVYVVYTY Y
0.70] .
A A 4 A
1 L 1 1 1 é é é é é x x x x_
0.68] oL 7
0.66—_§§§§§§§§§§§§$_
064{® ® ® B B 5 5 B R H 5N
0 3 6 9 12 15 18 21 24
Days

-35-

Figure3.9: Thermal conductivity of Al20s nanofluids for different concentration and
temperature (a) 30 °C (b) 40 °C (c) 50 °C

The aluminum oxide nanofluids remained stable for more than 15 days as shown in figure 3.7. The
value of Zeta potential was approximately 43 mV for 0.1% v/v concentration which indicates the

good stability. While with increasing the particle concentration in base fluids, the value of Zeta




potential decreased as compared with 0.1% v/v concentration; but Zeta potential value near to 40
mV signifies the good stability.

On the 18" day, the value of Zeta potential was more than 30 mV so the nanofluids are in good
stability. The minimum valve of Zeta potential was recorded 23 mV on 25" day which is more than
limited stability value. The UV -vis absorbance measurement is shown in figure 3.8. According to
the absorbance value, nanofluids remained stable up to 18" day after that absorbance starts decline.
Furthermore value of absorbance also decreased with increasing the particle concentration as the
linear relationship between the nanoparticles and intensity of absorbance. The thermal conductivity
of aluminum oxide nanofluids is measured for 0.25% v/v - 1.0% v/v within the temperature range
from 30 °C to 50 °C for 25 days. It was observed that thermal conductivity was decreased
approximately 1% on when measured for 25 days which indicates the good stability of nanofluids

with minimum agglomeration. The same resultswere observed at 40 °C and 50 °C fluid temperature.

3.5.2. Stability of copper oxide nanofluids

The copper oxide nanofluids are generally less stable than aluminum oxide nanofluids as the density
of copper oxide is more as compared to aluminum oxide. The stability of copper oxide nanofluids
with reference to Zeta potentia values is shown in figure 3.10 and good stability was observed up

to 101" day of nanofluids preparation.

45 T T T T T T T T T
] Good stability (40-60mV) [156]
A0 -
1A Moderate stability (30-40mV
35 2 ty ( )
- 8
L A L —
E : &
z 7 Physical stabil o
= sica stability (17-30mV
5 204 y: y( )
@) o e
o
%5 15+ B 0.1%v/v
N 10 1 ® 0.2%viv
1 LA 03%wv Limited stability (517 mV)
B b e
1 Agglomeration (Less than 5mV)
0 T T T T T T T T T T T T
0 4 8 12 16 20 24
Days

Figure 3.10: Zeta potential measurement of CuO nanofluids
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Figure 3.11: UV-vis absor bance measurement of CuO nanofluids
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Figure3.12: Thermal conductivity of CuO nanofluids for different concentration and
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The value of Zeta potential was approximately 40 mV for 0.1% v/v concentration which indicates
the good stability. While with increasing the particle concentration in base fluids, the value of Zeta
potential is less as compared with 0.1% v/v concentration but Zeta potential value near to 40 mV
signifies the good stability. On the 13" day, the value of Zeta potential was more than 32 mV so
the nanofluids are in good stability. The minimum valve of Zeta potential was recorded 22 mV for
0.3% v/v concentration on 25" day which is more than limited stability value. The UV-vis
absorbance measurement is shown in figure 3.11. According to the absorbance value, nanofluids
remained stable up to 10" day after that absorbance starts decline. Furthermore value of absorbance
of copper oxide nanofluids decreased with increasing the particle concentration and absorbance
intensity is less than auminum oxide nanofluids. The thermal conductivity of copper oxide
nanofluids is measured for 0.25% v/v — 1.0% v/v within the temperature range of 30°C - 50°C for
25 days as shown in the figure 3.12. It was observed that thermal conductivity was 0.638 W/m.K
on first day and decreased up to 0.630 W/m.K on 25" day which approximately decreased by only
1.25%, which indicates the good stability of nanofluids with minimum agglomeration. The same

results were observed at 40 °C and 50 °C fluid temperature.

3.6. Thermophysical properties of nanofluids

This section presents detailed description of measurement of thermophysical propertiesi.e. thermal
conductivity, density, specific heat and viscosity of water based aluminum oxide and copper oxide
nanofluids for different concentration and fluid temperature. A correlation is aso developed for

thermal conductivity, viscosity and density.

3.6.1. Thermal conductivity

Some theoretical models are available to predict the effective thermal conductivity of nanofluids.
More than 100 year ago Maxwell proposed a model for the enhancement of thermal conductivity
of suspensions containing solid particles. Maxwell model suggested that thermal conductivity
increases with volume fraction. To predict the Maxwell theory, a bench mark study on thermal
conductivity of different nanofluids has been proposed. It was difficult to suspend solids in solution
with higher concentration which limits the use of micro and mini sized particle for making a proper
cooling liquid. In the most of studies transient hot wire method was used for measurement of the
thermal conductivity of nanofluids. In thiswork, thermal conductivity of nanofluids was measured
with KD2 PRO thermal analyzer, (Decagon Devices Inc. USA) which is also based on the transient
hot wire method, apparatus measurement range 0.2 W/m.K to 2.0 W/m.k accuracy of +5% of
temperature ranges 30°C — 90°C. KD2 PRO thermal analyzer, as shown in figure 3.13, has a sensor

needle (1.3 mm diameter and 60 mm long) consists thermistor and heating element, inserted in the
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nanofluids sample to measure the thermal conductivity. The temperature of nanofluids maintained
with temperature controller water bath which is shown in figure 3.14. Measurement of thermal
conductivity takes one minute and reading is on the basis of temperature difference of sensor needle

and nanofluids v/s time taken.

Figure 3.13: KD2 PRO thermal analyzer

Figure 3.14: Thermal Property analyzer with temperature controller water bath
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Figure 3.15: Comparison of experimental and references data of thermal conductivity

For each sample six reading have been taken and average value calculated. The thermal
conductivity of distilled water wasfirst measured prior to that of nanofluidsto validate the accuracy
of the instrument (KD2 Pro) as shown in the figure 3.15 in which results shows good relationship
between the experimental and reference data and 0.64% error was observed.

3.6.1.1. Thermal conductivity of aluminum oxide

The thermal conductivity enhancement of nanofluids has great importance for heat transfer. It was
observed that the thermal conductivity of water increases with increasing the temperature. The
effect of nanoparticle concentration and temperature on the thermal conductivity of nanofluid is
shown in figure 3.16. The thermal conductivity of nanofluids was more sensitive to temperature
than that of the base fluid. Nanofluids have higher thermal conductivity than base fluid at el evated
temperatures, because arise in temperature accel erates particle movements.

For instance, the thermal conductivity of 0.1% v/v nanofluid at 30°C was 1% higher than that of
the base fluid, whereas at 90°C it was approximately 2% higher than that of the base fluid while
with increase the a uminum oxide particle concentration upto 1.0% v/v, the thermal conductivity of
nanofluid at 30°C was 8% higher than that of the base fluid whereas at 80°C it was 21% higher than
that of the base fluid. The experimental and fitted equation thermal conductivity of Al>Os nanofluids

isshown in figure 3.17.
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The percentage enhancement of thermal conductivity of alumina nanofluids with particle
concentration and fluid temperature is given table 3.2. The enhancement of thermal conductivity
declines as the temperature of fluid rise from 80°C to 90°C. A liquid nanolayer is the key for
enhancing the thermal conductivity of nanofluids, because, it acts as a thermal bridge between the
base fluid and nanoparticle. A similar result has been reported by Das et a. [157] for 1 - 4% v/v of
Al>Os/water nanofluids in the temperature range 21-51°C.

They concluded that the considerable improvement in thermal conductivity of nanofluids at high
temperatures is mainly due to the Brownian motion of nanoparticles. Jang and Choi [158], Koo and
Kleintreuer [58], Prasher et a. [159] and Saxena et al. [19] aso attributed the increase in thermal

conductivity of nanofluids at high temperatures to the Brownian motion of nanoparticles.

Table 3.2: Percentage enhancement of thermal conductivity of Al203 nanofluids

Aluminum oxide nanoparticles volume concentration (v/v %)
Tem'z’oeé;‘t“re 01 | 02 | 03| 04| 05| 06| 07 | 08 | 09 | 1
30 1.03 | 1.73 | 237 | 286 | 350 | 480 | 576 | 6.73 | 7.70 | 8.67
40 141 | 236 | 332 | 443 | 586 | 808 | 9.19 | 12.05| 12.36 | 14.43
50 1.35 | 260 | 446 | 6.33 | 7.89 | 10.85 | 12.25 | 14.58 | 16.14 | 17.70
60 163 | 316 | 515 | 791 | 883 | 11.74 | 13.42 | 15.87 | 18.01 | 19.69
70 171 | 353 | 641 | 868 | 9.89 | 12.16 | 14.13 | 16.40 | 18.97 | 20.48
80 1.35 | 331 | 647 | 872 | 9.92 | 1218 | 14.14 | 16.39 | 19.10 | 21.05
90 119 | 313 | 6.27 | 851 | 955 | 11.94 | 13.73 | 16.12 | 18.81 | 20.90

3.6.1.2. Thermal conductivity of copper oxide nanofluids

The thermal conductivity of nanofluids was also found to increase with an increase in the CuO
particle volume concentration and temperature and these results are in good agreement with the
literature data reported by Zhu et a. [72] and Khedkar et a. [56]. The enhancement of thermal
conductivity was more than 2% for alow concentration (0.1% v/v) and this enhancement increased
up to approximately 25% for the 1.0% volume concentration as shown in the figure 3.18. The
increase in therma conductivity with volume fraction might be because of higher thermal
conductivity of solids (i.e. nanoparticles) than that of liquids (i.e. base fluids) ; and also because of
the decrease in distance between nanoparticles with increase in particle volume concentration as
revealed by Khedkar et al. [56]. With 0.1% of CuO nanoparticles at 30°C, the enhancement of
thermal conductivity was only 2% and at 90°C this enhancement increased up to approximately 4%.
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Table 3.3: Percentage enhancement of thermal conductivity of CuO nanofluids

Per centage enhancement of ther mal conductivity
Copper oxide nanoparticles volume concentration (%)
Temperature

(°C) 0.1 0.2 03 | 04 | 05 0.6 0.7 0.8 0.9 1
30 205| 286| 350| 431| 512| 593| 6.73| 7.86| 9.96| 12.06
40 236 | 348| 427 | 538| 681| 8.87| 10.62| 12.84 | 13.95| 16.01
50 275| 353 | 5.09| 6.80| 867 | 11.47 | 12.87 | 15.36 | 16.92 | 18.47
60 332 393| 592 | 837 | 9.29| 13.11| 14.03| 16.63 | 19.08 | 21.23
70 368 459 | 6.86| 9.13|10.19| 13.37 | 14.88| 17.00 | 19.73 | 22.75
80 376 | 519 | 7.37| 9.37 | 1095| 13.68 | 15.19 | 17.23 | 21.80 | 24.81
90 375 478 | 7.16| 9.10| 10.63| 13.73 | 15.07 | 17.06 | 22.39 | 24.63
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Figure 3.20: Comparison of experimental thermal conductivity and fitted equation thermal

conductivity of Al203 nanofluids

For a higher particle concentration of 1.0%, the enhancement in thermal conductivity increased
from 12% to 25% as the temperature was raised from 30°C to 90°C. The percentage enhancement
of thermal conductivity of copper oxide nanofluids with particle concentration and fluid
temperature is given table 3.3.



A similar observation on the increase of thermal conductivity of CuO nanofluids with temperature
was reported by Das et a. [157] and Sitprasert et a. [7]. This may be due to the weakening of
intermol ecular forces between nanoparticles and base fluid.

A mathematically correlation was developed to predicted the thermal conductivity of water based
aluminum oxide and copper oxide nanofluids which is given as the equation 3.2. There is good
agreement between the experimental thermal conductivity and predicted model’s thermal
conductivity values for aluminum oxide and copper oxide nanofluids as shown the figures 3.20 and
3.21 respectively. The Chi-square value 0.00934 and 0.00764 was observed for aluminum oxide
and copper oxide nanofluids, respectively. The R-square value observed for aluminum oxide

nanofluids was 0.97 and copper oxide nanofluids was 0.98.
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Figure 3.21: Comparison of experimental thermal conductivity and fitted equation thermal

conductivity of CuO nanofluids

3.6.2. Viscosity

The viscosity of nanofluidsinfluences the pressure drop, Reynolds number and pumping power. To
measure the viscosity of prepared nanofluids Brookfield Viscometer DV-II plus pro of accuracy
+1.0% of full scale specific spindle running at specific speed was used. The instrument had
temperature sensing range —10°C to 200°C with accuracy of +1.0°C. While measuring the viscosity
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of sample, viscous drag force of fluid is measured with calibrated spring deflection which is
operated by rotary transducer. Viscosity of nanofluids has measured at different concentration of

nanoparticles at different temperature ranges which was controlled by in built water bath.

3.6.2.1 Viscosity of aluminum oxide

Thevariation of viscosity of aluminum oxide nanofluids (0-1 % v/v) with temperature (in the range
30-90°C) isshown infigure 3.22. The viscosity of nanofluids increased with increasing the particle
volume concentration and decreased with increase in temperature. The experimental and predicted
model viscosity of Al>Os nanofluids is shown in figure 3.23. With an increase in particle
concentration from 0.1 to 1.0 vol%, the viscosity of nanofluid at 30°C is 2.3% and 19.82%
respectively higher than that of the base fluid. Prasher et a. [159] and Hojjat et a. [160] reported
similar trends in viscosity change of Al>Oz/water nanofluid with volume fraction of particles. In
addition, Daset a. [130] and Putraet al. [21] also reported that the viscosity of nanofluids increases
with increasing the alumina particle concentration from 1% v/v to 4% v/v and that the nanofluids
behave as Newtonian fluids. With an increase in temperature from 30°C to 90°C, the value of
viscosity decreased from 0.816 cP to 0.328 cP for 0.1% nanofluid and from 0.994 cP to 0.391 cP
for 1.0% nanofluid. The viscosity of 1.0% v/v nanofluid at 90°C was only 16% higher than that of
the base fluid.
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Figure 3.22: Variation of viscosity with aluminum oxide nanoparticle concentration and fluid
temperature
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Figure 3.23: Experimental and fitted equation viscosity data with aluminum oxide

nanoparticle concentration and fluid temperature

Therefore, it can be concluded that an increase in temperature not only decreases the viscosity of

nanofluids, but also decreases the difference between the viscosities of nanofluids of different

concentrations and the base fluid.

Table 3.4: Percentageincreasein viscosity of aluminum oxide nanofluids

Aluminum oxide nanoparticles volume concentration (% v/v)

Tem'?%f‘t“re 01 | 02| 03| 04| 05| 06 | 07 | 08| 09 | 1
30 2.33| 3.74| 6.37| 860 10.25 | 12.80| 15.03 | 16.81 | 18.00 | 19.82
40 1.65| 3.82| 6.13| 866 7.76| 9.92| 12.33| 13.95| 1550 | 17.84
50 144 | 437| 586 838 6.97| 10.47 | 11.92 | 13.17 | 15.06 | 17.87
60 210 | 391| 559 7.89| 861 9.67| 11.72| 13.36 | 15.70 | 17.93
70 171 4.05| 528| 757 882| 9.84| 1143 | 13.15| 14.62| 16.74
80 0.84 | 481| 499| 7.29| 801 8.72| 1144 | 13.04 | 14.63 | 17.02
90 061 121| 298| 551| 7.12| 9.19| 904 12.83 | 14.44 | 16.71

The reason behind the decrease in viscosity with rise in temperature could be the decrease in

intermolecular forces at high temperatures. The increasing temperature increases the average
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distance between molecules, and hence decreases the average attractive forces. If the temperature
is increased, the intermolecular forces become weak and kinetic energy increases. As the
temperature increases the kinetic energy can overcome intermolecular forces, hence viscosity
decreases and liquids can flow easily. Apart from the molecular forces, pH value of base fluid,
nanoparticles shape and size also effects the viscosity of nanofluids. The results for different
concentrations showed the similar trends in viscosity variation. Pastoriza-Gallego et a. [81] and
Namburu et al. [161] also presented similar observation on the influence of temperature on viscosity
of nanofluids. The percentage increase of viscosity of aumina nanofluids with particle

concentration and fluid temperature is given table 3.4.

3.6.2.2 Viscosity of copper oxide

The effect of copper oxide nanoparticles concentration and fluid temperature on the viscosity of
nanofluids is shown in figure 3.24. The experimental viscosity of copper oxide nanofluids were
compared with the developed mathematical correlation as shown in figure 3.25. The viscosity of
the nanofluids increased with increase in copper oxide nanoparticles concentration, while it

decreased with increase in fluid temperature.
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Figure3.24: Effect of copper oxide nanoparticle concentration and fluid temperature on

viscosity
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Figure 3.25. Experimental and fitted equation viscosity of copper oxide nanoparticle

concentration and fluid temperature

The viscosity of nanofluids increased from 2.8% to 20.46% as the nanoparticles concentration was
increased from 0.1% v/v to 1.0% v/v. For low concentration of nanoparticles, nanofluids showed
the Newtonian behaviour, while with increase in particles concentration, nanofluids behaviour

changed to non-Newtonian.

Increase in viscosity with increasing the nanoparticle loading also leads to clustering phenomenon.
With increasing the concentration, the internal stresses become significant, which also contribute
to rise in viscosity of nanofluids as compared to the base fluid. The fluid temperature had a great
influence on viscosity of nanofluids. As the temperature was increased from 30°C to 90°C,
viscosity decreased by 2% for 1.0% v/v concentration of nanoparticles. The reason behind the
decrease in viscosity with rise in temperature could be the decrease in molecular forces with
increasing the temperature. A similar finding on viscosity of nanofluids for different concentrations
and fluid temperature has been reported by other authors [21,75,76,80,81,160].
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Table 3.5: Percentageincreasein viscosity of copper oxide nanofluids

Copper oxide nanoparticles volume concentration (v/v %)
Tem?%f‘t“re 01 | 02| 03|04 05| 06 07 08| 09| 1
30 280| 426 | 6.92| 9.18|10.86 | 13.39 | 15.62 | 17.40 | 18.61 | 20.46
40 224 | 446| 6.80| 9.37| 854 | 10.68 | 13.09 | 14.72 | 16.28 | 18.66
50 215| 512 | 6.67| 9.23| 7.93| 11.37 | 12.83 | 14.12 | 16.00 | 18.84
60 291 | 479 | 653 | 890 | 9.69| 10.74 | 12.79 | 14.45| 16.79 | 19.06
70 266 | 5.06| 6.38| 874 |10.06| 11.08 | 12.68 | 14.42 | 15.90 | 18.09
80 193] 594 | 6.24| 862 | 9.44| 10.15| 12.85| 14.48 | 16.08 | 18.54
90 482 | 553 | 733 | 9.87|1151 | 1347 | 14.25| 17.04 | 18.60 | 20.88
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Figure 3.26: Comparison of experimental viscosity and fitted equation viscosity of Al203
nanofluids
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Figure 3.27: Comparison of experimental viscosity and fitted equation viscosity of CuO

nanofluids.

The percentage increase in viscosity of copper oxide nanofluids with particle concentration and
fluid temperature is given table 3.5. A fitted equation was developed to predict the viscosity of
water based aluminum oxide and copper oxide nanofluidswhich is given as the equation 3.3. There
is good agreement between the experimental viscosity and predicted model’s viscosity values for
aluminum oxide and copper oxide nanofluids as shown the figures 3.26 and 3.27, respectively. The
Chi-sguare value 0.00734 and 0.00564 was observed for aluminum oxide and copper oxide
nanofluids, respectively. The R-square value for aluminum oxide nanofluids 0.97 and copper oxide

nanofluids 0.98 is observed.

m, =my (1+f)"T" (3.3)

3.6.3. Density
Density is an important properties in nanofluids which is directly affects the Reynolds number and
pressure loss. In this study density of nanofluids has been measured with specific gravity bottle of
capacity 5 ml. and it is closed the glass stopper which having a capillary hole in it. Accuracy of
specific gravity bottle was +0.2%. A digital pipette with accuracy of +0.1% has been used to
accurate measurement of the 5 ml nanofluids.
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3.6.3.1. Density of aluminum oxide nanofluids

The variation of density of Al>Os/water nanofluids of different concentrations with temperature is
shown in figure 3.28. The density of nanofluids increased with increase in particle concentration.
In comparison with the base fluid, the density was 0.3% higher for 0.1% v/v nanofluid and 2.8%
higher for 1.0% v/v nanofluids at 30°C. The density of base fluid as well as nanofluids declined
with increasing the temperature. The deviation of density of nanofluids from the base fluid
increased gradually with risein temperature. At temperature 30°C, the deviation of density of 1.0%
v/v nanofluid from the base fluid was 2.82%, while at 90°C thisvalueincreased to 2.92%. A similar
observation on the effect of temperature on density of water-based alumina nanofluids was reported
by Vajhaet al. [162] and Mahabul et a. [163]. The comparison of experimental data of density of
aluminum oxide nanofluids with predicted model data of density is shown in figure 3.29. The
percentage increase in density of aluminum oxide nanofluids with particle concentration and fluid

temperature is given table 3.6.

3.6.3.2. Density of copper oxide

The increase in density of nanofluids as compared to the base fluid was 0.3% for 0.1% v/v particle
concentration and 4.41% for particle concentration of 1.0% v/v. With arisein temperature, density
of base fluid and nanofluids declined. The deviation of density of nanofluids from base fluid

increased gradually with rise in temperature.
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Figure 3.28: Effect of particle concentration and fluid temperature on variation of density of

aluminum oxide based nanofluids
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At temperature 30°C, deviation of nanofluids density from the base fluid was 4.41%, while at 70°C
this value increased to 5.75% for 1.0% v/v concentration. The comparison of experimental data of
density of copper oxide nanofluids with predicted model data of density is shown in figure 3.31.
The percentage increase in density of copper oxide nanofluids with particle concentration and fluid

temperature is given table 3.7.

1040 T T T T T T T T
1 0.1%viv A 02%viv Wy 0.3%vViv
1030 4 04%viv p 05% .6%viv @ 0.7%viv
® 08%Vviv * 09%ViV @ 10%VN== Fitted eq.
10204 X Q °
-~ 10104 ;i :::;fiii:fiiiign“
D X ----- ‘ S ig
<, 10004 e x .\::‘--L:*\,p-\:“u.: 2 _______ 2
2 mTer R SRRSO, RUNRR S R
5 07 W g R g Ii:;:"i ]
o ] Ry Gs S 1
980+ oKy
JASEERNL. SN~
9704 L TR |
960 T T T T T T T T T T T T T

30 40 50 60 70 80 0
Temperature (°C)

Figure 3.29: Comparison of experimental data with fitted equation data of density

Table 3.6 Percentage increase in density of aluminum oxide nanofluids with particle

concentration and fluid temperature

Aluminum oxide nanoparticles volume concentration (v/v %)
(Tog;perat”re 01 | 02 | 03 | 04 | 05 | 06 | 07 | 08 | 09 | 1
30 0.290 | 0.578 | 0.865 | 1.150 | 1.433 | 1.715| 1.995 | 2.273 | 2.550 | 2.826
40 0.291 | 0.580 | 0.868 | 1.154 | 1.438 | 1.721 | 2.002 | 2.282 | 2.560 | 2.836
50 0.292 | 0.583 | 0.872 | 1.160 | 1.445 | 1.729 | 2.012 | 2.293 | 2572 | 2.849
60 0.294 | 0.587 | 0.878 | 1.167 | 1.454 | 1.740 | 2.024 | 2.307 | 2.588 | 2.867
70 0.297 | 0.592 | 0.885 | 1.177 | 1.467 | 1.755 | 2.042 | 2.327 | 2.610 | 2.892
80 0.299 | 0.597 | 0.892 | 1.186 | 1.478 | 1.768 | 2.057 | 2.344 | 2.629 | 2.913
90 0.300 | 0.598 | 0.895 | 1.189 | 1.482 | 1.773 | 2.063 | 2.350 | 2.637 | 2.921




T T T T T T
B 0%viv @ 0.1%viv A 02%viv
v 03%viv « 04%viv P 0.5%vViV]

1050 4 @ O6%yv/v @ 0.7%viv @ 0.8%viv
] * 0.9%viv 1.0%viv 1
1035 -
JE‘ . 4
S 1020
S ]
>
7 1005+ 4
o
(@]

o
i
HES-
HEH
HElH

975 — % %
_ .

960 T T T T T T T T T 1

30 40 50 60 70 80 90

Temperature (°C)

Figure 3.30: Effect of copper oxide particle concentration and fluid temperature on variation

of density of copper oxide nanofluids
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Figure 3.31: Comparison of experimental data with fitted equation data of density of copper
oxide nanofluids
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A mathematically correlation was developed to predicted the density of water based aluminum
oxide and copper oxide nanofluids which is given as the equation 3.4. The experimental density
and predicted model’s density values for aluminum oxide and copper oxide nanofluids as shown
the figures 3.32 and figure 3.33 respectively. The value coefficient “m” is 3697.77 used in
developed correlation.

Table 3.7: Percentage increase in density of copper oxide nanofluids with particle

concentration and fluid temperature

Copper oxide nanoparticles volume concentration (v/v %)
Tem'?oeéf‘t“re 01 | 02 | 03 | 04 | 05| 06 | 07 | 08 | 09 | 1
30 0.291 | 1.191 | 1.736 | 2.372 | 2.756 | 3.149 | 3.523 | 3.810 | 4.081 | 4.418
40 0.879 | 1.273 | 1.692 | 2.407 | 2.853 | 3.213 | 3.577 | 3.921 | 4.138 | 4.461
50 1071|1477 | 1.770 | 2535 | 3.053 | 3.370 | 3.723 | 4.063 | 4.268 | 4.569
60 1420 | 1.763 | 2.040 | 2.841 | 3.200 | 3.589 | 3.947 | 4.294 | 4513 | 4.873
70 1910 | 2.173 | 2544 | 3.208 | 3.586 | 4.021 | 4.359 | 4.706 | 4.937 | 5.372
80 2.296 | 2585 | 2916 | 3.554 | 3.931 | 4.328 | 4.703 | 5.033 | 5.292 | 5.727
90 2212 | 2419 | 3.004 | 3.394 | 3.941 | 4.381 | 4.722 | 4.928 | 5.308 | 5.757
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Figure 3.32: Comparison of experimental density data and fitted equation density data of

aluminum oxide nanofluids
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Figure 3.33: Comparison of experimental density data and fitted equation density data of

copper oxide nanofluids

The Chi-square value 0.0105 and 0.0084 was observed for aluminum oxide and copper oxide
nanofluids, respectively. The R-square value for aluminum oxide and copper oxide nanofluids 0.99

was observed.

re=ry@-f)+f xm (3.4

nf

3.6.4. Specific heat capacity.

The specific heat capacity of nanofluidsin the temperature range 30°C — 90°C was measured using
a differential scanning calorimeter (DSC, Mettler Toledo) in three hierarchical steps. 1)
measurement with two empty pans, 2) measurement with one pan containing areference sample of
known specific heat, keeping the other pan empty, and 3) measurement with one pan containing the
reference sample and the other pan filled with nanofluid.

3.6.4.1. Variation of specific heat capacity of aluminum oxide nanofluids
The variation of specific heat of nanofluid with nanoparticles concentration and temperature is
shown in figure 3.34. The specific heat of nanofluids was found to be more sensitive to aumina
nanoparticle concentration than temperature. It was observed that the specific heat of base fluid
increased by only 0.7% as the temperature was increased from 40°C to 90°C.
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Figure 3.34: Effect of temperature and alumina nanoparticles on specific heat capacity of
nanofluids

These results indicated that the heat capacity of nanofluids increases with temperature but
diminishes with increase in particle volume concentration. This is because of the fact that the
specific heat of alumina nanoparticles is lower than that of the base fluid (i.e. water). Similar
outcomes on the variation of specific heat of different nanofluids with temperature and particle
concentrations have been presented in many studies [161,164]. The percentage change in specific
heat capacity with different aluminum oxide nanoparticle concentrationsis given in tablein 3.8.

Table 3.8: Percentage change in specific heat capacity with different aluminum oxide

nanoparticle concentrations

Aluminum oxide nanoparticles volume concentration (v/v %)
Tem'?oeé;"t“re 01 | 02 | 03 | 04 | 05 | 06 | 07 | 08 | 09 | 1
30 0.082 | 0.163 | 0.245 | 0.326 | 0.408 | 0.489 | 0.570 | 0.652 | 0.733 | 0.814
40 0.082 | 0.163 | 0.245 | 0.326 | 0.408 | 0.489 | 0.570 | 0.652 | 0.733 | 0.814
50 0.082 | 0.163 | 0.245 | 0.327 | 0.408 | 0.489 | 0.571 | 0.652 | 0.733 | 0.814
60 0.082 | 0.163 | 0.245 | 0.327 | 0.408 | 0.489 | 0.571 | 0.652 | 0.733 | 0.814
70 0.082 | 0.163 | 0.245 | 0.327 | 0.408 | 0.490 | 0.571 | 0.652 | 0.733 | 0.814
80 0.082 | 0.164 | 0.245 | 0.327 | 0.408 | 0.490 | 0.571 | 0.652 | 0.733 | 0.815
90 0.082 | 0.164 | 0.245 | 0.327 | 0.408 | 0.490 | 0.571 | 0.652 | 0.734 | 0.815
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Figure 3.35: Variation of specific heat capacity with copper oxide nanoparticles concentration
and fluid temperature
3.6.4.2 Specific heat capacity of copper oxide nanofluids.
The variation of specific heat capacity with copper oxide nanoparticles concentration and fluid
temperature is shown in figure 3.35. The specific heat capacity of nanofluids decreased with
increasing the nanoparticles concentration and increased with increase in fluid temperature. The
heat capacity decreased by 1% for 0.1% v/v concentration of copper oxide nanoparticles and heat
capacity decreased up to 0.8% as the nanoparticles concentration increases up to 1.0% v/v. On
other hand, heat capacity of base fluid as well as nanofluids for different concentration increased
with the fluid temperature.
Table 3.9: Percentage change in specific heat capacity with different copper oxide
nanoparticle concentrations

Aluminum oxide nanoparticles volume concentration (v/v %)
Tem?%;"ture 0.1 02 | 03 | 04 | 05 | 06 | 07 | 08 | 09 | 1
30 0.0868 | 0.1735 | 0.2603 | 0.3471 | 0.4338 | 0.5206 | 0.6073 | 0.6941 | 0.7809 | 0.8676
40 0.0868 | 0.1735 | 0.2603 | 0.3471 | 0.4338 | 0.5206 | 0.6074 | 0.6941 | 0.7809 | 0.8677
50 0.0868 | 0.1735 | 0.2603 | 0.3471 | 0.4339 | 0.5206 | 0.6074 | 0.6942 | 0.7810 | 0.8677
60 0.0868 | 0.1736 | 0.2604 | 0.3471 | 0.4339 | 0.5207 | 0.6075| 0.6943 | 0.7811 | 0.8679
70 0.0868 | 0.1736 | 0.2604 | 0.3472 | 0.4340 | 0.5208 | 0.6076 | 0.6944 | 0.7812 | 0.8680
80 0.0868 | 0.1736 | 0.2605 | 0.3473 | 0.4341 | 0.5209 | 0.6078 | 0.6946 | 0.7814 | 0.8682
90 0.0868 | 0.1737 | 0.2605 | 0.3474 | 0.4342 | 0.5210 | 0.6079 | 0.6947 | 0.7816 | 0.8684
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3.7. Comparison of thermo physical properties:

The percentage enhancement in thermophysical properties i.e. specific heat capacity, density,
viscosity and thermal conductivity with auminum oxide and copper oxide nanoparticles
concentration is shown in figure 3.36. There is great enhancement in therma conductivity as
compared to the viscosity, density and specific heat capacity of aluminum oxide and copper oxide
nanofluids. The enhancement in thermal conductivity has great importance for heat transfer
performance of any heat transfer equipment. There is also rise in viscosity of nanofluids but the
percentage of rise in viscosity of nanofluids is less than enhancement of thermal conductivity.
Density is also increased with nanoparticles concentrations while specific heat capacity has no
significant change with addition of nanoparticlesin base fluid.

. , ,
28 - Specific heat
1 Density
o4 | Viscosity
©222 Thermal conductivity

20

16—- §

12 -

Percentage enhancement (%)

|
Aluminum oxide (0.1%) Copper oxide (0.1%) Aluminum oxide (1.0%) Copper oxide (1.0%)

Figure 3.36: Percentage enhancement in thermophysical properties of different nanofluids

3.8 Closure

In the present work, detailed study of characterization of nanoparticles, preparation of nanofluids
and stability of nanofluids is carried out. The aluminum oxide nanofluids were prepared without
use of any surfactant while copper oxide nanofluids with use of SDS surfactant. As the stability is

more important for application of nanofluids so the stability of nanofluids measured with Zeta
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potential, UV-Visabsorbance and thermal conductivity of nanofluids. Theauminananofluidswere
observed to be more stable compared to copper oxide nanofluids. After carrying out, preparation
of nanofluids and stability of nanofluids, the next step is measurement of the thermophysical
properties i.e. thermal conductivity, viscosity, density and specific heat for different nanoparticle

concentration and fluid temperatures.
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CHAPTER 4
DESIGN CONSIDERATION AND FABRICATION OF EXPERIMENTAL SETUP

In the previous chapter preparation of nanofluids, stability of nanofluids and estimation of
thermophysical properties i.e. specific heat, viscosity, thermal conductivity and density has been
discussed. This chapter deals with the development of experimental setup for single flat vertical
tube and radiator, methodology, calculation procedure and analytical model. The uncertainties
analysis of different measurements also discussed in this section. In the present work cross flow
compact heat exchanger is taken for analysis. The compact heat exchanger consists finned surface

having louvered fins and flat tubes.
4.1. Analytical consideration.

4.1.1. Fluid physical properties

For the analysis of any type of heat exchanger, fluid properties such as thermal conductivity,
viscosity, density and specific heat are required. In the present work thermophysical properties of
base fluid (water) and nanofluids at different particle concentration and temperature are measured
a mean temperature of fluid to calculate heat transfer coefficient. For the small change of
temperature, thermophysical properties at mean temperature are satisfactory but when the change
inthetemperatureislarge, it leadsto error. Thiserror can be minimized by evaluate the heat transfer

coefficient at inlet temperature.

4.1.2. Fluid velocity

The higher velocity of fluids leads to higher heat transfer coefficient as well high pressure drop.
The velocity of fluid should be such enough to prevent any settling of suspended solid particlesin
fluid but not as much high which can cause the erosion. The typical design value of velocity for for
tube sidefluid is 1.5 to 2.5 m/s.

4.1.3. Pressuredrop

An economic analysis could be made to determine the exchanger design which give lowest
operating costs, taking in consideration of capital cost and pumping cost. With the application of
nanofluids in compact heat exchangers pressure drop increase should be less than enhancement of
heat transfer performance.
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4.1.4.

Fluid temperatures

The closer approach temperature (the difference between the outlet temperature of one fluid and

inlet temperature of other fluid) used, the larger the heat transfer arearequired for agiven duty. The
greater temperature difference should be at least 20°C and the least temperature difference 5°C to

7°C for coolers using water.

4.1.5.

Fluid allocation

The more corrosive fluids are allocated to tube side thereby reducing the cost of clad components.

The fluid which have greater tendency to foul on heat transfer surface is placed to in tubes because

the cleaning of tubesis easy.

4.1.6. Assumptions

The following assumption were considered while analyzing the performance of radiator.

a

-~ 0o o o T

J o«

Thereisno loss of heat to surroundings.

Air flow rate was uniform across the heat exchanger.

Temperature drop distribution over the tube rows is equal.

No phase change of fluid was considered.

Thetemperature of fluid was considered constant over each cross section of heat exchanger.
The bond efficiency between the tube and fins assumed 100 percent.

Thermophysical properties were evaluated at mean temperature.

The tube wall resistance neglected.

The entrance and exit | oss coefficient were not considered.

4.2. Calculation procedure

4.2.1. For singlevertical flat tube

1.

o g~ WD

For the analysis of performance of single vertical flat tube, firstly it isrequired to evaluate
the fluid properties of water and water based nanofluids i.e. thermal conductivity, density,
viscosity and specific heat at average temperature.

The equivalent diameter of flat tube is calculated by using appropriate correlation.

Based upon the equivaent diameter, Reynolds number for water and nanofluids eval uated.
The coolant side heat transfer coefficient and Nusselt number calcul ated.

The individual pressure drop and friction factor calculated.

Based upon the pressure drop, the required pumping power for water and nanofluids

calculated by using appropriate correlation.
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4.2.2. For compact heat exchanger

4.2.2.1. Fluid properties

For the analysis of performance of compact heat exchanger, firstly it isrequired to evaluate the fluid
properties of water, water based nanofluids and air i.e. thermal conductivity, density, viscosity and
specific heat at average temperature. The evolution of the heat capacity of flow streamsisrequired.

4.2.2.2 Air side calculations

The following steps required for air side calculations:

Evaluate the surface geometry, core geometry and equivalent diameter of air side.
Mass velocity and Reynolds number evaluated based upon the equivalent diameter.
The Colburn factor and friction factor are evaluated using the appropriate correlations.
The heat transfer coefficient and pressure drop are estimated.

o ~ w DN PP

The fin efficiency and surface temperature effectiveness are cal cul ated.
4.2.2.3. Coolant side calculations

The following steps required for tube side calculations:

1. Theequivalent diameter of coolant side calculated.

2. Themass velocity of water and nanofluids for tube side evaluated.

3. Based upon the equivalent diameter and mass velocity, the Reynolds number are cal culated
for tube side fluids.

4. The heat transfer coefficient and Nusselt number calculated for water and nanofluids.

5. Theindividual pressure drop and friction factor cal cul ated.

6. Based upon the pressure drop, the required pumping power for water and nanofluids
calculated by using appropriate correlation.

7. Then overall heat transfer coefficient is evaluated.

8. Therate of heat transfer is calcul ated.

4.3. Dataprocessing

The hydraulic diameter of flat tube is calculated using the following equation [26]:

_ 4x[(p/4)d*+(D-d)xd]

Dh
p xd+2x(D-d)

(4.1)

Where, ‘D’ and “d’ are the major diameter and minor diameter, respectively.
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Reynolds number for the nanofluid is calculated as
Re— rxvxD,
M
The convective heat transfer coefficient (h) in the flat tubeis calculated as
My XCpppy X (Tin = Tow)
A% X (Tb _Tw)
The bulk mean temperature (Tp) of nanofluidsis given by

_ Tin + Tout
2

Mo =

T,

The Nusselt number is calculated by using the following equation:
he,, % Dy,

Kk
The friction factor (f) is calculated as

f_2><Dh><AP
o xV2xL

Nu =

Where, AP is pressure drop across the flat tube.
The pumping power (PP) were calculated as follows:
PP=APxvx A

4.4. Surface geometry of compact heat exchanger

The surface geometry of compact heat exchanger isgivenintable 4.1.

Table4.1. Surface geometry of compact heat exchanger.

(4.2)

(4.3)

(4.4

(4.5)

(4.6)

(4.7)

Specifications Symbol Units Value
Core Geometry L+, Hr, Dr m 0.497, 0.398,0.016
Number of Tubes N 38
Tube wall Thickness A m 0.0003
Inside tube geometry Lit, Hit m 0.015, 0.0024
Outside tube geometry L out, Hout m 0.016, 0.0025
Tube-Plate spacing be m 0.00177
Fin Pitch P infcm 10.63
Fin Plate spacing ba m 0.00635
Fin thickness Y, m 0.00015
Fin and Tube thermal conductivity ks W/(m.K) 181
Fin Length l¢ m 0.003175
Total transfer area/volume between plates B m?/m? 2465
Fin area/total area At 0.883
Air side hydraulic Diameter Dha= 4rha m 0.001423
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The surface geometry presented below is mentioned in Kays and London [11, 20, 140, 142]
Frontal Area

Air side

Ara=LH, (4.8)
Coolant side

A,,=DH, (4.9)

1) Total Transfer Area

Coolant side

An =N [2(L, ~H,)+p(H, )] (4.20)

Volume of radiator

V. =L, DH, (4.11)
2) Total transfer area/Total exchanger area

Air side

b xb,

%2 =0, +b, + (2xa) (4.12)

Coolant side

A
\Y

r

3) Tota flow area/Fronta area
S, =a,M., (4.19)

a, (4.13)

4) Freeflow area
Air side
Ac,a = Afr,aS a (415)

Coolant side
A:,h = N‘:(Lit - Hit )Hit +%Hif} (4'16)

5) Hydraulic diameter

Coolant side

{(Ln—Hit)Hn—kZHit}

D = Z(L (4.17)

_Hit)+pHit

it

6) Air side calculations
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Air side calculations and its thermophysical properties are given below

Va=5.5m/sec.

Cpa=1006 J(Kg.K) m,=0.0000173 Kg/(m.s)

7) Massflow rate
Ma=r_ xA %V,

8) Heat capacity rate
C,=m,xC_,

9) Reynolds number

r a XVa X Dh,a
m,
10) Colburn factor

. 0.1459
a ReO.3588

11) Prandtl number

_ m><Cp
a k

a

Re, =

a

12) Convective heat transfer coefficient

jl,jxraxVaxCp’a

a PraZ/ 3
13) Fin parameter

2xh,
m=
\| K xd
14) Fin efficiency

. tanh(mL, )
N mL,

=0.9710

15) Surface effectiveness
h,=1-(1-h)x A,

16) Hot Fluid side calculations

r,=1154Kg/m?

ka=0.02364 W/(m.K)
Dha = 0.001423 m

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

fluid side calculations and its thermophysical properties are given below

r,=992.3 Kg/m?
Cpn = 4179 J(Kg.K)

kn = 0.6305 W/(m.K)
m, = 0.000653 Kg/(m.s)
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Th,inet = 41.42°C Th, outtet = 31°C

Ta inlet = 22.63°C Ta outlet = 24.6°C Tsurfa:e = 23.95
Thinee T Thoutet
Ty = e —_haue
bulk.mean 2

17) Fuid mass flow rate

Flow.Rate
60

18) Heat capacity rate
C,=WxC,,

W =

19) Volume Flow Rate
Gw =W/Ach
20) Reynolds Number
_ G, x Dy,
oom
21) Prandtl Number
_ m,xC,,
K
22) Nusselt number

Re,

Pr,

r 0.797 0.108
NU, = 0.3164Reh°-25£r—hj (%] 3000<Re<30000

23) Convective heat transfer coefficient

_ Nuj, xk,

h
' Din

24) Overall heat transfer coefficient

25) Number of transfer units

NTU = Ja8a Ve

26) Capacity ratio
C
C

min

C' =

max
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(4.30)

(4.31)

(4.32)

(4.33)
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(4.36)



27) Effectiveness

e=1- exp{— ci - exp(-c*-NTU )]} (4.37)
28) Heat absorbed
Q=Wx Cp,h (Th,inle( = Th outes ) (4.38)

29) Friction factor

r 0.797 0.108
f =0.316 Re;S-ZS[ i J (%) (4.39)
r bf rn)f
30) Pressure Drop
2
AP = ﬂ‘rr—Gh (4.40)
2-D,,

4.5. Development of experimental setup

As the objective of the present study is enhance the heat transfer performance of compact heat
exchanger, firstly experimental setup for single flat vertical was developed. The test rig used to
study the heat transfer and pressure drop performance of alumina/water and copper oxide/water
nanofluidsin avertica flat tubeis shown in figure 4.1 and pictorial diagram isshownin figure 4.2.
The test rig is to be divided in to two parts namely, water side loop and air side loop. The
experimental set up comprised of a reservoir tank of capacity 6 L insulated with glass wool, an
electrical heater placed in reservoir tank to raise the temperature of the fluid, aproportional integral
derivative (PID) controller (accuracy £0.1°C in the temperature range 10°C to 200°C) to control
the temperature of the nanofluid. The flow rate of fluid was measured by using a flow meter (0-5
LPM) and a by-pass valve was used to control the flow rate. A U-tube manometer with two plastic
connector tubes (0.25 in) was used to measure the pressure drop between the two ends (entrance
and exit) of the tube. The water side loop was designed to prevent mixing of air and water vapors.
The hot water tank is connected to inlet of test section. The temperature was recorded at steady state
condition with in permissible variation in the water inlet temperature. The water side measuring
instruments were calibrated before the start of test.

A test rig consisting of a vertical flat tube of hydraulic diameter 5.39 mm and length 610 mm was
placed centrally inside alow speed wind tunnel. An axia fan with aregulator to control its rpm was
used to force air over to the test section. The velocity of air was measured at grid positions around
duct of the tube with propeller fan type digital anemometer for calculating the average air velocity.
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A honeycomb mesh (2.5 cm x 2.5 cm) was used at one end of the wind tunnel to ensure proper
distribution/direction of air over theflat vertical tube. Two T-type thermocouples (accuracy +0.1°C)
were kept in direct contact with the fluid for measuring the inlet and outlet temperatures (Tin and
Tou). Six K-type thermocouples (accuracy +0.1°C) were soldered on the surface of the flat vertical
tube at equal distances along its length as shown in figure 4.4 to measure the wall temperatures, T1
— Te. The air side surfaces of these thermocouples were insulated so that these will not indicate air
temperature. Six thermocouples (accuracy £0.1°C) were used to measurethe air inlet (T7 - Tg) and
outlet (T10 — T12) temperatures at different positions. The fluid was pumped into the tube with a

magnetic water pump.

A pictoria representation of heat transfer mechanism of nanofluid in flat vertical tube is shown in
figure 4.6. In al experiments, constant wall temperature condition was employed. The different
operating conditions for experimentations are given in table 4.2.

Table 4.2: Various parametric conditions of experimentation

Parameter Test Condition

Base fluid Distilled water

Nanoparticles Al203, CuO

Volume fraction (% v/v) 0.25, 0.50, 0.75, 1.0

Nanofluid inlet temperature (°C) 40, 50, 60, 70, 80, 90

Air inlet velocity (m/s) 1-5

Nanofluid flow rate (L/min) 1.0,1.25,15,1.75,20,2.25, 25
Air inlet temperature At ambient conditions (25°C)
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Figure4.1: Schematic diagram of experimental set up
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Figure4.2: Pictorial diagram of experimental setup
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Figure 4.3: Flat tube geometry

Figure4.4. Position of thermocouples of flat tube surface
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Figure4.5: Geometry of flat tube with temperature measurement set up
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Figure 4.6: Heat transfer mechanism in tube

The radiator was tested up to the maximum capacity of test rig facility. The maximum water
temperature was maintained at around 85 °C at maximum flow rate. The air velocity was varied by
using electric speed controller regulator. The operating parameters monitored during the testing of
single flat tube were as following:

a. Theinlet temperature of water and nanofluids entering the single flat tube.
b. The outlet temperature of water and nanofluids entering the single flat tube.
c. Volumetric flow rate of water and nanofluids passing through single flat tube.

d. Inlet temperature of air entering the wind tunnel.

The operating parameters monitored during the testing of radiator were as following:

a. Theinlet temperature of water and nanofluids entering the radiator.
b. The outlet temperature of water and nanofluids entering the radiator.
c. Thevolumetric flow rate of water and nanofluids passing through radiator.

d. Theinlet temperature of air entering the radiator.
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e. Theoutlet temperature of air leaving the radiator.

f. Thevolumetric air flow rate of air passing through radiator.

4.6. Uncertainties analysis

Beforethe conduct of experiments, uncertainties analysis of measuring instruments and results have
been calculated. The uncertainties of measuring instruments, such as flow meter, thermocouples,
pressure measuring systems, is obtained from the manufacturing and uncertainties of results such

as Reynolds number, Nusselt number, heat transfer coefficient and friction factor calculated by

using equation.
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CHAPTER S

PERFORMANCE OF SINGLE TUBE AND COMPACT HEAT EXCHANGER

5.1 Introduction

This chapter presents the detailed study of heat transfer and fluid flow performance of nanofluids
in vertical tubes. The correlations used to evaluate the performance has been given in the previous
chapter. The performance evaluation of vertical tubes has been carried out in two stages. In first set
of experiments, heat transfer and fluid flow performance of single flat vertical tube has been carried
out and in second set of experiments performance of compact heat exchanger, which consists
multiple flat vertical tube, has been carried out. A correlation has been developed of heat transfer
and pressure drop characteristics for single flat vertical tube to evaluate the performance of

nanofluids.

5.2. Heat transfer performance of nanofluidsin singleflat tube

The base fluid and prepared nanofluids employed as the working fluid to eval uate the performance
of nanofluids in flat vertical tube. The heat transfer performance evaluated at various fluid inlet
temperature such as 40 °C, 50 °C, 60 °C, 70 °C and 80 °C and at Reynolds number range from 5000
to 20000 and water based nanofluids in the range of 0.25% v/v to 1% v/v concentration of alumina

oxide and copper oxide nanoparticles.
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Figureb5.1: Variation of Nusselt number with Reynolds number and particle concentration.

-76-



Nusselt number

Nusselt number

220

T T T T T T T T
® 0%Viv H 0.25viv A 0.50%viv
2004 K 0.75%viv K 1.0%viv
Fluid inlet temperature 40°C @ 7
180 -
1 *
160+ x X i
‘ * x X
140 * K A
g * x A A i
* ¥ - [ |
120 A m
¥ ° o |
1 X A ] [
100 A A o ° .
J - | ®
80 e °
T T T T T T T T T T T T
3000 6000 9000 12000 15000 18000 21000
Reynolds number
220 T T T T T T T T
® 0%Viv H 0.25viv A 0.50%viv
200 X 075%viv x 1.0%viv (b)
Fluid inlet temperature 50°C 7
180 *
* J
1 *
160 * % K4
i X
* A
140 * ¥ A A
] * N n "
A u ®
i X
120 « A u e °
100 s 4 = . -
I
80 *
T T T T T T T T T T T T
3000 6000 9000 12000 15000 18000 21000

Reynolds number

-77-



Nusselt number

Nusselt number

220

| @ ' 0% \l//v ' [ l0.25 v}v IA 0.'50% vl/v
¥ 075%VN K 1.0%Viv (©)
200
1 Fluid inlet temperature 60°C % * 4
180- *
- * % % |
160 * X A
] . « « R A .
140 ¥ N - ] o
J X ® _
X
1204 A A u .
l A u )
100 5 : ° —
. °
80
T T T T T T T T T T T
3000 6000 9000 12000 15000 18000 21000
Reynolds number
220 T T T T T T T T T
® 0%V B 025viv A 050%Viv (d)
2004 K 0.75%viv. Kk 1.0%viv * ]
1 Fluid inlet temperature 70°C * * -
i ¥
180 * o, X .
l " N
160 A -
* * X A -
K o ]
140 - X A = °
X A o
J A ] [ ) -
120 A u °
l . n °
1004 ° ° -
80 -

I T I T I T I T I T I T
3000 6000 9000 12000 15000 18000 21000
Reynolds number

-78-



220

| ® owvww  m 025vv A 050%VV (g
¥ 075%Vvi K 1.0%Viv *
200 N *
| Aluid inlet temperature 80°C v
180 x L X
] * A
* ¥ A
& 160 * . A . _
£ T ¥ A | T
£ 140- K A o
] [ )
g | A i
S 120 4 - o
2 120
] n - ®
1004 ® o i
80
T

T T T T T T T T T T T
3000 6000 9000 12000 15000 18000 21000
Reynolds number

Figure5.2: Variation of Nusselt number with Reynolds number and particle concentration at
different fluid inlet temperature (a) 40 °C, (b) 50 °C, (c) 60 °C, (d) 70°C and 80°C

5.2.1. Effect of aluminum oxide nanoparticles

The variation of Nusselt number for base fluid and nanofluids in the vertical tube for different
Reynolds number is shown in figure. 5.1. It can be inferred from this figure that concentration of
nanoparticles plays a vital role in enhancing the Nusselt number and suspending the nanoparticles
in base fluid leads to an increase in heat transfer coefficient for flat vertical tubes of radiator. As
discussed, the addition of alumina nanoparticles improved the thermal conductivity of base fluid
and thisin turn enhanced the heat transfer performance. Besides the thermal conductivity, the flow
pattern of base fluid al'so changes with the addition of nanoparticles. Hence, the wall temperature
of tube increases because of increase in heat transfer rate due to the Brownian motion of
nanoparticles near the tube wall at high Reynolds numbers. Asthe thermal conductivity is not sole
responsible factor for heat transfer enhancement, apart from this chaotic movement contributes to
heat transfer performance. Due to small size of nanoparticles might be important mechanism for
heat transfer augmentation. Chaotic movement of small and fine particles accelerates the energy
exchange processinfluid. Astherotational motions of nanoparticles are high-speed and in random
directions, the motion behaviors of rotating fluid elements are chaotic. And momentum exchange

will be strengthened due to the chaotic movements of rotating fluid elements. The development of
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therma boundary layer near the flat tube wall surface was delayed due to chaotic motion of
nanoparticles, which resulted in increased heat transfer at the entrance region of the flat tube. The
Brownian motion of nanoparticles enhances the heat transfer through the therma conductance in
nanoparticles of direct contribution due to the motion of nanoparticles that transport the heat and

indirect contribution due to the nano convection of the fluid surrounding individual nanoparticle.
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Figure 5.3: Comparison of Nusselt number at fixed Reynolds number, air velocity and

different fluid inlet temperatures

The Nusselt number enhancement with 0.25% v/v nanoparticle concentration was 8% for the
Reynolds number 20000 and it enhanced further to 40% when the particle concentration was
increased to 1.0% v/v for the same Reynolds number. This enhancement is consistent with the
numerical studieson flat tube by Zhao et a. (2016), Vajhaet al. (2015) and Elsebay et a. (2015).

In addition, the heat transfer was significantly affected by fluid inlet temperature as shown in figure
5.2 (a-€). With therise in fluid inlet temperature, the heat transfer performance increased because
of theincrease in thermal conductivity and decrease in density and viscosity of fluids. Astheinlet
temperature of nanofluid wasincreased from 40°C to 60°C, the heat transfer performance improved
by 13% and this enhancement further increased to 28% as the inlet temperature was raised to 80°C
for a particular fluid velocity and particle concentration (1.0% v/v). The comparison of Nusselt

number at different temperaturesis shown in figure 5.3. Similar numerical findings on variation of
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heat transfer coefficient for a flat tube with fluid inlet temperatures have been reported by Zhao et
al. (2016). In addition, the heat transfer performance also increased with increasing the air flow rate
over the tube and resulted in a decrease in the nanofluid temperature at the outlet of the flat tube. It
was noticed that increasing the air flow rate from 2 to 4 m/s causes 12% enhancement in heat
transfer for 1.0% v/v nanofluid. Similar results were observed with other particle concentrations,
Reynolds numbers and inlet temperatures of nanofluid. By suspension of nanoparticlesin the base
fluid enhances the heat performance and the reason of this enhancement is suspended nanoparticles
increase the specific surface area and heat capacity of nanofluids. The dispersion of nanoparticles
flattens the transverse the temperature gradient of the fluid. The interaction and collision among
nanoparticles, fluid and flow passage intensified. The mixing fluctuation and turbulence of fluid

intensified.
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Figure5.4: Variation of Nusselt number with Reynolds number and particle concentration
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Figure 5.5: Variation of Nussdt number with Reynolds number and copper oxide
nanoparticle concentration at different fluid inlet temperature (a) 40 °C, (b) 50
°C, (c) 60 °C, (d) 70°C and (e) 80 °C
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5.2.2. Effect of copper oxide nanoparticles

The copper oxide/water nanofluids with nanoparticles loading of 0.25% viv — 1.0% v/v
concentration is also used in this study. The variation of Nusselt number with Reynolds number and
particle concentration is shown in figure 5.4. The Nusselt number for nanofluids at different
concentrations of copper oxide nanoparticles was higher than that of base fluid and it increased with
increase in nanoparticles concentration as well as Reynolds number of nanofluids. The
enhancement of Nusselt number as compared to the base fluid was 18% for 0.25% v/v concentration
of nanoparticles for Reynolds number 5000 and this enhancement was up to 12% as the Reynolds
number of nanofluids increased up to 20000. Furthermore, heat transfer enhancement increased up
to 51% for the 1.0 % v/v concentration of copper oxide/water nanofluids for Reynolds number
20000. The Nusselt number for nanofluids and base fluid also increased with increase in fluid inlet
temperature as shown in figure 5.5 (a-€). Astheinlet temperature increased from 30°C to 40°C, 6%
enhancement in heat transfer was observed and this enhancement increased to 21% as inlet
temperature was increased to 80°C for fixed Reynolds number and particle concentration. The
maximum enhancement was approximately 60% for 1.0% concentration of nanofluidsfor Reynolds
number 5000 and fluid inlet temperature 80°C. The heat transfer rate for nanofluids was more than
base fluids because, thermal conductivity of copper oxide nanofluids is higher than that of base
fluid; but, thermal conductivity isnot the sole reason for heat transfer enhancement and there could
be other reasons for the heat transfer enhancement. At higher temperatures, the nanoparticles are
uniformly distributed due to the Brownian motion of nanoparticles, which leads to heat transfer
enhancement. The chaotic motion of nanoparticles delays the development of thermal boundary
layer on the tube wall surface, due to which, the heat transfer rate at entrance region of tube
increases. Other reasons for the heat transfer enhancement could be energy transfer between the
nanoparticles due to dispersion in base fluid and viscosity gradient due to particle migration. The
similar results of heat transfer enhancement of flat tube with nanofluids have been reported by
previous researchersin their numerical and experimental studies.

Heat transfer performance of copper based nanofluids was higher than that of aluminum oxide
nanofluids asthe thermal conductivity of copper oxide nanoparticlesis higher than aluminum oxide
nanoparticle. With the use aluminum oxide nanoparticles about 40% enhancement in heat transfer
performance was observed as compared to the base fluid while with copper oxide nanoparticles,
51% enhancement was higher than base fluid under the same operating condition in the
experimentations. The presence of nanoparticles and their random motion within the base fluid
cause the thickness of thermal boundary layer to reduce and it has important contribution to such

heat transfer improvement.
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A correlation has been developed of heat transfer characteristics for single flat vertical tube to
evauate the performance of nanofluids. The correlation has been developed considering the the
various parameters i.e. nanoparticle concentration, fluid inlet temperature, Reynolds number,
thermophysical properties ( thermal conductivity, viscosity, density, specific heat capcity) and
particle type . Like wise the experimental results, in correlation results Nusselt number increased
with increase in nanoparticles concentration, fluid inlet temperature, flow rate etc. The Nusselt
number estimated based upon the considering the effect of addition of the nanoparticlesin the base
fluid at different concentration. Thisis observed from fact that Nusselt number, Reynolds number
and Prandtl number are the functions of various thermophysical properties which are significantly
changed with nanoparticles concentration. So the developed correlation is the function of particle
volume concentration, Reynolds number and Prandtl number. The experimental Nusselt number of
aluminum oxide and copper oxide nanofluids were compared with the developed mathematical
correlation as given equation 5.2. The experimental and predicted model Nusselt number for
aluminum oxide and copper nanofluids is shown in figure 5.7 and figure 5.8 respectively. The R-

square value for alumina oxide nanofluids 0.97 and copper oxide nanoflu ds 0.98 is observed.

Nu = 0.023Re"77Pr®# + (73p — 1.11)Re** (¢ — 0.36)Pr”***(p — 0.2) (5.1
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Figure5.7: Experimental and correlation Nusselt number of Al2O3 nanofluids
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5.3. Fluid flow performance

5.3.1. Pressuredrop

Besides the heat transfer coefficient, pressure drop calculations are also important in determining
the feasibility for practical application of nanofluids. The pressure drop inside the tube depends on
Reynolds number, density and viscosity of nanofluids. Figure 5.10 shows the pressure drop of base
fluid and nanofluids in the flat tube for different Reynolds numbers and particle concentrations.
Pressure drop increased with increasing alumina nanoparticle concentration as well as Reynolds
number. The pressure drop observed for 0.25% v/v nanofluids was 1.5% and 1.6% higher that of
the base fluid for Reynolds numbers 5000 and 20000, respectively. Further, these values increased
to 5% and 6% times, respectively, when the nanoparticle concentration was increased to 1.0% v/v.
Thisincreasein pressure drop might be attributed to the fact that viscosity of the basefluid increases

with increase in particle concentration.
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Figure 5.10: Variation of pressuredrop in flat tube with Reynolds number and aluminum

oxide particle concentration.
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Figure 5.11: Effect of fluid inlet temperature on pressure drop in flat tube with aluminum

oxide particle concentration
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On the other hand, arisein the inlet temperature of nanofluid resulted in a decrease in the pressure

drop as shown in figure 5.11, because of the decreased density and viscosity of nanofluids.

The variation of pressure drop in flat tube with different Reynolds numbers and copper oxide
nanoparticle concentrations as shown in figure 5.12. The pressure drop increased with increase in
Reynolds number and particles concentration. For 0.25% v/v of nanoparticles, pressure drop for
Reynolds number 5000 was 3% and 3.2% for Reynolds number 20000 in comparison with the base
fluid and this increased to 8.5% and 9% when the concentration was changed to 1.0% v/v for same
Reynolds numbers. The reason for increase in pressure drop might be attributed to the fact that
viscosity of base fluid increases with increase in particle concentration. Another reason for change
in pressure drop could be the chaotic motion of nanoparticlesin base fluid. Asthe inlet temperature

of fluid increases, there was a smal change in pressure drop as shown in figure 5.13.
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Figure5.13: Effect of fluid inlet temperatureon pressuredrop in flat tubewith copper oxide
particle concentration

With rise in fluid temperature, the viscosity and density of nanofluids decreased causing a similar

decrease in pressure drop.
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5.3.2. Friction factor

The friction factor (f) of nanofluid in the flat tube increased with increase in Al.O3 nanoparticle
concentration as shown in figure 5.14. However, it decreased with increase in Reynolds number
and the lowest friction factor value was obtained for the base fluid (water) at the Reynolds number
~ 20000. The deviation of friction factor of aluminananofluids from the base fluid decreased asthe
Reynolds number was increased. The friction factor for alumina oxide nanofluids was 0.5% higher
than the base fluid for the Reynolds number 5000 and increased up 0.9% as the Reynolds number
increased up to 20000 for 0.25% v/v of nanoparticles. Asthe nanoparticles concentration increased
to 1.0% vlv, the friction factor also increased approximately 2.5%. For the copper oxide
nanoparticles, the friction factor was 1.6%, 2.85%, 3.41% and 4.3% higher than of base fluid for
0.25%, 0.50%, 0.75% and 1.0% v/v nanoparticle loadings respectively as shown in figure 5.15.
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Figure 5.14: Variation of friction factor in flat tube with Reynolds number and aluminum

oxide particle concentration

5.3.3. Pumping power

The pumping power needed by aluminum oxide and copper oxide nanofluids was considerably

higher than that needed for the base fluid as shown in figure 5.16 and figure 5.17. The pumping
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power increased exponentially with increase in particle concentration as well as Reynolds number.
The pumping power required for aluminum oxide 0.25% v/v nanofluid for Reynolds numbers 5000
and 20000, respectively, was 1.51% and 1.61% higher than the base fluid and it increased to 5.4%
and 5.57%, respectively, when the particle concentration was increased to 1.0% v/v. The pumping
power required for copper oxide 0.25% v/v nanofluid for Reynolds numbers 5000 and 20000,
respectively, was 2.9% and 3.1% higher than the base fluid and it increased to 8.81% and 9.1%,
respectively, when the particle concentration was increased to 1.0% v/v. The increase in density
and viscosity of nanofluids with increasing the particle concentration significantly increased the

pumping power. Vajjhaet al. (2010) also concluded the same through their numerical studieson a
flat tube.
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Figure5.15: Variation of friction factor in flat tube with Reynolds number and copper oxide
particle concentration
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Figure 5.16: Variation of pumping power in flat tube with Reynolds number and aluminum
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Figure 5.18: Experimental and correlation friction factor of aluminum oxide nanofluids
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Figure 5.19: Experimental and correlation friction factor of copper oxide nanofluids
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Figure 5.20: Comparison of experimental friction factor and predicted friction factor
nanofluids

A genera mathematical correlation (equation 5.2) for friction factor was developed to predict the
friction factor of flat tube for aluminum oxide and copper oxide nanoparticles for different particle
concentrations and Reynolds number. The experimental friction factor of copper oxide nanofluids
were compared with the developed mathematical correlation as given equation 5.2. The
experimental and predicted model friction factor for aluminum oxide and copper nanofluids is
shown in figure 5.18 and figure 5.19 respectively. The R-square va ue for alumina oxide nanofluids

0.97 and copper oxide nanofluids 0.98 is observed.

f =0.3164Re ** (1.24 +1 )% (5.2

5.4. Heat transfer performance of nanofluidsin compact heat exchanger

In first stage, the performance of aluminum oxide and copper oxide nanofluids was evaluated for
singleflat vertical tube and second stage, the heat transfer and fluid flow performance of nanofluids
was evaluated in compact heat exchanger which consisted the multiple flat vertical tube. The base

fluid and prepared nanofluids employed as the working fluid to evaluate the performance of
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nanofluids in compact. The heat transfer performance evaluated at various fluid inlet temperature
such as 40 °C, 50 °C, 60 °C, 70 °C and 80 °C and at Reynolds number range from 5000 to 15000
and water based nanofluidsin the range of 0.25% v/v to 1% v/v concentration of alumina oxide and

copper oxide nanoparticles.
5.4.1. Nusselt number

The variation of Nusselt number with different Reynolds number and particle concentration at
different fluid inlet temperature (a) 40 °C, (b) 50 °C, (c) 60 °C, (d) 70 °C and 80 °C for aluminum
oxide and copper nanofluids is shown in figure 5.21 and 5.22 respectively. The addition of
nanoparticles plays avital role in enhancing the Nusselt number and suspending the nanoparticles
in base fluid leads to an increase in heat transfer performance of radiator. The enhancement in
Nusselt number with copper oxide nanofluids is higher than of aluminum oxide nanofluids for the
same operating conditions. The Nusselt number enhancement with 0.25% v/v of aluminum oxide
and copper oxide nanoparticle concentration was 8% and 12% respectively as compared to the base
fluid for the Reynolds number 14000, and it enhanced further to 28% and 31% as the particle
concentration was increased to 1.0% v/v for the same Reynolds number. With therisein fluid inlet
temperature, the Nusselt number increased because of the increase in thermal conductivity and
decrease in density and viscosity of fluids. As the inlet temperature of nanofluids was increased
from 40°C to 60°C, the heat transfer performance improved by 9% and 8% and this enhancement
further increased to 24% and 15% as the inlet temperature was raised to 80°C for a particular fluid
velocity and aluminum oxide and copper oxide particle concentration respectively. In addition, the
heat transfer performance also increased with increasing the air flow rate over the tubes and resulted
in adecreasein the nanofluid temperature at the outl et of theflat tubes. It was noticed that increasing
the air flow rate from 2 to 4 m/s causes maximum 17% enhancement in heat transfer for 1.0% v/v
nanofluid. Similar results were observed with other particle concentrations, Reynolds numbers and
inlet temperatures of nanofluid. Heat transfer performance of copper based nanofluids was higher
than that of aluminum oxide nanofluids as the thermal conductivity of copper oxide nanoparticles
is higher than aluminum oxide nanoparticle. With the use aluminum oxide nanoparticles about 28%
enhancement in heat transfer performance was observed as compared to the base fluid while with
copper oxide nanoparticles, 31% enhancement was higher than base fluid under the same operating
condition in the experimentations. The higher thermal conductivity of nanofluids as compared to
base fluid, the flow pattern of base fluid also changes with the addition of nanoparticles are the

responsible factors for Nusslet number enhancement.

-96-



160 T T T T T
160 T T T T T T T T
140 ¥ 075%viv Kk 1.0%vViv 1404 - (970 070
i | . o u
T Fluid inlet temperature 40°C Fluid inlet temperature 50°C
120 120+ *
4 * 4 +* ¥
1z * 4
}’Eﬁ- 100 * f £ 100+ x :
2 1 * x m |2 1 * B A o
= [ ]
% 80 * * ‘ ° F o0 * X A H |
¥ A -
=1 1 * [] =} L * X [ ]
= x ‘ = A B )}
60 * A 1 604 Kk ¥
| * * [] 1 =% A g 4
40 A ‘ 40 4 A ’
| . ] 8 _
ol F—F— +—+— " 20— T T T T T T
4500 6000 7500 9000 10500 12000 13500 15000 4500 6000 7500 9000 10500 12000 13500 15000
Reynolds number Reynolds number
160 T T T T T T T T 160 T T T T
i ® 0% viv H 025viv A 0.50% viv ] ® 0%vV/iv H 025Vv/v A 050% v/iv
140 * 0.75% viv. * 1.0% viv 1 1404 * 0.75%viv  k  1.0%viv 1
- . o, *
1 Fluid inlet temperature 60°C * i | Fluid inlet temperature 70 C -
- 120 * *
120 * Ko * . A
] 1 u
2 100 * * & A g 100- * % . e
% | * >*K & [ 4 | 2 | * K A = J
< * ¥ A — []
T 4 = L 80 * A
80 3 * a ° i
5 * = ‘ d 1 8 1 A o
2 1 A o = * X ™
< 604 * *K : 1 60 - % ® ]
* A ] )
| & 8 : 8 e 1
404 [] 40
° | | .
20 T T T T T T T 20 T T T T T T T
4500 6000 7500 9000 10500 12000 13500 15000 4500 6000 7500 9000 10500 12000 13500 15000
Reynolds number Reynolds number
160 T T T T
] ® 0% viv m 0.25v/v A 0.50% viv
140l K 075%vi K 1.0%viv LI
] Fluid inlet temperature 80°c * ¥ A
*
1204 ¢ A |
] * ]
& * * A o
£ 100 * A m
=] ] . ¢ A u ® ]
@ 80 . A L] L4 |
2 | % [ °
604 ¥ & * 1
1 & P i
40 ™Y ]
20 T T T T T T T
4500 6000 7500 9000 10500 12000 13500 15000
Reynolds number

Figure 5.21: Variation of Nusselt number with Reynolds number and aluminum oxide

nanoparticle concentration at different fluid inlet temperature (a) 40 °C, (b) 50

°C, (c) 60 °C,

(d) 70°C, (€) 80°C
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Figure 5.22: Variation of Nusselt number with Reynolds number and copper

oxide

nanoparticle concentration at different fluid inlet temperature (a) 40 °C, (b) 50
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The wall temperature increment due to the Brownian motion of nanoparticles near the tube wall at
high Reynolds numbers and development of thermal boundary layer near the flat tube wall surface

was delayed due to chaotic motion of nanoparticles, which resulted in increased heat transfer.

5.4.2. Heat transfer coefficient

The thermal performance directly depends upon the heat transfer coefficient. The heat transfer
coefficient is cal culated by taking the difference between the average of inlet and outlet temperature
(bulk mean temperature) and wall temperature. The variation of heat transfer coefficient for base
fluid and nanofluids in the compact heat exchanger with Reynolds number, fluid inlet temperature
and nanoparticle concentration (aluminum oxide and copper oxide) is shown in figure 5.23. The
heat transfer coefficient for nanofluids of copper oxide nanoparticles was higher than that of
different concentrations of aluminum oxide nanoparticles and followed by base fluid and it
increased with increase in nanoparticles concentration as well as Reynolds number of nanofluids.
The enhancement of heat transfer coefficient as compared to the base fluid was 25% for alumina
oxide and 29% for copper oxide nanofluids at 0.25% v/v concentration of nanoparticles for
Reynolds number 5000 and this enhancement increased up to 30% and 34% as the Reynol ds number
of nanofluids increased up to 14000. Furthermore, heat transfer coefficient enhancement increased
up to 38% and 45% for the 1.0% v/v concentration of aluminum oxide and copper oxide/water
nanofluids respectively for Reynolds number 14000. The heat transfer coefficient for nanofluids
and base fluid also increased with increase in fluid inlet temperature. As the inlet temperature
increased from 40°C to 50°C, 10% and 13% for aluminum oxide and copper oxide respectively,
enhancement in heat transfer was observed and this enhancement increased to 31% and 34%
respectively, as inlet temperature was increased to 80°C for fixed Reynolds number and particle
concentration. The maximum enhancement was approximately 45% for 1.0% v/v copper oxide
concentration of nanofluids for Reynolds number 14000 and fluid inlet temperature 80°C. The heat
transfer coefficient for nanofluids was more than base fluids because, thermal conductivity of
nanofluids is higher than that of base fluid but, thermal conductivity is not the sole reason for heat
transfer enhancement and there could be other reasons for the heat transfer enhancement. At higher
temperatures, the nanoparticles are uniformly distributed due to the Brownian motion of

nanoparticles, which leads to heat transfer enhancement.
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Figure 5.23: Variation of heat transfer coefficient with Reynolds number and copper oxide
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Other reasons for the heat transfer enhancement could be energy transfer due to particle migration.
The particle migration is due to the spatial gradient in shear rate. Particle migration due to these
effects could result in significant non uniformity in particle concentration over tube section in high
particle concentration. The non uniformity resulting from the particle migration leads to higher
Nusselt number which dends upon Peclet number and particles concentration. The similar results
of heat transfer enhancement with nanofluids have been reported by previous researchers in their
numerical and experimental studies [15,18,20]. The comparison of heat transfer coefficient for
aluminum oxide nanofluids and copper oxide nanofluids at different temperature is shownin figure

5.24 and figure 5.25, respectively.
5.4.3. Heat transfer rate

The heat transfer rate of air side increased with increase in nanoparticle concentration and flow rate
of air side as shown in the figure 5.26. As seen there is good agreement between the air side and
liquid (base fluid and nanofluids) for each experiment. Asthe air mass flow rate increased from
0.101 kg/sto 0.223 kg/s the air side heat transfer rate increased from 252 W to 413 W for the 0%
v/v loading of nanoparticles while it increased from 316 W to 526 W for auminum oxide
nanoparticles and 406 W to 809 W/ for copper oxide nanoparticles at 0.25% v/v concentration at
fluid inlet temperature 40 °C. This enhancement is approximately 20% to 22% for aluminum oxide
nanofluids and 37% to 48% for copper oxide nanofluids higher as comparison to base fluid. Asthe
nanoparticle concentration increased up to 1.0% v/v, heat transfer increased up to 23% for
aluminum oxide nanofluids and 32% for copper oxide nanofluids for the fixed mass flow rate of air
and fluid inlet temperature. In case of air side heat transfer rate the maximum enhancement 62%
was observed for the copper oxide nanofluids for the fixed the flow rate and heat transfer rate for
copper oxide nanofluids was higher than the auminum oxide nanofluids for al concentration of
nanoparticles. The heat transfer rate of liquid side was also increased with increase in nanoparticle
concentration and flow rate of liquid side as shown in the figure 5.27. The liquid side heat transfer
rate enhanced up to 9% with aluminum oxide nanoparticles and 23% with copper oxide nanofluids
for 0.25% v/v concentration of nanoparticles loading in the base fluid for fixed flow rate liquid at
inlet temperature 40 °C. This enhancement is increased up to 54% for aluminum oxide nanofluids
and 58% for copper oxide nanofluidsfor the fixed massflow rate and at fixed fluid inlet temperature
nanofluids. The heat transfer rateis also increased with increasein fluid inlet temperaturei.e. asthe
fluid inlet temperature increased from 40 °C to 80 °C the heat transfer increased by 45% and 50%
for aluminum oxide and copper oxide nanoparticle loading in the fluid. Moreover heat transfer rate
enhancement for the air side is more than liquid side with the addition of nanoparticles as shown in
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on air side heat transfer rate
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Figure 5.27: Effect of Reynolds number, particle concentration and fluid inlet temperature

on liquid side heat transfer rate
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Figure 5.28: Comparison of heat transfer rate for air side and liquid side of compact heat

exchanger with aluminum oxide and copper oxide nanofluids
5.4.4 Overall heat transfer coefficient

The results of overal heat transfer coefficient were compared in figure 5.29 for different
nanoparticle (aluminum oxide and copper oxide) at different Reynolds number and fluid inlet
temperatures. It was observed that overall heat transfer coefficient increased with increasing the
nanoparticle concentration, Reynolds number of nanofluids and air as well as the fluid inlet
temperature. As the Reynolds number increased from 5000 to 14000 the overall heat transfer
coefficient for the compact heat exchanger (radiator) increased from 93 W/m2.°C to 173 W/m2.°C
for the 0% v/v loading of nanoparticles while it increased from 96 W/m?.°C to 187 W/m?.°C for
aluminum oxide nanoparticles and 100 W/m?.°C to 191 W/m?.°C for copper oxide nanoparticles at
0.25% v/v concentration at fluid inlet temperature 40 °C. This enhancement is approximately 3%
to 7% for auminum oxide nanofluids and 7% to 10% for copper oxide nanofluids higher as
comparison to base fluid for same operating conditions.
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Figure5.29: Variation of overall heat transfer coefficient with Reynoldsnumber and particle
concentration, temperature, (a) 40 °C, (b) 50 °C, (c) 60 °C, (d) 70 °C (e) 80 °C
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As the nanoparticles concentration was increased from 0.25% v/v to 1.0% v/v the overal heat
transfer coefficient for the radiator increased from 192 W/m?.°C to 211 W/m?.°C for the aluminum
oxide nanofluids while it increased from 198 W/m2.°C to 220 W/m2.°C for copper oxide
nanoparticles for fixed Reynolds and fluid inlet temperature 50 °C. This enhancement is
approximately 8% to 16% for aluminum oxide nanofluids and 10% to20% for copper oxide
nanofluids higher as comparison to base fluid for same operating conditions. The overall heat
transfer coefficient was also increased with increase in fluid inlet temperature. As the fluid inlet
temperature number increased from 40 °C to 80 the overall heat transfer coefficient for the radiator
increased from W/m2.°C to 192 W/m?.°C for the 0% v/v loading of nanoparticles whileit increased
from 202 W/m?.°C to 245 W/m?.°C for aluminum oxide nanoparticles and 207 W/m?.°C to 254
W/m?.°C for copper oxide nanoparticles at 1.0% v/v concentration at Reynol ds number 14000. This
enhancement is approximately 14% to 21% for aluminum oxide nanofluids and 16% to 25% for
copper oxide nanofluids higher as comparison to base fluid for same operating conditions. The
enhancement in overall heat transfer coefficient with Reynolds number and air velocities is due to
addition of nanoparticles in base fluid which enhance the thermal conductivity of water side fluid.
With increase in air velocity the convective heat transfer coefficient and external heat flux of air
side increases which is aso contribute to overall heat transfer coefficient enhancement. The
comparison of overal heat transfer coefficient with aluminum oxide nanofluids and copper oxide

nanofluidsis shown in figure 5.30 and figure 5.31 respectively.
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Figure 5.30: Comparison of overall heat transfer coefficient with aluminum oxide nanofluids
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Figure 5.31: Comparison of overall heat transfer coefficient with copper oxide nanofluids

5.5. Fluid flow performance

Besides the heat transfer coefficient, pressure drop calculations are also important in determining
the feasibility for practical application of nanofluids. The experiments were performed at high
Reynolds number (turbulent flow region) and fluid flow performance evaluated different operating

conditions.

5.5.1 Pressuredrop

The pressure drop inside the compact heat exchanger depends on Reynolds number, density and
viscosity of nanofluids. The pressure drop of base fluid and nanofluids in the compact heat
exchanger for different Reynolds numbers and particle concentrations is shown in figure 5.32 and
figure 5.33. The pressure drop increased with increasing nanoparticle concentration as well as
Reynolds number. Pressure drop for copper oxide nanofluidsis considerably higher than aluminum
oxide nanofluids for al concentrations of nanoparticles and also higher than of base at same
operating conditions. The reason for increase in pressure drop might be attributed to the fact that
viscosity of base fluid increases with increase in particle concentration. For 0.25% v/v of
nanoparticles, pressure drop for Reynolds number 5000 was 2.73% and 5% higher than the base

fluid with addition of aluminum oxide and copper oxide nanoparticle respectively and this
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enhancement in pressure drop increased by 10.12% and 11% in comparison to base fluid when the
concentration was changed to 1.0% v/v for same Reynolds numbers. For the fixed concentration of
nanoparticles (1.0% v/v), as compared to base the fluid pressure drop for nanofluidsincreased from
10% to 15% for alumina nanofluids and 11% to 17% for the copper oxide nanofluids as the
Reynolds number increased from 5000 to 14000. Another reason for changein pressure drop could
be the chaotic motion of nanoparticles in base fluid. As the inlet temperature of fluid increases,
there was a small change in pressure drop. The pressure drop was influenced a little by decreasing
with increasing the fluid inlet temperature because viscosity of base fluid and nanofluids decreases

with increasing the fluid inlet temperature (which reduces the pressure drop at higher temperature).
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Figure 5.32: Variation of pressure drop in compact heat exchanger with Reynolds number

and aluminum oxide particle concentration
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Figure 5.33: Variation of pressure drop in compact heat exchanger with Reynolds number

and copper oxide particle concentration

5.5.2 Friction factor

As shown in figure 5.34 and figure 5.35, the friction factor (f) of nanofluid in the compact heat
exchanger increased with increase in Al:O3 and Cuo nanoparticle concentration. For all
concentration, friction factor increased with increase in nanoparticle loading in base fluid.
However, it decreased with increase in Reynolds number and the lowest friction factor value was
obtained for the base fluid (water) at the Reynolds number ~ 14000. For the low concentration of
nanoparticle (0.25% v/v ) and low Reynolds number, the increase in friction factor of nanofluids
was very low which was approximately 2% while this enhancement is increased up to 8% for high
concentration of nanoparticles (1.0% v/v) of aluminum oxide. For fixed concentration of
nanoparticle at high Reynolds number, the friction factor increased approximately same. As the
Reynolds number increased from 5000 to 14000, the value of friction factor was decreased by
approximately 19%. The friction factor for copper oxide nanofluids was higher than base fluid as
well as aluminum oxide nanofluids for all concentration of nanoparticles. The friction factor with
copper oxide nanoparticles at low nanoparticles concentration (0.25% v/v) and Reynolds number
(5000) was 4% higher and at high nanoparticles concentration (1.0% v/v) and Reynolds number
(14000) was 13% higher than that of base fluid (water). For copper oxide nanofluids the value of

friction factor is also decreased with increase in Reynolds number.
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Figure 5.34: Variation of friction factor in compact heat exchanger with Reynolds number

and aluminum oxide particle concentration
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5.5.3. Pumping power

The pumping power needed by aluminum oxide nanofluids and copper oxide was higher than that
needed for the base fluid. The pumping power increased exponentialy with increase in particle
concentration as well as Reynolds number as shown in figure 5.36 and figure 5.37. The pumping
power required for 0.25% v/v auminum oxide nanofluids for Reynolds numbers 5000 to 14000
was maximum 3% higher than the base fluid and it increased up to maximum 10%, when the particle
concentration was increased to 1.0% v/v while the pumping power required for 0.25% v/v copper
oxide nanofluids for Reynolds numbers 5000 to 14000 was maximum 5% higher than the base fluid
and it increased up to maximum 16%, when the particle concentration was increased to 1.0% v/v.
The increase in density and viscosity of nanofluids with increasing the particle concentration
significantly increased the pumping power.
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Figure 5.36: Effect of Reynolds number and aluminum oxide particle concentration on
pumping power of compact heat exchanger
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Figure 5.37: Effect of Reynolds number and copper oxide particle concentration on pumping

power of compact heat exchanger

5.6. Closure

This chapter investigates the performance of aluminium oxide and copper oxide nanofluidsin single
flat vertical tube and compact heat exchanger (consisted multiple flat tube). The convective heat
transfer performance and fluid flow performance enhanced with using of nanofluids. The maximum
heat transfer enhancement was observed with copper oxide nanofluids at 1.0% v/v concentration of
nanoparticles. By suspension of nanoparticles in the base fluid enhances the heat performance and
the reason of this enhancement is suspended nanoparticles increase the specific surface area and
heat capacity of nanofluids. The dispersion of nanoparticles flattens the transverse the temperature
gradient of the fluid. The interaction and collision among nanoparticles, fluid and flow passage
intensified. The mixing fluctuation and turbulence of fluid intensified. The percentage of pumping
power increase as compared to base is |ess than the percentage of heat transfer enhancement so use
of nanofluids instead of conventional fluids has more advantages.
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CHAPTER 6

CONCLUSIONS AND FUTURE SCOPE

The present work investigated the detailed study of nanofluids preparation, stability of nanofluids

and estimation of thermophysical properties i.e. thermal conductivity, density, viscosity and

specific heat capacity. The fabrication of experimental setup for single flat vertical tube and

compact heat exchanger has been done and analytical model for the evaluation of performance of

compact heat exchanger has discussed. The performance of auminum oxide and copper oxide

nanofluidsin single flat tube and compact heat exchanger (which consisted the multiple flat tubes)

was estimated and model for heat transfer and pressure drop characteristics developed. This chapter

presents the concluding remarks of the research work and future scope of the work.

1

In present thesis work, nanofluids were prepared from 0 — 1.0% v/v concentration of
nanoparticles. The aluminium oxide nanofluids were prepared without use of any surfactant
while copper oxide nanofluids with use of surfactant. For the copper oxide nanoparticles,
0.2 wt% of SDS was added to prepare the stable copper oxide nanofluids.

The stability of nanofluids is checked by Zeta potential, measuring the absorbance using
UV-vis spectrophotometer and thermal conductivity. The aluminum oxide nanofluids
remain stable more than 15 days and the stability of copper oxide nanofluids with reference
to Zeta potential values was observed up to 101" day of nanofluids preparation.

The thermal conductivity enhanced significantly with increase in particle concentration and
temperature. The density and viscosity increased with increasing the particle concentration,
while they both decreased with increase in temperature.

The thermal conductivity of nanofluids was more sensitive to temperature than that of the
base fluid. The thermal conductivity of alumina nanofluid with 1.0% v/v concentration at
30°C was 8% higher than that of the base fluid whereas at 80°C it was 21% higher than that
of the base fluid. With 0.1% of CuO nanoparticles at 30°C, the enhancement of thermal
conductivity was only 2% and at 90°C this enhancement increased up to approximately 4%.
For a higher particle concentration of 1.0%, the enhancement in thermal conductivity
increased from 12% to 25% as the temperature was raised from 30°C to 80°C. The
enhancement of thermal conductivity declines as the temperature of fluid rise from 80°C to
90°C.

With an increase in alumina particle concentration from 0.1 to 1.0% v/v, the viscosity of
nanofluid at 30°C is 2.3% and 19.82% respectively higher than that of the base fluid. The
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10.

11.

viscosity of copper oxide nanofluids increased from 2.8% to 20.46% as the nanoparticles
concentration was increased from 0.1% to 1.0% v/v.

In comparison with the basefluid, the density was 0.3% higher for 0.1% v/v aluminum oxide
nanofluid and 2.8% higher for 1.0 vol% nanofluids at 30°C. The increase in density of
copper oxide nanofluids as compared to the base fluid was 0.3% for 0.1% v/v particle
concentration and 4.41% for particle concentration of 1.0% v/v.

The heat capacity of nanofluids increases with temperature but diminishes with increase in
particle volume concentration. The heat capacity decreased by 1% for 0.1% v/v
concentration of copper oxide nanoparticles and heat capacity decreased up to 0.8% as the
nanoparticles concentration increases up to 1.0% v/v.

The nanoparticles plays a vital role in enhancing the Nusselt number and suspending the
nanoparticles in base fluid leads to an increase in heat transfer coefficient for flat vertical
tubes of radiator. The heat transfer rate increased with increase in fluid inlet temperature,
particle concentration, Reynolds number aswell as air inlet velocity.

The Nusselt number enhancement with 0.25% v/v auminum oxide nanoparticle
concentration was 8% for the Reynolds number 20000, respectively, and it enhanced further
to 40% when the particle concentration was increased to 1.0% v/v for the same Reynolds
number. The enhancement of Nusselt number as compared to the base fluid was 18% for
0.25% v/v concentration of nanoparticles for Reynolds number 5000 and this enhancement
was up to 12% as the Reynolds number of nanofluids increased up to 20000. Furthermore,
heat transfer enhancement increased up to 51% for the 1.0 % v/v concentration of copper
oxide/water nanofluids for Reynolds number 20000.

As the inlet temperature of nanofluid was increased from 40°C to 60°C, the hesat transfer
performance improved by 13% and this enhancement further increased to 28% as the inlet
temperature was raised to 80°C for a particular fluid velocity and particle concentration
(2.0% v/v). It was noticed that increasing the air flow rate from 2 to 4 m/s causes 12%
enhancement in heat transfer for 1.0% v/v nanofluids.

By suspension of nanoparticles in the base fluid enhances the heat performance and the
reason of this enhancement is suspended nanoparticles increase the specific surface areaand
heat capacity of nanofluids. The dispersion of nanoparticles flattens the transverse the
temperature gradient of the fluid. The interaction and collision among nanoparticles, fluid
and flow passage intensified. The mixing fluctuation and turbulence of fluid intensified.
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13.

14.

15.

16.

17.

18.

The pressure drop increased with increasing the Reynolds number and particle volume
concentration, while it slightly decreased with increase in fluid inlet temperature because
density and viscosity decrease with increase in temperature. The pressure drop observed for
0.25% v/v nanofluid was 1.5% and 1.6% higher that of the base fluid for Reynolds numbers
5000 and 20000, respectively.

For 0.25% v/v of copper oxide nanoparticles, pressure drop for Reynolds number 5000 was
3% and 3.2% for Reynolds number 20000 in comparison with the base fluid and this
increased to 8.5% and 9% when the concentration was changed to 1.0% v/v for same
Reynolds numbers.

Thefriction factor (f) of nanofluid in the flat tube increased with increasein Al20Os and CuO
nanoparticle concentration. However, it decreased with increase in Reynolds number and
the lowest friction factor value was obtained for the base fluid (water) at the Reynolds
number ~ 20000.The friction factor for aluminum oxide nanofluids was 0.5% higher than
the base fluid for the Reynol ds number 5000 and increased up 0.9% as the Reynolds number
increased up to 20000 for 0.25% vol. of nanoparticles. As the nanoparticles concentration
increased to 1.0 vol.%, thefriction factor also increased approximately 2.5%. For the copper
oxide nanoparticles, the friction factor was 1.6%, 2.85%, 3.41% and 4.3% higher than of
base fluid for 0.25%, 0.50%, 0.75% and 1.0% vol. nanoparticle loadings.

The pumping power needed by nanofluids was considerably higher than that needed for the
base fluid. The pumping power required for 0.25% v/v nanofluid for Reynolds numbers
5000 and 20000, respectively, was 1.5% and 1.7% higher than the base fluid and it increased
to 5.3% and 5.7%, respectively, when the particle concentration was increased to 1.0% v/v.
The pumping with use copper oxide nanofluids was 9% higher in flat tube than of basefluid
at higher Reynolds number.

The heat transfer performance of compact heat exchanger evaluated at various fluid inlet
temperature such as 40 °C, 50 °C, 60 °C, 70 °C and 80 °C and at Reynolds number range
from 5000 to 14000 and water based nanofluids in the range of 0.25% v/v to 1% v/v
concentration of alumina oxide and copper oxide nanoparticles.

The Nusselt number enhancement with 0.25% v/v of aluminum oxide and copper oxide
nanoparticle concentration was 8% and 12% respectively as compared to the base fluid for
the Reynolds number 14000, and it enhanced further to 28% and 31% as the particle
concentration was increased to 1.0% v/v for the same Reynolds number.
Withtheriseinfluidinlet temperature, the Nusselt number increased because of theincrease

in thermal conductivity of fluids. Astheinlet temperature of nanofluids was increased from
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19.

20.

21.

22.

23.

24,

40°C to 60°C, the heat transfer performance improved by 9% and this enhancement further
increased to 24% and 15% as the inlet temperature was raised to 80°C

The heat transfer rate increased with increase in fluid inlet temperature, particle
concentration, Reynolds number as well as air inlet velocity. The maximum enhancement
in heat transfer coefficient was about 31% at 1.0% v/v concentration as compared to the
base fluid.

Heat transfer enhancement was more than the enhancement in the thermal conductivity of
nanofluid at same temperature and concentration. This indicates that besides thermal
conductivity, other factors such asfluid inlet temperature, Reynolds number and air velocity
also affect heat transfer coefficient.

The overall heat transfer coefficient for the compact heat exchanger (radiator) increased
with increase addition of nanoparticles (aluminum oxide nanoparticles and copper oxide
nanoparticles). The enhancement is approximately 3% to 7% for aluminum oxide nanofluids
and 7% to 10% for copper oxide nanofluids higher as comparison to base fluid for same
operating conditions. As the nanoparticles concentration was increased from 0.25% v/v to
1.0% v/v the overdl heat transfer coefficient enhanced approximately 8% to 16% for
aluminum oxide nanofluids and 10% to 20% for copper oxide nanofluids higher as
comparison to base fluid for same operating conditions.

The pressure drop aong the compact heat exchanger also increased by 16% with Reynolds
number as well as nanoparticles|oading, while slightly decreased up to 2% with increasein
fluid temperature. The maximum increase in pressure drop was 16% than base fluid for
0.5% v/v nanoparticles at Reynolds number 15000.

Thefriction factor also increased by 10% with increase in nanoparticle concentration, while
it decreased with increase in Reynolds number. The friction factor for copper oxide
nanofluids was higher than base fluid as well as aluminum oxide nanofluids for all
concentration of nanoparticles. The friction factor with copper oxide nanoparticles at low
nanoparticles concentration (0.25% v/v) and Reynolds number (5000) was 4% higher and
at high nanoparticles concentration (1.0% v/v) and Reynolds number (14000) was 13%
higher than that of base fluid (water).

The pumping power required for aluminum oxide and copper oxide nanofluids higher than
the base fluid and it increased up to maximum 10%, as the particle concentration was
increased to 1.0% v/v.
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This study proves that the size of automotive cooling system can decreased with the use of
nanofluids in place of conventional cooling fluids because the heat transfer is the primary concern

for cooling systems.
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Future Scope

1

In the present work, thermophysical propertiesi.e. thermal conductivity, viscosity, density
and specific heat capacity of oxide nanofluids measured. The thermophysical properties of
hybrid nanofluids (combinations of two or more nanoparticles) which can improve the
thermal conductivity of nanofluids.

In the present work, performance of nanofluids in single plain flat tube is estimated. The
work can be extended by modification of tube i.e. with the use inserts and dimples on the
surface of flat tube.

The performance of compact heat exchanger is estimated with water as the basefluid. In the
cold areas, ethylene glycol is mixed in the base fluid as the coolant. So research can be
carried out with mixture of ethylene glycol and water with different concentration of
nanoparticles.

The copper, a uminum nanoparticles, carbon nanotubes, silver, gold, diamond nanoparticles
and graphene nano platel ets and water — ethylene glycol mixture can be used as the cool ant
fluid to evaluate the performance of flat tube.

Experimental study on the behaviour of water ethylene glycol mixture with mutliwalled
carbon nanotube can be carried out as the thermal conductivity of multiwalled carbon

nanotube is higher than aluminum oxide and copper oxide nanofluids.
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APPENDI X
Calculation procedure for performance of compact heat exchanger.

1) Frontal Area
Air side
A, . =L,H, =0.197806 m*
Coolant side
A, = D,H, =0.006368 m?
2) Total Transfer Area
Coolant side
A =NL, [Z(Ln - Hn)+ p (H it )] =0.64270 m?
Volume of radiator
V. =L,D,H, =0.0031649 m*
3) Total transfer area/Total exchanger area
Air side
b xb,

= = 500.552 m%¥m?
%a (b, +b, +(2xa)) mm

Coolant side

_A,

r

4) Total flow area/Frontal area
S, =a,r, =0.1780m?

5) Freeflow area
Air side
A, =A,.s,=00352m

fr,a~ a

Coolant side

A, = N[(Lit “H,H, +%H if} = 0.00141 m?

a, = 203.073 m¥m®

6) Hydraulic diameter
Coolant side

Zl{(I—it - Hit)Hit +3Hiti|
D,, = =0.00439 m
2(Lit - Hit)+pHit

7) Air side calculations
Air side calculations and its thermophysical properties are given below
Va=5.5 m/sec. r,=1154Kg/m? ka=0.02364 W/(m.K)

Cpa= 1006 J(Kg.K) m, =0.0000173Kg/(M.s)  Dra=0.001423 m

8) Massflow rate
Ma=r,xA ,xV, =0.223564 Kg/sec.

9) Heat capacity rate
C,=m,xC_ , =224905

10) Reynolds number
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r a ><Va x Dh,a

Re, =— =522.068
m,
11) Colburn factor
. 0.1459
a = Feeow = 0.0154502

12) Prandtl number

mxC,
Pr, = ” =0.73620
13) Convective heat transfer coefficient
Jaxr, x\ﬂi><(:pa 5
h, = o7 = 120.995 W/(m-.K)
14) Fin parameter

m= [2%Ma _ 94400 m

f X
15) Fin efficiency
) tanh(mL, )
N mL,
16) Surface effectiveness
h,=1-(1-h)x A, =0.9744

17) Hot Fluid side calculations
Air side calculations and its thermophysical properties are given below

=0.9710

r,=992.3 Kg/m? kn = 0.6305 W/(m.K)
Cph =4179 J(Kg.K) m, = 0.000653 Kg/(m.s) Dnhn = 0.004392 m
Th,inlet = 41.42°C Th, outler = 31°C
Ta inlet = 22.63°C Ta outlet = 24.6°C Tsurface = 23.95
T ~ Thinee + Thowet
bukmean =~
2 =36.21°C

Flow rate = 1LPM
18) Fluid massflow rate

W = Flow.Rate  _ 0.01667
60

19) Heat capacity rate
C,=WxC,, =69.371
20) Volume Flow Rate
Gw =W/Ach= 11737
21) Reynolds Number

B G, x D _
Re, = — =2661.69
m,

22) Prandtl Number

xC
Pr, = o ” Pl - 432

h

23) Nusselt number
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r

r 0.797 0.108
NU, = 0.3164Re;°'25(—“j (ﬂj = 18.84
m

C

24) Convective heat transfer coefficient

Nu, x k
h, =%~ 5703,05 Wi(M2.K)
h,h
25) Overall heat transfer coefficient

i: 1 + ! =0.00932

U, =107.27 W/(m?.K)
26) Number of transfer units

NTU = Za @ Ve _ o755
27) Capacity ratio

C' = Coin _ 0.30844
C

max

28) Effectiveness

e=1- exp{— Ci [1— exp(— C"-NTU )]} =0.4903

29) Heat absorbed

Q=Wx Cp,h (Th,inlet = Th oute ) =172284 W

30) Friction factor

r 0.797 0.108
f:0.316Rem°'25( ”fJ [ﬂj = 0.044

My

bf
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Table A 1: Variation of Nussalt number with different conditions with aluminum oxide

nanofluids
Temperature Flow rate Nusselt number
(°C) (LPM) 0% viv 0.25 viv 0.50% viv 0.75% viv
1.0 77.56 87.88 96.88 111.12
1.25 8171 92.03 101.03 115.27
15 89.84 100.16 109.16 123.40
40 1.75 97.78 108.10 117.10 131.34
2.0 109.38 119.70 128.70 142.94
2.25 113.18 123.50 133.00 148.10
2.5 116.95 127.27 136.77 151.87
1.0 89.80 100.02 111.00 126.87
1.25 94.44 104.66 115.64 131.51
15 103.55 113.77 124.75 140.62
60 1.75 112.44 122.66 133.64 149.51
2.0 125.43 135.65 146.63 162.71
2.25 129.69 141.19 152.17 168.25
2.5 134.00 145.50 158.10 174.18
1.0 100.80 112.30 125.97 142.85
1.25 105.44 116.94 130.61 147.49
15 114.55 126.05 139.72 156.60
80 1.75 123.44 134.94 148.61 165.49
2.0 136.43 147.93 161.60 178.60
2.25 140.69 152.19 165.86 182.86
2.5 147.00 158.50 172.17 189.17

Table A2 : Comparison of experimental data and correlation data of Nusselt number at different

aluminum oxide nanoparticles concentration

Nusselt number
0.25% v/v 0.50% v/v 0.75% v/v 1.0% viv

Flow rate Exp. data Corr. Exp. Corr. Exp. Corr. Exp. Corr.
(LPM) data data data data data data data

1.00 11230 | 112.80| 12597 124.63 | 142.85| 13894 | 160.74| 156.27

1.25 116.94 | 117.69 130.61 129.84 | 14749 | 14455| 165.61| 162.40

1.50 126.05 | 127.17 139.72 139.91 | 156.60| 155.39| 174.72| 17422

1.75 134.94 | 136.31 148.61 14959 | 16549 | 165.78| 183.61| 185.53

2.00 14793 | 149.46| 161.60 16350 | 178.60| 180.67| 196.72| 201.70

2.25 152.19 | 153.72 165.86 167.99 | 18286 | 18547 | 200.98| 206.90

2.50

158,50 | 157.92

172.17 172.42

189.17 | 190.20

207.29 | 212.03
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Table A 3: Variation of Nusselt number with different conditions with copper oxide nanofluids

Temperature Flow rate Nusselt number
(°C) (LPM) 0% viv 0.25 viv 0.50% v/iv 0.75% viv
1.0 77.56 94.20 106.02 120.69
1.25 81.71 98.35 110.17 124.84
15 89.84 106.48 118.30 132.97
40 1.75 97.78 114.42 126.24 140.91
2.0 109.38 126.02 137.85 15251
2.25 113.18 129.82 142.15 157.67
25 116.95 133.59 145.91 161.44
1.0 89.80 106.34 120.15 136.44
1.25 94.44 110.98 124.79 141.08
15 103.55 120.09 133.89 150.19
60 1.75 112.44 128.98 142.78 159.08
2.0 125.43 141.97 155.78 172.28
2.25 129.69 147.51 161.31 177.82
25 134.00 151.82 167.25 183.75
1.0 100.80 118.62 135.12 152.42
1.25 105.44 123.26 139.76 157.06
15 114.55 132.37 148.86 166.17
80 1.75 123.44 141.26 157.75 175.06
2.0 136.43 154.25 170.75 188.17
2.25 140.69 158.51 175.00 192.43
25 147.00 164.82 181.32 198.74

Table A 4: Comparison of experimental data and correlation data of Nusselt number at different

copper oxide nanoparticles concentration

Nusselt number
0.25% v/v 0.50% v/v 0.75% v/v 1.0% viv
Flow rate Exp. data Corr. Exp. Corr. Exp. Corr. Exp. Corr.
(LPM) data data data data data data data
1.00 118.62 | 11790| 135.12 134.77| 15242 | 15094 | 176.46| 171.25
1.25 12326 | 122.79 139.76 139.98| 157.06| 156.55| 181.33| 177.38
1.50 132.37 | 132.27 148.86 150.05| 166.17| 167.39| 190.44| 189.20
1.75 141.26 | 14141 157.75 159.73| 175.06| 177.78| 199.33| 200.51
2.00 154.25| 15456 | 170.75 173.64 | 188.17 | 192.67| 212.44| 216.68
2.25 158,51 | 158.82 175.00 178.13| 19243 | 19747| 216.70| 221.88
2.50 164.82 | 163.02 181.32 18256 | 198.74| 202.20| 223.01| 227.01
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Table A 5: Variation of pressure drop with different conditions with aluminum oxide nanofluids

Flow rate Pressure Drop (Pa)
(LPM) 0% v/v 0.25 viv 0.50% v/v 0.75% viv 1.0% viv
1.25 1230.83 1249.68 1270.85 1284.33 1297.97
15 1342.02 1362.64 1385.86 1400.55 1415.42
1.75 1503.18 1526.42 1552.69 1569.14 1585.81
2.0 1598.60 1623.45 1651.66 1669.14 1686.87
2.25 1749.85 1777.27 1808.55 1827.67 1847.09
2.5 1840.42 1869.33 1902.35 1922.46 1942.89

Table A 6: Variation of pressure drop with different conditions with copper oxide nanofluids

Flow rate Pressure Drop (Pa)
(LPM) 0% viv 0.25 viv 0.50% v/v 0.75% viv 1.0% viv
1.25 1230.83 1267.15 1301.50 1319.41 1339.25
15 1342.02 1381.89 1419.48 1439.01 1460.64
1.75 1503.18 1548.41 1590.79 1612.67 1636.91
2.0 1598.60 1647.25 1692.60 1715.86 1741.65
2.25 1749.85 1803.94 1854.01 1879.46 1907.71
2.5 1840.42 1897.58 1950.38 1977.15 2006.86
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Table A 7: Comparison of experimental data and correlation data of friction factor at different

aluminum oxide nanoparticles concentration

Friction factor

0.25% v/v 0.50% v/v 0.75% v/v 1.0% viv
Flow rate Exp. data Corr. Exp. Corr. Exp. Corr. Exp. Corr.
(LPM) data data data data data data data
1.00 0.04150 | 0.04180 | 0.04196 | 0.04207 | 0.04221 | 0.04233 | 0.04248 | 0.04260
1.25 0.04067 | 0.04097 | 0.04112 | 0.04123 | 0.04137 | 0.04149 | 0.04164 | 0.04176
1.50 0.03921 | 0.03951 | 0.03965| 0.03976| 0.03990 | 0.04002 | 0.04015 | 0.04027
1.75 0.03796 | 0.03826 | 0.03839 | 0.03850 | 0.03863 | 0.03875| 0.03887 | 0.03899
2.00 0.03636 | 0.03666 | 0.03679 | 0.03690| 0.03701 | 0.03713 | 0.03725 | 0.03737
2.25 0.03589 | 0.03619 | 0.03632 | 0.03643 | 0.03654 | 0.03666 | 0.03677 | 0.03689
2.50 0.03545| 0.03575| 0.03587 | 0.03598 | 0.03609 | 0.03621 | 0.03632 | 0.03644

Table A 8: Comparison of experimental data and correlation data of friction factor at different

copper oxide nanoparticles concentration

Friction factor

0.25% viv 0.50% v/iv 0.75% viv 1.0% viv
Flow rate Exp. data Corr. Exp. Corr. Exp. Corr. Exp. Corr.
(LPM) data data data data data data data
1.00 0.04113 | 0.04153 | 0.04180 | 0.04180| 0.04226 | 0.04207 | 0.04251 | 0.04233
1.25 0.04031 | 0.04071| 0.04097 | 0.04097 | 0.04142 | 0.04123 | 0.04167 | 0.04149
1.50 0.03886 | 0.03926 | 0.03951 | 0.03951| 0.03995| 0.03976 | 0.04020 | 0.04002
1.75 0.03761 | 0.03801 | 0.03826 | 0.03826 | 0.03869 | 0.03850 | 0.03893 | 0.03875
2.00 0.03603 | 0.03643 | 0.03666 | 0.03666 | 0.03709 | 0.03690 | 0.03731 | 0.03713
2.25 0.03556 | 0.03596 | 0.03619 | 0.03619| 0.03662 | 0.03643 | 0.03684 | 0.03666
2.50 0.03512 | 0.03552 | 0.03575| 0.03575| 0.03617 | 0.03598 | 0.03639 | 0.03621
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