
 

 

 

Enhancement of Heat Transfer with 

Nanofluids 
 

 

 

 

PhD Thesis 
 

 

 

By 

SANDESH S. CHOUGULE 
 

 

 

 

 
 

 

 

DISCIPLINE OF MECHANICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY INDORE 
JUNE 2015



 

 

 

Enhancement of Heat Transfer with 

Nanofluids 

 

 

A THESIS 

 

Submitted in partial fulfillment of the 

requirements for the award of the degree 

 

of 

DOCTOR OF PHILOSOPHY 
 

 

by 

SANDESH S. CHOUGULE 
 

 

 

 
 

 

 

DISCIPLINE OF MECHANICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY 

INDORE 
JUNE 2015



 

 

 

INDIAN INSTITUTE OF TECHNOLOGY INDORE 

CANDIDATE’S DECLARATION 

 I hereby certify that the work which is being presented in the thesis entitled 

“Enhancement of Heat Transfer with Nanofluids” in the partial fulfillment of the 

requirements for the award of the degree of DOCTOR OF PHILOSOPHY and submitted in the 

Discipline of Mechanical Engineering, Indian Institute of Technology Indore, is an authentic 

record of my own work carried out during the time period from July 2012 to May 2015 under the 

supervision of Dr. S. K. Sahu, Assistant Professor, Indian Institute of Technology Indore. 

 The matter presented in this thesis has not been submitted by me for the award of any 

other degree of this or any other institute. 

                                                                           

 Signature of the student with date 

                                                                                                         (SANDESH S. CHOUGULE) 

--------------------------------------------------------------------------------------------------------------------- 

 This is to certify that the above statement made by the candidate is correct to the best of 

my/our knowledge. 

 

             Signature of Thesis Supervisor with date 

                             (Dr. S. K. SAHU) 

--------------------------------------------------------------------------------------------------------------------- 

Sandesh S. Chougule has successfully given his Ph.D. Oral Examination, held on ………… 

 

 

Signature of Thesis Supervisor                                       Convener, DPGC    

Date:                         Date:                                               

 

Signature of PSPC Member                                                

Date:   

 

Signature of PSPC Member                                                      Signature of External Examiner 

Date:                          Date: 

---------------------------------------------------------------------------------------------------------------------  



4 

 

 



i 

 

AKNOWLDGEMENTS 

I would like to express my sincere gratitude to my honorific supervisor 

Dr. S. K. Sahu for his valuable guidance and endless encouragement during my 

research tenure at IITI. His positive attitude towards excellent ideas helped me to 

grow as a quality researcher. His continuous advice on both research as well as on 

my career has been priceless.  

I am very grateful to doctorate research progress committee members     

Dr. E. Anil Kumar and Dr. Apurba Das for their valuable suggestions and 

comments during this work.  

I am thankful to Dr. Devendra L. Deshmukh, Dr. Amod C. Umarikar, 

Dr. Kiran Bala and Dr. Parasharam M. Shirage. Their academic support and 

personal cheering are greatly appreciated. 

I am also extremely indebted to Prof. Pradeep Mathur (Director, Indian 

Institute of Technology Indore) for sanctioning financial support to present 

research work in abroad conferences. 

Very special thanks go to Prof. S. H. Pawar (Vice Chancellor, D. Y. Patil 

University, Kolhapur) and Dr. S. Suresh (Assistant Professor, National Institute 

of Technology, Trichy) who played a significant role in thesis work and opened 

doors of nanotechnology science for me.   

Dr. Thomas J. MaKrell (Research Scientist, Massachusetts institute of 

technology, USA) and Prof. William M. Worek (Associate Dean for Research 

and Graduate Studies, Stony Brook University, USA) provided very practical 

suggestions during the research work. During the research, they responded rapidly 

to my twists and turns. Their contributions made a significant difference to the 

overall shape of the dissertation. 

I would not have studied this PhD without the wise counsel of             

Prof. Ashok T. Pise (Deputy Director, Directorate of Technical Education, 

Mumbai) who have been steady hands to steer me through my postgraduate career 

at Government College of Engineering, Karad. 



ii 

 

It is a pleasure to acknowledge with gratitude the financial support of 

Science and Engineering Research Board and Council of Scientific & 

Industrial Research, New Delhi, India to present research work in reputed 

ASME conferences ICNMM-2014, Chicago, USA and MNHMT-13, Hong 

kong, China, respectively. I acknowledge the Ministry of Human Resource 

Development, Government of India and Indian Institute of Technology 

Indore for providing scholarships to pursue doctoral studies. 

I also wish to thanks, Anand Petare and Arun Kumar Bhagwaniya who 

helped in the fabrication of test facility at IIT Indore. I am grateful for the time 

spent with backpacking buddies and our memorable trips into the mountains of 

Panchmadhi.  I am ever indebted to friends for their cooperation, encouragement 

and moral support. I wish to thank my friends, Javed Shaikh, Manish Agrawal, 

Vinod Sharma, Sambhaji Kadam, Yogesh Madaria, Hari Mohan Kushwah, Aniket 

Kulkarni, Rajan Lanjekar, Pramod Mane, Balmukund Dhakar, Mayur Sawant, 

Sagar Nikam, Kratika Pathak, Mayank Modak, Agnel D’souza and Vinayak 

Yadav.  

This thesis would not have been possible without the support of my 

family. I am grateful to them for their never-ending love, patience and 

encouragement. Words cannot express how grateful I am to my Aai, Papa, 

Deepika and my wife for all of the sacrifices that they have made on my behalf.  

 

  

- Sandesh Surendra Chougule 

Indore, May 2015 

 

 

 

 

 



iii 

 

 

 

 

 

 

 

Dedicated to beloved 

Aai, Papa and 

Teachers 

 

 

 



iv 

 

 

 



v 

 

Abstract 

The present dissertation reports the experimental study pertaining 

to enhanced heat transfer performance of nanofluids compared to water in 

several thermal devices. The objective of the present study is to analyze 

the thermal performance of nanofluids for various practical applications 

including heat exchanging equipments, automobile radiators, flat plate 

solar collector and cooling of electronics components.  

In this study, efforts have been made to study the heat transfer 

performance of various thermal devices. Tests have been performed to 

study the forced convection and heat transfer characteristics of 

Al2O3/water and carbon nanotube/water nanofluids through uniformly 

heated horizontal circular pipe with helical twisted tape inserts (HI). The 

experiments are performed with varied range of particle volume 

concentration (0.15%, 0.45%, 0.60% and 1%) and helical tape inserts of 

twist ratio (TR) = 1.5, 2.5 and 3. Next, an experimentally study has been 

carried out to evaluate the convective heat transfer characteristics of 

CNT/water and Al2O3/water and nanofluids in an automobile radiator. The 

effects of various parameters, namely synthesis method, variation in pH 

values and nanoparticle concentration on the Nusselt number are 

examined through the experimental investigation. The comparison of 

thermal performance for CNT/water and Al2O3/water nanofluids is 

reported in the present investigation. The heat pipes are integrated into flat 

plate solar water heater to evaluate the thermal performance of solar flat 

plate collector. Here, two different fluids such as: CNT/water nanofluids 

and pure water are used as working fluid in the heat pipe. The effect of the 

tilt angle, filling ratio, nanoparticle concentration and coolant flow rate on 

the thermal performance of the solar collector has been discussed in the 

study. Further, an attempt has been made to evaluate the thermal 

performance of nanofluid (CNT/water) charged heat pipe with phase 

change material (PCM) as energy storage material (ESM) for electronic 
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cooling. Tests are conducted for two different ESM (water and paraffin), 

different fan speeds and heating powers in the PCM cooling module. The 

temperature variations in PCM are obtained during charge/discharge 

processes.  

Keywords: Nanofluid, CNT/water, Al2O3/water, heat transfer, helical 

screw tape inserts Nusselt number, Reynolds number, friction factor, 

thermal performance, automobile radiators, heat pipe, solar flat plate 

collectors, phase change material, electronics cooling 
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Chapter 1 

Introduction and Literature Review 

1.1 General Background  

Transfer of heat energy plays a vital role in various engineering 

and scientific applications. Several processes such as: heating, cooling and 

heat transfer by phase change are frequently encountered during 

engineering applications. It is observed that the heat transfer due to 

convection plays a significant role in different industrial applications. The 

heat transfer by convection depends on various hydrodynamic parameters 

and thermophysical properties of the fluid. For a given hydrodynamic 

parameters, the heat transfer characteristics of a fluid can be enhanced by 

increasing the thermal conductivity. 

Conventional single phase fluids such as: water, engine oil and 

ethylene glycol are used as coolant in various industrial applications 

including automobile radiators, manufacturing units and electronics 

applications. However, the heat transfers capability of these conventional 

single phase fluids are limited. At this juncture, there is a need to develop 

new engineering fluids with improved heat transfer characteristics 

compared to the conventional fluids. It is observed that metals have higher 

thermal conductivity compared to conventional single phase fluids. 

Therefore, it is a logical approach to develop new heat transfer fluids 

containing solid particles to enhance the thermal conductivity. Therefore, 

new engineering fluids have been developed by dispersing nanoparticles 

in the conventional heat transfer fluids, termed as nanofluids [1]. Apart 

from the miniaturized devices, larger units (heat exchanger, evaporator), 

conventional thermal or nuclear power plants and non-conventional 

energy devices need an efficient cooling system with greater cooling 

capacities and decreased sizes. Among various methods, enhancing the 

heat transfer capacity of coolant (nanofluids) is considered to be a useful 
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technology to enhance the cooling capacity. In this chapter, the 

introduction of nanofluids, the associated heat transfer mechanism, various 

applications and a brief review of the literature on the use of nanofluids in 

various engineering and scientific application are discussed. Also, the 

objectives of this investigation are enumerated. 

1.2 Applications of Nanofluids 

Nanofluid can be utilized in various thermal devices to improve the 

heat transfer rates and energy efficiency. Some of the industrial 

applications are listed below. 

Solar water heating 

Solar energy is often used in various applications such as: 

electricity generation, chemical processing and solar heating. Solar 

collectors absorb the incoming solar radiation, convert it into heat and 

transfer the heat to a fluid (air, water and oil) flowing through the 

collector. Solar water heaters are mostly used to obtain hot water. 

Although, the flat plate solar collectors are the most cost-effective, they 

usually have lower thermal efficiency. In order to improve the thermal 

efficiency, nanofluids are used directly as a coolant or one can utilize 

nanofluid charged heat pipes to transfer the heat energy to the coolant.   

Cooling of electronics 

Removal of higher heat flux is a major challenge in the design of 

future electronic devices. Commonly, water is used as a single-phase 

coolant in combination with microchannel heat sinks for cooling 

electronics, as it possesses the most adequate thermal and hydrodynamic 

transport properties in the required range of operating temperatures. 

However, the thermal conductivity of water is two to three orders of 

magnitude lower compared to of most metals and metal oxides. Therefore, 

an innovative way to elevate the thermal conductivity of fluids may be the 

addition of nanometer-sized metal or metal oxide particles into a 
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basefluid, most suitable water. Novel concepts of heat pipes using a 

nanofluid as a working fluid can be used for electronics cooling. 

Engine cooling management 

The automobile engine utilizes a heat exchanger device, termed as 

a radiator, in order to remove the heat from the cooling jacket of the 

engine. The radiator is considered as an important component of the 

cooling system of the engine. In general, ethylene glycol and water 

mixture is used automotive coolant. However, ethylene glycols possess 

inferior heat removal capacity compared to water. The addition of 

nanoparticles to the engine coolant has the potential to improve the 

cooling rates in the case of automotive and heavy-duty engines. In such a 

case, a smaller cooling system can be used to remove the engine heat. 

Smaller coolant systems results in smaller and lighter radiators, resulting 

in the reduction of the drag and fuel consumption. 

Medical applications 

Nanofluids are widely used in biomedical applications such as: 

magnetic cell separation, drug delivery and hyperthermia. Based on the 

specific requirements, suitable functionalization and synthesis methods are 

adopted to obtain the required properties. It may be noted that the colloidal 

stability of biocompatible water-based magnetic fluids is an important 

issue that affect the successful application. 

Heat exchanger 

Cooling is one of the important challenges faced by many 

industries. The conventional way to increase cooling rates is to increase 

the heat transfer area, change the flow geometry to generate turbulence 

and increase the flow rate. With the increase of heat transfer area, the size 

of the thermal system increases. The addition of nanoparticle may help to 

decrease size of the heat exchanger by increasing heat transfer capacity of 

the base fluid or coolant.  
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Other applications 

The nanocoolants also have potential application in various devices, 

namely, chillers, refrigerators, electric transformer, fuel cells, and nuclear 

reactors. Also, the nanofluids are widely used as coolant for different 

machining processes.  

1.3 What is Nanofluid? 

From last few decades, efforts have been made to enhance the 

thermal conductivity of liquids by adding solid particles in liquids. Earlier, 

Maxwell [2] has made an attempt to disperse millimeter/micrometer-sized 

particles in liquids. This approach encountered two major problems, 

namely, quick settlement of particles and lower conductivities of these 

suspensions at low particle concentrations. Also, these suspensions were 

found to clog the tiny channels of micro devices.  

 

Figure 1.1: Length scale and some examples related [3] 

Later on, modern nanotechnology enabled the production of 

metallic or nonmetallic nanoparticles with average crystallite sizes below 

100 nm. The mechanical, optical, electrical, magnetic, and thermal 

properties of nanoparticles are superior to the conventional bulk materials. 

Choi [1] conceived the novel concept to utilize these excellent properties 

of nanoparticles in colloidal suspension. Nanofluids are a new class of 

nanotechnology based heat transfer fluids engineered by dispersing 

nanometer-sized particles with typical length scales on the order of 1 to 

100 nm (preferably, smaller than 10 nm in diameter) in traditional heat 
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transfer fluids. Choi [1] developed nanoparticles and reported an 

enhancement in thermal conductivity by dispersing the nanoparticle in 

conventional heat transfer fluids and termed as nanofluids. These fluids 

found to exhibit superior thermal properties compared to their base fluids. 

Serrano et al. [3] provided excellent examples of various length scales 

(nano, micro and millimeter) as applied in various scientific and day to 

day is applications (Fig. 1.1).  

Nanofluids are found to possess following advantages compared to 

conventional fluids and are elaborated below [4] 

• Higher specific surface area and therefore more heat transfer 

surface between particles and the fluids. 

• Higher dispersion stability with predominant Brownian motion of 

particles. 

• Reduced pumping power as compared to conventional liquid to 

achieve equivalent heat transfer intensification. 

• Reduced particle clogging compared to conventional slurries, thus 

promoting system miniaturization. 

• Adjustable properties, including thermal conductivity and surface 

wettability, by varying particle concentrations to suit different 

applications 

1.4 Mechanism of Heat Flow in Nanofluid 

The effective thermal conductivity of mixture originates from 

continuum formulation usually involves only the particle size/shape and 

the volume fraction. These formulations assume diffusive heat transfer in 

both fluids and solid phases. This method provides good prediction 

pertaining to the heat transfer characteristics of micrometer and large size 

solid/fluid system. However, the theory could not explain the unusual heat 

transfer characteristics of nanofluids. In view of this, various theories have 

been proposed in order to explain the anomalous increase in the heat 

transfer of nanofluids [5] and are elaborated below.  
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Brownian motion 

Two different modes of Brownian motion are encountered in 

nanofluids. This includes the collision between Brownian nanoparticles 

and convection induced by Brownian nanoparticles. The collision between 

nanoparticles occurs due to Brownian motion of nanoparticles. This is 

considered to be the first dynamic mechanism for the enhancement of 

thermal conductivity of nanofluids. However, the enhancement in the 

thermal conductivity due to the collision between Brownian nanoparticles 

is negligible. This may be due to the fact the Brownian nanoparticle is 

much slower compared to the thermal diffusion. On the contrary, 

nanoparticles move through the liquid and convection is induced due to 

the Brownian motion of nanoparticles leading to an increase in the thermal 

conductivity. 

Liquid layering at liquid/particle interface 

Liquid molecules form a layer near the solid surface of 

nanoparticle termed as nanolayer. The nanolayer structure was proposed 

by Keblinski et al. [5] and considered to be the first static mechanism to 

explain the enhancement in the thermal conductivity of nanofluids.        

Fig. 1.2 shows the schematic diagram of a nanolayer around the 

nanoparticle surface. Nanolayers act as a thermal bridge between the solid 

nanoparticle and the bulk liquid and improve the thermal transport in a 

suspension. The thermal conductivity of the nanolayer is higher than that 

of the bulk liquid. 

Heat transport by ballistic phonon transport 

The ballistic phonon transport of the nanoparticles plays a 

significant role in the increase in thermal conductivity. In crystalline 

solids, heat is transported by phonons due to lattice vibrations. The 

ballistic phonon initiated in one particle can persist in the liquid and 

propagates to the adjacent particle. This increases the effective thermal 

conductivity of nanofluids [5].  
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Figure 1.2: Schematic illustration representing the liquid layering around 

nanoparticles [5] 

 

 

Figure 1.3: Schematic of clustering phenomenon of nanoparticles and the 

heat transfer paths.  
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Effect of nanoparticles clustering 

Enhancement in heat transfer of nanofluids also occurs due to the 

clustering of nanoparticles. Clustering of nanoparticles increases the 

thermal conductivity of the basefluid because of higher concentration of 

nanoparticles. On the contrary, because of clustering of particles the mass 

increases and leads to the sedimentation of the nanoparticles. The 

clustering is usually found at higher concentrations of nanofluid, where 

the interparticle distances between particles are very small, leading to 

agglomeration. Evans et al. [6] proposed that clustering can result in fast 

transport of heat for a longer distance since heat can be conducted much 

faster by solid particles when compared to the liquid matrix. This 

phenomenon is illustrated schematically in Fig. 1.3 

1.5  Review of Literature 

Nanofluids offers several benefits such as: higher cooling rates, 

decreased pumping power for same heat loads, smaller and lighter cooling 

systems and the reduced inventory of heat transfer fluids. Because of these 

advanced features, nanofluids have been used widely in several 

applications including manufacturing, transportation, energy and 

electronics cooling. In addition, nanofluids charged heat pipes are used for 

solar heating and electronics cooling applications.  A variety of studies 

involving both theoretical and experimental investigations have been 

carried out to study the heat transfer enhancement of nanofluids. A brief 

review of some of the important studies is presented here.  

1.5.1 Experimental investigation 

Several experimental studies have been made to study the heat 

transfer capability of nanofluids. In view of this, various researchers 

performed tests to evaluate the thermal conductivity of nanofluids. In 

addition, efforts have been to study the heat transfer characteristics of 

nanofluids through uniform heated pipes with and without inserts, 
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automobile radiator, solar collectors and nanofluid assisted heat pipe for 

electronics cooling and boiling heat transfer. 

Thermal conductivity enhancements with nanofluids 

The heat transfer by convection can be enhanced by increasing the 

flow geometry, creating turbulence and thermal conductivity of the fluid. 

For a given design condition, the heat transfer rate of the thermal device 

can be enhanced by increasing the thermal conductivity of coolant. While, 

it is observed that the thermal conductivities of conventional coolants such 

as: water, ethyl glycol and engine oil usually have several orders lower 

compared to that of copper. In view of this, efforts have been made to 

increase the thermal conductivity of coolant by suspending micro-sized 

particles in the base fluid. This is due to the fact that the thermal 

conductivity of solid nanoparticles is significantly higher compared to the 

basefluid as shown in Table 1.1 [7-11]. 

Nanofluids exhibit the significant increase in the heat transfer rate. 

Among other reasons, it is observed that the effective thermal conductivity 

of nanofluids is higher compared to the base fluid and plays a role in the 

enhancement in the heat transfer rate. The increase in the thermal 

conductivity of nanofluids was found to depend on various factors such as: 

particle volume concentration, particle composition, particle size, particle 

shape, base fluid, temperature, pH level and additives used [10, 12-17]. 

The magnitude of enhancement in thermal conductivity for various cases 

is summarized in Table1.2.  

The enhanced thermal conductivity of nanofluids offer several 

benefits such as higher cooling rates, decreased pumping power needs, 

smaller and lighter cooling systems, reduced inventory of heat transfer 

fluids, reduced friction coefficients, and improved wear resistance. 

Thermal conductivity of nanofluids is found to be an attracting 

characteristic for many applications. Those benefits make nanofluids 

promising for applications like coolants in various heat exchanging 

equipments. 
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Table 1.1:  Thermal conductivities of various solids and liquids 

Solids/liquids Material 
Thermal conductivity 

(W/m K) 

Metallic solids 

Silver (Ag) 429 

Copper (Cu) 401 

Aluminum (Al) 237 

Gold(Au) 317 

Nonmetallic solids 

Diamond 3300 

Carbon nanotubes (CNT) 3000 

Silicon (Si) 148 

Alumina (Al2O3) 46 

Titania (TiO2) 8.4 

Copper oxide (CuO) 69 

Silica (SiO2) 1.2 

Iron oxide (Fe3O4) 80.4 

Liquids 

Water 0.613 

Ethyl glycol 0.253 

Engine oil 0.145 

Kerosene 0.15 

 

Convective heat transfer in plain tube 

The heat transfer characteristic of water flowing through a duct 

plays a significant role in many scientific and industrial applications. In 

order to enhance the heat transfer rate, one needs to modify the flow 

geometry or increase the flow rate through the duct. However, in both the 

cases higher pumping power is needed to achieve the higher heat transfer 

rate. In view of this, various researchers utilized nanofluids (water based)   
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Table 1.2:  Summary of various experimental studies that report the thermal conductivity of nanofluids [18] 

 
 

Particle Base fluid 
Average particle 

size 
Volume fraction 

Thermal 

conductivity 

enhancement 

Metallic 

nanofluids 

Cu Ethylene glycol 10 nm 0.3% 40% 

Cu Water 100 nm 7.5% 78% 

Fe Ethylene glycol 10 nm 0.55% 18% 

Au Water 10-20 nm 0.026% 21% 

Ag Water 60-80 nm 0.001% 17% 

Non-

metallic 

nanofluids 

Al2O3 Water 13 nm 4.3% 30% 

Al2O3 Water 33 nm 4.3% 15% 

Al2O3 Water 68 nm 5% 21% 

CuO Water 36 nm 3.4% 12% 

CuO Water 50 nm 0.4% 17% 

SiC Water 26 nm 4.2% 16% 

TiO2 Water 15 nm 5% 30% 

MWCNT Synthetic oil 25nm-diameter 

50µm-length 
1% 150% 

MWCNT 
Decene/ethylene glycol/ 

water 

15nm-diameter 

30µm-length 
1% 20%/13%/7% 

MWCNT Water 
100nm-diameter 

70µm-length 
0.6% 

38% 
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to enhance the heat transfer rate. It has been observed that with the use of 

nanofluids, the heat transfer rate increases while reducing the pumping 

power costs compared to conventional single phase fluids (water). The 

researchers have used various nanofluids with the varied range of flow 

rate and nanoparticle concentration. Some of the important studies are 

elaborated below.  

Several researchers [19- 43] conducted experimental studies to 

evaluate the heat transfer characteristics of nanofluids in various pipes. 

Wen and Ding [19] performed their experiments by using Al2O3/water 

nanofluids in the entrance region under laminar flow conditions. The 

convective heat transfer was found to increase with the Reynolds number, 

and particle concentration. In the entrance region, the improvement in heat 

transfer was significant while it decreases in the axial direction. Heyhat et 

al. [23] reported the heat transfer and friction factor characteristics of 

Al2O3/water nanofluids inside a tube for constant wall temperature 

conditions. The authors conducted tests for the varied range of volume 

concentration 0.1–2 vol.% and reported that the heat transfer coefficient 

increases approximately by 32% in the fully developed region for 2 % 

particle volume concentration. CNTs have attracted many researchers due 

to their higher thermal conductivity and higher aspect ratio for preparing 

nanofluids. It is observed that nanofluids with CNT nanoparticles can be 

kept stable for months if the nanoparticles are functionalized or dispersed 

with a surfactant. Ding et al. [24] showed the heat transfer behavior of 

aqueous suspensions flowing through a horizontal tube. The flow 

condition, CNT concentration and the pH level have the significant impact 

on heat transfer behavior. The effect of pH on the heat transfer was found 

to be very minimal. The heat transfer augmentation was found to depend 

on the axial distance from the inlet of the test section. The heat transfer 

enhancement increases, attain the highest value and decreases in the axial 

distance. Wang et al. [29] reported the heat transfer and pressure drop of 

nanofluids containing carbon nanotubes (CNT) in a horizontal circular 
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Table 1.3: Summary of forced convection experimental studies on nanofluids 

 

Author Nanofluid 
Particle 

Size(nm) 
Flow regime Heat transfer enhancement 

Wen and Ding [19] Al2O3/water 26-56 Laminar (600-2200) 47% for h at 1.6 vol.% and Re=1600 

Anoop et al. [20] Al2O3/water 45 Laminar (500-2500) 31% for h at 4 wt.% and Re=1550 

Hwang et al. [21] Al2O3/water 30 Laminar (500-800) 8% for h at 0.3 vol.% and Re=700 

Esmaeilzadeh et al. [22] Al2O3/water 15 Laminar (400-2000) 24.5% for h at 1 vol.% and Re=1300 

Heyhat et al. [23] Al2O3/water 40 Laminar (300-2100) 32% for h at 2 vol.% and Re=2100 

Ding et al. [24] MWCNT/Water d=10, l=100 µm Laminar (800-1200) 375% for h at 0.5wt.% and Re=800 

Garg et al. [25] MWCNT/Water 
d=10-20,  

l=0.5-40µm 
Laminar (600-1200) 32% for h at 1 wt.% and Re=600  

Amrollahi et al. [26] FWCNT/Water 150-200 
Laminar and Turbulent 

(1500-5000) 

12% for h at 0.12 wt.% and Re=1592                 

40% for h at 0.25 wt.% and Re=1592 

Liu and Liao [27] MWCNT/Water 
d=10-20,  

l=1-2 µm 

Turbulent  

(10
4
 to 50x10

4
) 

70% for h at 2 wt.% 

Abreu et al. [28] MWCNT/Water 
d=50-80, 

 l=10-20µm 
Laminar (1650-2060) 47% for h at 0.5 vol.% and Re=2060 

Wang et al. [29] MWCNT/Water d=30, l=30 µm Laminar (20-250) 190% for h at 0.24 vol.% and Re =120 

Arani and Amani [30] TiO2/water 30 Turbulent (8000-51000) 72% for h at 0.02 vol.% and Re=8000 

Kayhani et al. [31] TiO2/water 15 Turbulent (6000-16000) 8% for h at 2 vol.% and Re=11800 
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Table 1.3: Summary of forced convection experimental studies on nanofluids (Cont.) 

 

Author Nanofluid 
Particle 

Size(nm) 
Flow regime Heat transfer enhancement 

Sajadi and Kazemi [32] TiO2/water 30 Turbulent(5000-30000) 22% for h at 0.25 vol.% and Re=5000 

He at al. [33] TiO2/water 95 
Laminar and 

Turbulent(800-6500) 
40% for h at 1.1  vol.% and Re=5900 

Fotukian and Esfahany 

[34] 
CuO/water 30-50 Turbulent(6000-31000) 42% for h at 0.15 vol.% and Re= 24450 

Selvakumar and Suresh 

[35] 
CuO/water 27-37 Turbulent (2985–9360) 29.63 % for h at 0.2 vol.% and Re= 9360 

Heris et al. [36] CuO/water 10 Laminar (660- 2050) 27% for Nu at 1.5 vol.% 

Xuan and Li [37] Cu/water <100 Turbulent (10000-25000) 39% for h at 2 vol.% 

Azmi et al. [38] SiO2/water 22 Turbulent (5000–27000) 38.5% for h at 3 vol.% 

Ferrouillat et al. [39] SiO2/water 22 
Laminar and Turbulent 

(200 < Re < 10,000) 
50% for h at 18.93 vol.% and Re > 1000 

Julia et al. [40] SiO2/water 12 Turbulent  (3x10
3
-10

5
) 300% for h at 5 vol.% and Re =3x10

4
 

Bontemps et al. [41] SiO2/water 22 
Laminar and Turbulent 

(100<Re<10000) 
100% for h at 19 vol.% 

Yu et al. [42] SiC/water 170 Turbulent (3300- 13000) 50-60 % for h at 3.7 vol.% 

SyamSundar et al. [43] Fe3O4/water 36 3000 < Re < 22,000 30.96% for h at 0.6 vol.% and Re =22000 



15 

 

tube. A significant enhancement in the average convective heat transfer 

was observed with nanofluids compared to the distilled water. At 

Reynolds number of 120, the enhancement in heat transfer for nanofluids 

was found to be 70% and 190% for 0.05% and 0.24% particle volume 

concentration, respectively. The authors observed that the enhancement in 

the thermal conductivity was less than 10%. It was argued that the 

significant enhancement in heat transfer cannot be solely attributed to the 

enhanced thermal conductivity. Arani and Amani [30] investigated the 

effect of nanoparticle volume fraction on the convection heat transfer 

characteristics and pressure drop of TiO2/water nanofluids. The 

nanoparticle volume fraction is varied between 0.002 and 0.02 and the 

Reynolds number is varied within 8000 and 51,000 during the 

experimental investigation through a horizontal double tube counter flow 

heat exchanger. The heat transfer performance was found to be higher 

compared to the distilled water results. The heat transfer and pressure 

characteristics of TiO2/water nanofluids for both laminar and turbulent 

conditions were studied experimentally by He et al. [33]. The results 

exhibited that the convective heat transfer coefficient increases with the 

increase in the Reynolds number for both laminar and turbulent flows. The 

enhancement in heat transfer in the laminar flow is found to be much 

smaller compared to the turbulent flow regime. For 1.1 vol. % of TiO2 

nanofluids, the maximum enhancement in the heat transfer was found to 

be 12% and 40% for Reynolds number of 1500 and 5900, respectively. 

The turbulent convective heat transfer and pressure drop characteristics of 

CuO/water nanofluid flowing through a circular tube were investigated 

experimentally by Fotukian and Esfahany  [34]. The authors reported that 

the addition of small amounts of CuO nanoparticles with the basefluid 

significantly increases the heat transfer performance. The authors obtained 

25% increase in heat transfer coefficient with 20% penalty in pressure 

drop. The forced convective heat transfer and friction factor characteristics 

of nanofluids with SiO2 nanoparticle in the turbulent flow regime was 
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studied by Azmi et al. [38]. For 3.0% nanoparticle volume concentration, 

the Nusselt number and friction factor was found to be 32.7% and 17.1% 

higher compared to pure water results. Bontemps et al. [41] reported the 

convective heat transfer and pressure drop characteristics of SiO2/water 

nanofluids under constant heat flux boundary condition. The authors 

reported that the heat transfer enhancement is significant in the turbulent 

flow region compared to the laminar flow region. The heat transfer 

enhancements of nanofluids was found to be 30% and 100% higher 

compared to pure water results with nanoparticle volume concentration of 

2.3% and 19.0%, respectively. The convective heat transfer and friction 

factor characteristics of Fe3O4 nanofluid through a circular tube is 

evaluated experimentally by Syam Sundar et al. [43]. The experiments 

were carried out for Reynolds number varying within 3000-22000 and the 

nanoparticle concentration is varied between 0-0.6%. The heat transfer 

coefficient and friction factor of nanofluids were found to be 30.96% and 

10.01% higher compared to pure water results for similar operating 

conditions. The forced convection heat transfer and friction factor 

characteristics of various nanofluids through ducts with constant heat flux 

boundary conditions are summarized in Table 1.3. 

Convective heat transfer in tube with inserts 

The heat transfer enhancement techniques are broadly divided into 

two categories such as: active method which needs an external power 

source and the passive method which does not need any external power 

source. The passive technique method mainly involves the use of twisted 

tapes, wire coil inserts and helical screw tapes in the ducts leading to the 

increase in the heat transfer rate [44-45]. The passive method uses inserts 

to generate the swirl in the bulk fluids and disturb the thermo-

hydrodynamic boundary layer, it leads to increase in effective surface 

area, residence time and consequently heat transfer coefficient in existing 

system. In may be noted that with the combination of inserts with 
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nanofluids, the heat transfer rate can be enhanced due to enhanced thermal 

conductivity of nanofluids and improvement in fluid mixing.  

Several studies have been carried out to investigate the heat 

transfer and friction factor characteristics of helical screw tapes and 

twisted tapes in pipe flow using nanofluids [11, 46-53]. The heat transfer 

coefficient and friction factor for transition flow in a tube with twisted 

tape inserts and Al2O3/water nanofluid has been investigated 

experimentally by Sharma et al. [46]. The heat transfer coefficient of 

nanofluid flowing through a tube with 0.1% volume concentration was 

found to be 23.7% higher compared to water results at 9000 Reynolds 

number. For 0.1 % volume concentration of nanofluid, the maximum 

friction factor with twisted tape was found to be 1.21 times of the water 

results for a plain tube. The heat transfer and friction factor characteristics 

of Al2O3/water nanofluid in a circular tube with twisted tapes of various 

twist ratios have been reported by Syam Sundar et al. [47]. The authors 

carried out experiments for varied range of volume concentration (0.02%, 

0.1% and 0.5%) and Reynolds number (10,000-22000). For 0.5% volume 

concentration of Al2O3/water nanofluid, the enhancement in heat transfer 

coefficient and friction factor was found to be 33.51% and 1.096 times, 

higher compared to water results. In addition, the authors [48] studied the 

turbulent convective heat transfer and friction factor behavior of 

Al2O3/nanofluid in a circular tube with longitudinal strip inserts. Tests 

were carried out for varied range of volume concentration (0-0.5%), 

Reynolds number (22000>Re>3000) and aspect ratio (0-18). The heat 

transfer coefficient was found to increase with nanofluid volume 

concentration and decrease with the aspect ratio. The heat transfer, friction 

factor and thermal performance characteristics of CuO/water nanofluid in 

a circular tube fitted with modified twisted tape with alternate axis were 

studied experimentally by Wongcharee and Eiamsaard [49]. For 0.7% 

volume concentration of CuO/water and Reynolds number of 1990, the 

twisted tape with alternate axis exhibits the maximum increase in thermal 
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Table 1.4: Summary of forced convection experimental studies on nanofluids with inserts 

Author Nanofluid 
Type of 

insert 
Flow regime Remarks 

Wongcharee and 

Eiamsaard [49] 
CuO/water 

twisted tape 

with 

alternate axis 

830 -1990 

The increase in Nusselt number found to be 12.8 and 7.2 times 

using CuO/water nanofluid in a tube with twisted tape and 

alternative twisted tape compared to pure water results. 

Chandrasekar et 

al. [50, 51] 
Al2O3/water wire coil 

inserts 

600 – 2275 and 

2500 to 5000 

The maximum enhancement in heat transfer are 23.69% and 

20% at Re=2275 and Re=5000 with pitch ratio of 3, compared 

to distilled water. 

SyamSundar et 

al. [11] 
Fe3O4/water twisted tape 

3000 < Re < 

22000 

Heat transfer and friction factor enhancement of 0.6% volume 

concentration of  Fe3O4 nanofluid in a plain tube with twisted 

tape insert of twist ratio H/D = 5 is 51.88% and 1.231 times 

compared to water flowing in a plain tube at Re=22,000 

Kahani et al. 

[55] 

Al2O3/water 

and 

TiO2/water 

helical coil 

inserts 

500–4500 

 

The maximum thermal performance factor is found to be 3.82 

for Al2O3/water nanofluid (φ = 1%) with insert at Re= 1865. 

Al2O3/water nanofluids show more heat transfer enhancement 

compared with TiO2/water. 

Saeedinia et al. 

[56] 

CuO/Base 

oil 
Wire coil 10-120 

In average, 45% increase in heat transfer coefficient and 63% 

penalty in pressure drop is observed at Re=90 
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performance factor. The heat transfer and friction factor characteristics of 

wire coil inserts with various pitch ratios in Al2O3/water nanofluid through 

a circular tube was experimentally investigated by Chandrasekar et al. [50-

51]. The use of nanofluids increases the heat transfer rate with negligible 

increase in friction factor in the plain tube and the tube fitted with wire 

coil inserts.  The comparative study on thermal performance of helical 

screw tape inserts with various twist ratios (1.78, 2.44 and 3) with 

different nanofluids such as: Al2O3/water and CuO/water was reported by 

Suresh et al. [52-53]. The thermal performance factor of helical screw tape 

inserts using CuO/water nanofluid was found to be higher compared to the 

values obtained by using Al2O3/water. The heat transfer and friction factor 

characteristics of Fe3O4 /water nanofluid through a uniformly heated 

horizontal circular tube with and without twisted tape inserts for turbulent 

flow condition were studied experimentally by Syam Sundar et al. [11]. 

For 0.6% volume concentration of Fe3O4/water nanofluid, the increase in 

the heat transfer and friction factor of twisted tape insert was found to be 

51.88% and 1.231 times higher compared to water results. The heat 

transfer and friction factor characteristics of water/propylene glycol based 

CuO nanofluids through a horizontal circular tube fitted with and without 

helical inserts for transition flow regime was reported by Naik et al. [54]. 

Tests were carried out for the varied range of twist ratios (0-9) and 

Reynolds number (2500-10,000). For 0.5% volume concentration of CuO 

nanofluids, the Nusselt number was found to be 28% higher compared to 

the plain tube.  

Automobile radiator 

In the heat exchange the fluid flows through a pipe or system of 

pipes, where heat is transferred from one fluid to another. Heat exchangers 

are very common in everyday life and can be found in various applications 

including conditioners and automobile radiators. Hot fluid flows through a 

system of pipes and cold fluid flows over the pipes resulting in the 

exchange of heat from the hot fluid to the cool fluid. The automobile 
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engine utilizes a heat exchanger device, termed as a radiator, in order to 

remove the heat from the cooling jacket of the engine. The radiator is 

considered as an important component of the cooling system of the engine 

and shown in Fig. 1.4. 

In general, the mixture of ethylene glycol and water is used as a 

coolant in the radiator of automobile engines. These fluids posses poor 

heat transfer performance compared to water because of lower thermal 

conductivity. Choi [57] reported the limitations of the existing cooling 

system in the heavy vehicle engines and are as below: 

• Liquid-side: convectional fluids and oils have inherently poor heat 

transfer properties. 

• Air-side: suitable fin designs have been already been adopted in 

order to improve the heat removal rate. 

 

 

Figure 1.4: Photographic view of radiator of an engine [4] 

It is observed that conventional fluids are unable to meet the 

increasing demand in cooling in high energy applications including 

automobile engines. In view of this, the new technique is needed to 

improve the existing cooling performance of heavy vehicle engines. It 

may be noted that,  the use of nanofluid in an automobile radiator can 
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enhance the heat removal rate leading to the reduction in size the cooling 

system. In addition, the smaller size could reduce the drag leading to lesser 

fuel 0.4% volume concentration, nanofluid exhibited the increase in the 

overall consumption. Several researchers utilized nanofluids in the 

automobile radiator and elaborated below.   

The application of Al2O3/water nanofluids has been used as a 

jacket coolant in diesel electric generator by Kulkarni et al. [58]. The 

authors observed a reduction in cogeneration efficiency. This may be due 

to the decrease in the specific heat that influences the waste heat recovery 

from the engine.  On the contrary, the efficiency of waste heat recovery 

heat exchanger with nanofluid is higher because of its superior convective 

heat transfer coefficient. The laminar flow and heat transfer behavior of 

two different nanofluids, namely, Al2O3 and CuO in the ethylene 

glycol/water mixture through the flat tubes of an automobile radiator was 

numerically studied by Vajjha et al. [59]. The heat transfer enhancement 

was significant with the use of nanofluids. Peyghambarzadeh et al. [60] 

reported the tube side heat transfer coefficient of a car radiator by using 

Al2O3/water nanofluids. The heat transfer coefficient of nanofluid was 

evaluated for various volume concentrations (0.1-1 %), mass flow rate (2-

5 lit/min) and inlet temperature (37-49
0
C). The enhancement in heat 

transfer was found to be of 45% higher compared to the pure water under 

highly turbulent flow condition. The use of ethylene glycol based copper 

nanofluids in an automobile cooling system was studied by Leong et al. 

[61]. With the addition of 2% copper particles in a base fluid, the 

enhancement in heat transfer was found to be 3.8%.  Peyghambarzadeh et 

al. [62] studied the addition of Al2O3 nanoparticle in various fluids such 

as: pure water, ethylene glycol and their binary mixtures. The authors 

observed that nanofluids improve the cooling performance of the car 

radiator. The enhancement in heat transfer was found to be 40% higher 

compared to the base fluid. The overall heat transfer coefficient of 

CuO/water nanofluids in a car radiator was investigated experimentally by 
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Naraki et al. [63]. The overall heat transfer coefficient was decreased with 

the increase in nanofluid inlet temperature from 50
0
C to 80

0
C. For the 

0.4% volume concentration, nanofluid exhibited the increase in the overall 

heat transfer coefficient up to 8% compared to water.  

Nanofluid assisted heat pipes for solar collectors 

The operation of a heat pipe [64] is easily understood by using a 

cylindrical geometry, as shown in Fig.1.5 (a). The components of a heat 

pipe are a sealed container (pipe wall and end caps), a wick structure, and 

a small amount of working fluid. The length of a heat pipe is divided into 

three parts: the evaporator section, adiabatic (transport) section, and 

condenser section. Heat applied externally to the evaporator section is 

conducted through the pipe wall and wick structure, where it vaporizes the 

working fluid. The resulting vapor pressure drives the vapor through the 

adiabatic section to the condenser, where the vapor condenses, releasing 

its latent heat of vaporization to the provided heat sink. The capillary 

pressure created by the menisci in the wick pumps the condensed fluid 

back to the evaporator section. Therefore, the heat pipe can continuously 

transport the latent heat of vaporization from the evaporator to the 

condenser section. This process will continue as long as there is a 

sufficient capillary pressure to drive the condensate back to the 

evaporator. 

In certain application, the heat pipes work under gravity with the 

condensing region above the evaporating region and the return flow of the 

condensate to the heating zone occurs because of the gravity force. This 

type of heat pipes are termed as gravity assisted heat pipes, wickless heat 

pipes or thermosyphon (Fig. 1.5 (b). Therefore, the wickless heat pipe has 

been used in wide variety of industrial application, namely boilers, air-

conditioning system, heat exchangers and solar water heating system [64]. 

The wickless heat pipes are usually integrated with a flat absorber plate of 

the solar heating system to enhance the thermal performance. The 

operation of the thermosyphon is sensitive to the fill volume of working  
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Figure 1.5 (a):  Axial variation of the liquid–vapor interface [64] 

 

Figure 1.5 (b): Gravity-assisted wickless heat pipe (two-phase closed 

thermosyphon) [64] 
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fluid. For thermosyphons without wicks, it has been shown experimentally 

that the maximum rate of heat transfer increases with the amount of the 

working fluid up to a certain value. A wick structure is sometimes 

included in the design of thermosyphons to postpone flooding and 

improve the contact between the wall and the liquid.  

Because of the enhanced heat transfer characteristics of nanofluid, 

several researchers applied nanofluid in tubular thermosyphon to improve 

the heat transfer performance. Liu et al. [65] carried out experiments to 

study the effect of nanoparticle parameters in a closed two-phase 

thermosyphon using CuO/water nanofluids as working fluid. For the 

optimal nanoparticle concentration (1%), the maximum enhancement in 

heat transfer coefficient and critical heat flux was found to be 160% 

and120%, respectively. The thermal performance of closed thermosyphon 

has been studied by Liu et al. [66] using CNT/water suspensions as 

working fluid. The results exhibited the maximum enhancement in heat 

transfer rate for optimal nanoparticle mass concentration of 2%. Gabriela 

et al. [67] performed experiments with addition of 5.3% (by volume) 

iron oxide nanoparticle with water. The thermal performance of 

Fe3O4/DI-water was found to be better compared to DI water. Shanbedi 

et al. [68] reported the effect of addition of multiwalled carbon nanotubes 

(MWCNTs) in deionized water (DI water) to study the heat-transfer 

performance of a two-phase closed thermosyphon. The authors conducted 

experiments by using CNT/water nanofluid with concentration of 1 % by 

weight and the maximum thermal efficiency was found to be 93% for the 

given input power of 90 W. Noie et al. [69] investigated the heat transfer 

performance of two-phase closed thermosyphon using Al2O3/water 

nanofluid. The enhancement in efficiency was found to be 14.7% by using 

Al2O3/water nanofluid when compared with water as the working fluid. 

Paramatthanuwat et al. [70] studied the heat transfer of Ag/water 

nanofluid in a thermosyphon. The effects of filling ratio (30%, 50%, 

80%), the operating temperature (40°C, 50°C, 60°C), the ratio of length 
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and diameter (5, 10, 20), and the diameter (7.5, 11.1, and 25.4 mm) on the 

heat transfer performance were investigated in detail. Results show that 

the heat transfer capacity can be enhanced up to 70% by adding Ag 

nanoparticles. In addition, experimental study has been carried out to 

study the thermal performance of open thermosyphon with CuO/water 

nanofluids in an indoor environment [71]. For mass concentration of 

1.2%, CuO/water nanofluid exhibits a maximum enhancement in heat 

transfer rate compared to the operation with DI water. 

Electronics cooling 

The modern trend in electronic devices is to increase the level of 

integration by minimizing the device size (high-density packaging) and 

increasing the performance of the device (higher frequency). This results 

in an increase in both power dissipation and power density on the device 

increasing the local heat flux which needs to be dissipated. Heat pipes are 

the one of the available technologies to deal with the high-density 

electronic cooling due to their high thermal conductivity, reliability and 

lower weight. Heat pipes are two-phase heat transfer devices with high 

effective thermal conductivity [72]. During the last decade, application of 

heat pipes to the electronic component has been rapidly growing. 

Various researchers reported the application of heat pipes and 

thermosyphons for electronics cooling. Kim et al. [73] observed that the 

acoustic noise of the fan can be reduced by using heat pipes during 

cooling of CPU. Chang et al. [74] experimentally investigated the thermal 

performance of the heat pipe cooling system for electronics equipment. It 

is observed that both the evaporation resistance and the condensation 

resistance grow with the increase in the heating power and decrease in the 

filling ratio. Flooding phenomenon is found during the flow of vapor and 

liquid in the opposite direction in a closed two-phase system. This 

phenomenon is observed at the fill ratio of 20% with heating power higher 

than 120 W. The heat sink with embedded L-shaped heat pipes and plate 

fins for electronic cooling application was studied experimentally by 
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Wang [75]. Results exhibited that the heat sink with six heat pipes carry 

160 W and attained a minimum thermal resistance of 0.22
0
C/W. 

Computational fluid dynamics simulations were used to obtain the proper 

design conditions for the CPU cooling heat sinks. The simulation results 

were validated with the test data [76]. With the increasing demand for the 

higher power and smaller size, the cooling of the electronic component 

plays a crucial role for its performance. In view of this, it is essential to 

improve the heat removal capacity of the heat pipes. In such a case, one 

can select a suitable working fluid in the heat pipe that can transfer 

maximum heat energy. The researchers applied nanofluid in heat pipe 

assembled electronics cooling module to improve the heat transfer 

performance. Nandy et al. [77] reported the use of nanofluid in heat pipe 

liquid-block for the thermoelectric cooling of electronic equipment. It is 

observed that the heat pipe liquid-block and thermoelectric cooler 

improves the thermal performance by using nanofluid. Yousefi et al. [78] 

investigated the performance of CPU coolers by using Al2O3–water 

nanofluid charged heat pipe. Results indicate that the thermal resistance 

decreases by 15% and 22%.For the heat load of 10 W and 25 W, 

respectively. Jahani et al. [79] reported the thermal performance of micro 

pulsating heat pipe (MPHP). The experimental results show that the 

optimum charging ratio for water and nanofluid is 40% and 60%, 

respectively. The nanofluid charged MPHPs have a lower thermal 

resistance compared to the water charged micro pulsating heat pipe. 

Boiling heat transfer 

The heat transfer phenomena during boiling plays an important 

role in various industrial processes and applications such as: refrigeration, 

power generation, heat exchangers, cooling of high-power electronics 

components and cooling of nuclear reactors. Therefore, there is need to 

enhance the heat transfer rate during boiling. In view of this various 

researchers have used nanofluids as the working fluid to enhance the heat 

transfer rates during boiling in various thermal devices.  
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Kim et al. [80] reported the pool boiling heat transfer 

characteristics of various nanofluids such as: Al2O3/water, ZrO2/water and 

SiO2/water. It was observed that nanoparticles deposit on the heater 

surface after the boiling process and an irregular porous structure was 

formed at the surface. The authors further studied the deposition of 

nanoparticles on the surface. This deposition was found to increase the 

wettability. It was argued that the enhancement in the wettability is due to 

two reasons such as: increase in adhesion tension and the increase in       

the surface roughness [80]. Tu et al. [81] reported the heat transfer 

characteristics of Al2O3/water nanofluids on a “nanoscopically smooth” 

vapor-deposited heating surface. The authors reported an enhancement in 

the heat transfer rate and four-time increase in the nucleation site. The 

boiling heat transfer characteristics of Al2O3/water nanofluids on a 

stainless steel disc of micron-sized surface roughness were studied by 

Wen and Ding [82]. In another study, the authors [82] reported 50% 

enhancement in the heat transfer by using TiO2/water nanofluids. The 

authors did not observe much particle deposition. Truong [83] reported the 

higher enhancement in the heat transfer by using various nanofluids such 

as:  SiO2/water and Al2O3/water during pool boiling studies. Ahn et al. 

[84] reported the heat transfer characteristics of nanostructured surfaces 

with refrigerants. The surfaces were prepared by using the chemical vapor 

deposition of multiwalled carbon nanotubes. The heat transfer 

enhancement was found to be19-33 % during the nucleate boiling. Bang 

and Chang [85] reported the enhancement in critical heat flux (CHF) of 

Al2O3/water nanofluids on stainless steel surface. The authors observed 

the particle deposition on the surface that increases the surface wettability. 

In their experimental study, Das et al. [86] reported the deposition of 

nanoparticle on the surface after boiling of Al2O3/water nanofluids. The 

authors reported the increase in the wall superheat and decrease in the 

boiling heat transfer during their experimental investigation. Kwark et al. 

[87] reported the decrease in the boiling heat transfer coefficient with the 
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increase in the nanoparticle concentration. This may be due to the 

thickening of the boundary layer resulting in increase in the thermal 

resistance.  

Figure 1.6 summarizes pictorially the main factors affecting 

nanofluid boiling enhancement. It has been shown by researchers that 

there are several factors that individually or in combination can play an 

important role in the nanofluid boiling enhancement. Most of these studies 

report the enhancement in the heat transfer varies between 15–68% [88] 

during the experimental investigation. The studies used several materials 

and geometries for nanoparticles and heaters. Most of the studies reported 

deposition of nanoparticles on the heater surface after boiling. In addition, 

the deterioration in boiling heat transfer is observed by various authors. 

This may be due to the fouling of the heater surface due to boiling. 

 

Figure 1.6: Factors affecting on boiling heat transfer enhancement using 

nanofluid 

1.5.2 Theoretical modeling 

 Theoretical studies have been carried out for nanofluids. These 

studies mainly propose theoretical models to evaluate the thermophysical 
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properties such as: thermal conductivity and viscosity of nanofluids. Some 

of important studies are discussed below. 

Thermal conductivity 

The thermal conductivity of nanofluids is considered to be 

responsible for the enhancement of heat transfer performance of 

nanofluids.  In view of this, numerous theoretical  studies  have  been  

carried out  by  various researchers  to  predict  the  effective  thermal  

conductivity  of  solid particles  suspended  in  base  fluids. Some of the 

important studies are elaborated below.  

Maxwell [2] was the first to develop a theoretical model to 

determine the effective thermal conductivity of liquid–solid suspensions. 

This  model  is  applicable  to  statistically  homogeneous and  low  

volume  fraction  liquid–solid  suspensions  with  randomly dispersed,  

uniformly  sized  and  non-interacting  spherical  particles. The Maxwell 

equation is expressed as: 

p bf p bf

eff bf

p bf p bf

k +2k +2(k -k )φ
k = k

k +2k +2(k -k )φ
 (1.1) 

Where, kp and kb denote the thermal conductivity of the particle and the 

base fluid, respectively. While, φ represents the particle volume fraction in 

the suspension. Later on, Hamilton  and  Crosser  [89] extended  the  

Maxwell’s  model  by introducing  a  shape  factor  to  account  for  the  

effect  of  the  shape of  particles.  Bruggeman [90] proposed a model to 

analyze the interactions among randomly distributed particles. This model 

can be used to evaluate the thermal conductivities of suspensions 

containing spherical particles and applicable for the varied range of 

nanoparticle concentration. It is observed that for low solid concentrations, 

the Bruggeman model [90] exhibits good agreement with the Maxwell 

model. While, at higher concentration, the Maxwell model [2] fails to 

provide a good agreement with the test data. However, the Bruggeman 

model was found to agree well with the test data [90]. Yu and Choi [91]  



30 

 

Table 1.5: Various models to evaluate the effective thermal 

conductivity of mixtures 

 

Investigator Equation Year 

Maxwell [2] 
p bf p bf

eff bf

p bf p bf

k +2k +2(k -k )φ
k = k

k +2k +2(k -k )φ
 (1873) 

Hamilton  

and  Crosser  

[89] 

p bf p bf

eff bf

p bf p bf

k +2k +2(k -k )φ
k = k

k +2k +2(k -k )φ
 

where  ‘n’  is  the  empirical  shape  factor  given  by  

3/ψ  and ψ    is  the particle  sphericity,  For  spherical  

particle  the  value  of  n  is  3. For  particles  of  other  

shapes,  the  factor  n  can  be  allowed  to vary  from  

0.5  to  6.0. 

(1962) 

Bruggeman 

[90] 

bf
eff p bf

2

p p2 2 2

bf bf

1 k
k = [(3φ-1)k +(2-3φ)k +

4 ∆4

k k
∆= (3φ-1) +(2-3φ) +2(2+9φ+9φ

k k

    
    
     

 

 

Yu and Choi 

[91] 

3

pe bf pe bf

eff bf3

pe bf pe bf

k +2k +2(k -k )(1-β) φ
k = k

k +2k +2(k -k )(1+β) φ
 

where, 

3

pe p3

2(1-γ)+(1+β) (1+2γ)γ
k = k

-(1-γ)+(1+β) (1+2γ)

   ,  

l pk kγ = is the ratio of nanolayer thermal conductivity 

to particle thermal conductivity and h rβ = is the ratio 

of the nanolayer thickness  to the original particle 

radius. 

(2003) 

Koo and 

Kleinstreuer 

[92-93] 

p bf p bf 4 B
eff p s s

p bf p bf s

k +2k +2(k -k )φ k T
k = k +5×10 βφρ c f(T,φ)

k +2k +2(k -k )φ ρ D
 (2005) 

Prasher et 

al.  [94] 

( )
p bf p bfm 0.333

eff

p bf p bf

k +2k +2(k -k )φ
k = 1+ARe Pr φ

k +2k +2(k -k )φ

 
 
  

 

where, 
m 0.333

bfh= k a(1+ARe Pr φ)  and A and m are 

constants, bf

p p

18k T1
Re=

v πρ d
 

(2006) 
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reported a theoretical model that incorporates the thermal conductivities of 

intermediate nanolayers in the model. Koo and Kleinstreuer [92-93] 

proposed a model that considers the effects of particle size, particle 

volume fraction, properties of the base fluid, temperature of nanofluids 

and Brownian motion of nanoparticles. In their study, Prasher et al. [94] 

reported that convection induced by Brownian motion of the nanoparticles 

is responsible for the enhancement of the effective thermal conductivity of 

nanofluids. The authors modified the Maxwell model by incorporating the 

effect of the convection of the liquid near the particles due to Brownian 

movement. 

It is observed that the proposed theoretical models include various 

mechanisms in the model. This includes the effect of nanoparticle-matrix 

interfacial layer, nanoparticle Brownian motion and clustering of 

nanoparticles. In general, these models depend on the exact value of a 

suitable empirical parameter to evaluate the value of thermal conductivity.  

These parameters need to be obtained before they can be used to predict 

the thermal conductivity of a nanofluid. This requirement limits the use of 

these correlations. In addition, the enhancement in the effective thermal 

conductivity is found to depend on two or more mechanisms. Therefore, 

further research is needed to develop suitable models that can successfully 

correlate the test data.  

Viscosity 

Viscosity plays an important role during the analysis of the 

thermohydrualic behavior of nanofluids. In addition, in the case of flow 

through ducts, the pressure drop and the pumping power requirements 

depends on the viscosity of the fluids. It is observed that although the 

nanofluids increase the heat transfer performance, these fluids exhibit an 

enhancement in the viscosity compared to the base fluid. In view of this, 

various theoretical models have been proposed to evaluate the viscosity of 

nanofluids. The studies show that the viscosity of the nanofluid depends 
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on the particle shape, particle size, volume fraction and temperature of the 

nanofluids. Some of the important studies on this are elaborated below.  

Einstein [95] was the first to propose a model to evaluate the 

effective viscosity of a suspension involving spherical solids. Einstein [95] 

evaluated the viscosity of a viscous fluid containing a dilute suspension of 

small spherical particles. It was assumed that the disturbance of the flow 

pattern of the base fluid caused by a given particle does not overlap with 

the disturbance of the flow caused by the presence of a second suspended 

particle. The following equation is proposed by Einstein. 

eff p bf
µ =(1+2.5φ )µ  (1.2) 

The model [95] does not consider the structure, particle-particle 

interaction within the solution and higher particle concentrations. In view 

of this, efforts have been made to extend the Einstein model in three major 

areas. The first theory extends the Einstein’s viscosity equation to higher 

particle volume concentrations by incorporating some of the particle-

particle interactions. The theoretical equation for the effective viscosity of 

the mixture is expressed as [96]:  

2 3

eff 1 p 2 p 3 p bfµ =(1+c φ +c φ +c φ +...)µ  (1.3) 

The second theory extends the Einstein’s equation (1.3)which takes into 

account of the fact that the effective viscosity of a mixture becomes 

infinite at the maximum particle volume concentration. This theoretical 

equation usually has the term 
α

eff p p max
µ = 1-(φ φ )    in the denominator 

andα  denotes the thermal expansion coefficient. While, this term can be 

expressed in a form similar to Eq. 1.3. 

Some of the frequently used theoretical models used to predict 

viscosity of mixture are summarized in Table 1.6. It is observed that the 

various models [95-97], frequently used for prediction of the effective 

viscosity of nanofluids, underestimate the viscosity of nanofluids.  This 

may be due to the fact that these models consider only the particle volume 
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Table 1.6: Various models to evaluate the effective viscosity of 

mixtures 

 

Investigator Equation Year 

Einstein  [95] eff p bf
µ =(1+2.5φ )µ  (1906)

 

Brinkman 

[97] 
eff bf2.5

p

1
µ = µ

(1-φ )
 (1952)

 

Batchelor 

[98] 

2

eff p p bfµ =(1+2.5φ +6.2φ )µ  (1977)
 

Tseng and 

Lin [99] 
eff p bf
µ =13.47exp(35.98φ )µ  (2003)

 

Maïga et al. 

[100] 

2

eff p p bfµ =(1+7.3φ +123φ )µ  (2004)
 

Maïga et al. 

[101] 

2

eff p p bfµ =(1-0.19φ +306φ )µ  (2004)
 

Kulkarni et 

al. [102] 

2

eff p p
2

p p

ln µ =-(2.8751+53.54φ +30107.12φ )+

             (1078.3+15857φ +20587φ )(1 T)

 

(2006)

 

 

concentration. The nanoparticles usually form clusters in the suspension 

and experience surface adsorption. This leads to an increase in the 

hydrodynamic diameter and increase in the viscosity of the suspension. 

Test data for the effective viscosity of nanofluids are limited to certain 

nanofluids. In addition, the ranges of the parameters such as: the particle 

volume concentration and temperature are limited in the literature. The 

test data exhibits higher values of effective viscosity compared to values 

obtained from the theoretical models. In view of this attempt has been 

made to develop theoretical models for specific applications. This includes 
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the studies involving Al2O3 in water [99], Al2O3 in ethylene glycol [100], 

TiO2 in water [98] and CuO in water with incorporating the change in 

temperature [101]. However, it is noticed that these equations do not 

reduce to the Einstein equation at lower particle volume concentration and 

therefore, lack a sound physical basis. 

1.6 The Scope of Present Investigation 

In the past few decades a significant volume of work has been 

undertaken in the synthesis and applications of various nanofluids. An 

extensive review of selected studies pertaining to present investigation has 

been reported here. The literature discussed in this report includes the 

experimental studies to evaluate the thermal conductivity of various 

nanofluids, enhancement in convective heat transfer of nanofluids in plain 

tube and tube with inserts, thermal performance of nanofluid through 

automobile radiator, nanofluid charged heat pipes for solar water heating 

and electronics cooling. Also, various theoretical models to evaluate the 

thermal conductivity and viscosity of nanofluids have been discussed.   

However, there are certain issues that need further investigation are 

enlisted below. 

1. The synthesis of CNT/water nanofluid using functionalization 

method and its applications in thermal devices has not been 

reported extensively. 

2. The heat transfer and friction factor characteristic of helical screw 

tape inserts with CNT/water nanofluids through tubes has not been 

reported in the literature. 

3. The comparative study of heat transfer characteristic of CNT/water 

nanofluid with various nanofluids in different thermal devices has 

not been reported extensively in literature.   

4. It is observed that conventional fluids are unable to meet the 

increasing demand in cooling in automobile engines. The 
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nanofluids can be used to improve the existing cooling 

performance of automobile radiator.  

5. The nanofluids can enhance the thermal performance of heat pipe 

and thermosyphon. Therefore, emphasis should be given to 

improve the thermal performance of solar thermosyphon/heat pipe 

collector. 

6. The use of nanofluid charged heat pipe with PCM as energy 

storage material and their hybrid effect on heat dissipation 

performance in electronics cooling is rarely reported in the 

literature. 

7. Studies with hybrid nanofluid have not been reported extensively 

in the literature.  

The present investigation have been planned to obviate some of the 

limitations mentioned above. This work primarily aims to synthesize 

stable CNT/water nanofluid, measure its thermal and rheological 

properties and application of CNT/water nanofluid to various thermal 

applications.  An effort has been made to propose a design scheme for test 

facilities to examine the thermal performance of CNT/water nanofluid in 

forced convection with inserts, automobile radiator, thermosyphon solar 

collector and heat pipe cooling module. In addition, tests have been 

performed to evaluate the thermal performance of both CNT/water and 

Al2O3/water nanofluid in pipe flow and automobile radiators. An attempt 

has been made to study the thermal performance of the heat pipe using 

CNT with water as the working fluid. Various concentrations of 

nanoparticles are used to find the optimal concentration for the maximum 

performance. The effect of the tilt angle of the solar collector has been 

discussed in the study. The present study reports the nanofluid charged 

heat pipe module with PCM for electronics cooling. The study compares 

the thermal performance of heat pipe module with CNT/water nanofluid 

and water as the working fluid. 
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The Organization of the thesis is as follows: 

Chapter 1: It introduces about nanofluid and the mechanism of heat flow 

in nanofluids. A brief review of thermal conductivity of nanofluid and its 

applications in various thermal devices has been reported. Finally, the 

objectives of the present investigation are enumerated. 

Chapter 2: It presents the various synthesis methods for CNT/water and 

Al2O3/water nanofluids. In addition, various methods are adopted to 

inspect the stability of the nanofluid suspension. The experimental value 

of thermal conductivity and viscosity of nanofluids at the varied range of 

particle volume fraction and temperature are reported. 

Chapter 3: This chapter presents the design, development and fabrication 

of test facility to evaluate the convective heat transfer and friction factor 

characteristics of various nanofluids through ducts with and without 

inserts. The results obtained from the experiments have been discussed.  

Chapter 4: Tests have been performed to investigate the thermal 

performance of automobile radiator by using CNT/water nanofluid. The 

comparison of thermal performance CNT/water and Al2O3/water 

nanofluid in automobile radiator is presented here. 

Chapter 5: The solar heat pipe collectors are fabricated and their thermal 

performance is investigated by using CNT/water nanofluid. Efforts have 

been made to investigate the thermal performance of CNT/water nanofluid 

charged heat pipe cooling module with PCM for electronics cooling 

applications. 

Chapter 6: Conclusions obtained from the present investigations are 

reported here. In addition, the scope for further investigation is discussed. 
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Chapter 2 

Synthesis and Characterization of Nanofluids 

2.1 Introduction 

Miniaturization of electronic devices and enhanced rate of data 

storage leads to serious problems in the thermal management system. In 

addition, several devices, namely, lasers, high power X-rays, scientific 

measurements, heat exchangers, transportation units, thermal and power 

plants need an efficient cooling system with greater cooling capacities and 

decreased sizes. Nanofluids are considered as a better medium to transfer 

heat in various devices. However, the preparation of nanofluids need 

special attention since the preparation methods affect various important 

thermo physical properties and stability of the dispersion. The stability of 

nanofluids is a key issue that influences the nanofluid properties and its 

heat transfer performance in thermal devices. It is observed that 

preparation of nanofluids is a challenging issue because of several reasons 

such as: stable and durable suspension, negligible and no chemical change 

of particles or fluid and maintain a stable colloidal state independent of 

time [103]. The selection of proper synthesis method is an important task 

to prepare nanofluids stable over a long time, with negligible 

agglomeration and without chemical change of the fluid properties [104].  

In view of this, efforts have been made to prepare nanofluids by 

employing various methods. In this study, two different nanoparticles 

carbon nanotube (CNT) and Al2O3 have been received from the M/S 

Nanoshel LLC (USA). The morphology of individual nanoparticles was 

studied by using scanning electron microscopy (Model: SUPRA 55, Make: 

Carl Zeiss Microscopy, Germany). Here, CNT/water and Al2O3/water 

nanofluids have been prepared by adopting the two-step technique. 

Various techniques such as ultrasonic vibration, functionalized, and the 

addition of surfactant have been employed to prepare the nanofluids. After 
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dispersing the nanoparticles in the water, the DLS technique is employed 

to measure the mean particle size and the particle size distribution of the 

nanoparticles in the suspension by using a particle sizing system (Model: 

Nicomp 380, Make: Santa Barbara,  USA). In addition, the electrophoresis 

behavior of individual nanoparticles in the suspension is studied by 

measuring the zeta potential of the suspension to evaluate the stability of 

nanofluids. The wettability characteristics of nanofluids with various 

nanoparticle concentrations are studied through the contact angle 

measurements. In order to evaluate the thermal performance, one needs to 

measure accurately the thermo-physical properties such as thermal 

conductivity and viscosity. In this study, the effective thermal conductivity 

of the nanofluids was measured by using thermal property analyzer 

(Model: KD2 Pro., Model: Decagon Devices, USA) with isothermal 

temperature bath. The viscosity of the nanofluid was measured by using 

cone and plate viscometer (Model: Brookfield DV-II+ Pro, Make: 

Brookfield Engineering Laboratories, USA). The variation of thermal 

conductivity and viscosity of various nanofluids such as: CNT/water and 

Al2O3/water are reported for different nanoparticle concentration and 

temperature of nanofluids. The details of the microscopic examination of 

nanoparticles, nanofluid preparation, inspection of stability and method of 

measurement of thermal conductivity and viscosity are elaborated below. 

2.2 Nanoparticles and Microscopic Examination 

Among various nanoparticles, carbon nanotubes (CNTs) have 

attracted many researchers due to their higher thermal conductivity and 

very high aspect ratio, for preparing nanofluids. It can be noticed that 

CNTs nanofluids can be kept stable for months if the nanoparticles are 

functionalized or dispersed with surfactant [104]. Multi-walled carbon 

nanotubes (MWCNTs) were received from the M/S Nanoshel LLC (USA). 

The MWCNT is written as CNT in the remaining text for the convenience. 

The physical properties of CNT are listed in Table 2.1. The morphological 



39 

 

characterization for CNT was obtained by using scanning electron 

microscopy (Model: SUPRA 55, Make: Carl Zeiss Microscopy, Germany) 

and is shown in Fig. 2.1 (a).  

 

(a) 

 

(b) 

Figure 2.1: SEM image at magnification of (a) 10,000x of CNT particles 

and (b) 50,000x of CNT particles 
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Table 2.1: Geometrical specifications and characteristics of Al2O3 and 

CNT nanoparticles 

Material Al2O3 MWCNT 

Appearance White powder Black powder 

Purity 99.99% >99.5% 

Diameter <100 nm 20-30 nm 

Length __ 3-8 µm 

pH value 6.6 __ 

Specific surface area 15-20 m
2
/g 90- 350 m

2
/g 

Specific Density 3.428 g/cm3 3.250 g/cm3 

 

It is observed that alumina is the most cost effective and widely 

used material in various applications. Also, it is found that, regardless of 

the base fluid, Al2O3 based nanofluids exhibits good stability for several 

weeks only by sonication method with adjusting the pH value. In this 

study, Al2O3 were received from the M/S Nanoshel LLC (USA). The 

physical properties of Al2O3 are listed in Table 2.1. The morphological 

characterization for Al2O3 was obtained by using scanning electron 

microscopy (Model: SUPRA 55, Make: Carl Zeiss Microscopy, Germany) 

and is shown in Fig. 2.2 (b). 

2.3 Preparation of Nanofluids 

Preparation of stable nanofluids is a challenging issue because of 

various reasons. Several techniques have been proposed to prepare 

nanofluids. These include sonication, pH control and addition of surface 

activators and/or dispersants such as: thiols, oleic acids, laurate salts [105]. 

Nanofluids are usually synthesized by employing either one-step or two-

step production method. Two important elements such as: nanoparticle 

material and base fluid are needed for preparing the nanofluids. 
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Nanoparticles used in nanofluids are made of various materials, such as: 

oxide ceramics (Al2O3, CuO), nitride ceramics (AlN, SiN), carbide 

ceramics (SiC, TiC), metals (Cu, Ag, Au), semiconductors (TiO2, SiC) and 

carbon nanotubes. The common host liquids are water, ethylene glycol, 

and oil [106]. 

 Single-step technique  

In this method, the manufacturing of nanoparticle and preparation 

of nanofluid are carried out simultaneously. The nanoparticles can be 

directly prepared by physical vapor deposition (PVD) technique or 

through the liquid chemical method. In this method, the metal is vaporized 

in vacuum chamber, condensed and collected in the heat transfer fluids. 

By using this method the agglomeration of nanoparticles is minimized and 

the stability of the nanofluids is improved. A disadvantage of this method 

is that it is impossible to scale it up for industrial application [107]. 

Two-step technique 

In this technique, the dry nanoparticles are first produced, and 

these nanoparticles are dispersed in a suitable liquid (base fluid). 

However, the problem of agglomeration of nanoparticles is observed in 

this process.  Two step techniques have been extensively used for the 

synthesis of nanofluids because of the simple preparation procedure and 

the availability of various nanopowders by several companies [107]. 

In the present study, we have adopted the two-step technique for 

preparing the nanofluids. Various techniques such as sonication, 

functionalization and addition of the surfactant (sodium dodecyl sulfate) 

have been employed to obtain nanofluids. This has been elaborated below.  

Preparation of nanofluids by functionalized method 

Here, nanofluids with different nanoparticle concentration          

(φ= 0.15%, 0.45%, 0.60% and 1%) were prepared by the functionalization 

acid treatment method [108]. According to this method, simple acid 

treatment provides good stability in water to carbon nanotubes suspension. 
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This was caused by a hydrophobic-to-hydrophilic conversion of the 

surface nature due to the generation of a hydroxyl group. 

 

Figure 2.2: Photographic view of CNT/water nanofluids with various 

volume fractions  

In this procedure, CNTs were immersed in a mixture of 

H2SO4/HNO3 (3:1) at room temperature. Later on, CNTs were treated in 

an ultrasound bath (Model: USBT- 9.0L Ultrasonic Cleanser, 200 W, 

Make: Rico Scientific Industries, India) for 2 hours and upheld for 15 

hours. Subsequently, this solution was neutralized with ammonium 

hydroxide and filtered with a 0.22 mm cellulose acetate membrane. The 

CNTs were washed several times by using deionized water until the pH is 

adjusted to 5.5, 6.5 and 9.0. When a surface suffers oxidation, the 

chemical elements are adsorbed forming functional groups. These groups 

are either positively or negatively charged. In this case, hydroxyl and 

carboxylic groups are inserted on the nanotubes surface; these groups are 

equally charged. The presence of similar charged particles on the surface 

of CNTs enables the CNTs to repel each other, keeping the solution in a 

dispersed form. The nanofluid prepared by functionalized method is 

termed as functionalized carbon nanotubes (CNT or FCNT) nanofluids. 

Preparation of nanofluids with addition of surfactant 

The use of the surfactant is one of the methods widely used to 

avoid the agglomeration of nanoparticles in the base fluid. Surfactants can 

improve the stability of nanoparticles in aqueous suspensions. The reason 

may be due the fact that the hydrophobic surfaces of nanotubes are 



43 

 

modified to act as hydrophilic and vice versa. A repulsive force between 

the suspended particles is developed due to the surface charge of the 

suspended particles in the base fluid. Various surfactants such as: sodium 

dodecyl sulfate (SDS), sodium dodecyl benzene sulfonate (SDBS), salt 

and oleic acid, gum arabic and cetyl trimethyl ammonium bromide 

(CTAB) has been used by various researchers. It may be noted that the 

selection of suitable activators/dispersant depends on the properties of the 

solutions and particles [109].  

Here, sodium dodecyl sulfate (SDS) is used as the surfactant for 

preparing the nanofluids. It is observed 0.25 wt.%. of sodium dodecyl 

sulfate is required to obtain better stability of CNT/water nanofluid [109]. 

In this study, CNT/water nanofluids are prepared by adding various CNT 

nanoparticle concentration (φ= 0.15%, 0.45%, 0.60% and 1%) and       

0.25 wt.% of sodium dodecyl sulfate (SDS). Subsequently, the solution is 

placed in an ultrasonic bath (Make: USBT- 9.0L Ultrasonic Cleanser, 200 

W, Model: Rico Scientific Industries, India) for a period of 45 min. in 

order to attain the complete dispersion of the nanoparticles. The nanofluid 

prepared in this method is termed as SCNT in the rest of the thesis. 

Ultrasonic vibration 

The ultrasonic vibration procedure is commonly used to eliminate 

the agglomeration of nanoparticles. In this procedure, the ultrasonic 

vibration produces high-frequency ultrasonic wave in the nanofluid kept 

inside the ultrasonic bath and excites the nanoparticles, breaks up the 

agglomerates of the nanoparticles and form a suspension of isolated 

nanoparticles. Here, Al2O3/water nanofluids with different nanoparticle 

concentration (φ= 0.15%, 0.45%, 0.60% and 1%) were prepared by 

dispersing a specified amount of Al2O3 nanoparticles in water by using an 

ultrasonic vibrator (Rico Scientific Industries, India). The ultrasonic 

vibrator generates ultrasonic pulses of 40 kHz at 200 W. In order to get a 

uniform dispersion and stable suspension which determine the final 

properties of nanofluids, the nanofluids are kept under ultrasonic vibration 
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continuously for 5 h [103]. No surfactant was used as they may have some 

influence on the effective thermal conductivity of nanofluids [110].  

 

Figure 2.3: Photographic view of Al2O3/water nanofluids with various 

volume fractions  

The pH of the prepared nanofluids at different concentrations were 

measured and found to be around 6.2 which is far from the isoelectric 

point of 9.2 for alumina nanoparticles [103]. This ensures the 

nanoparticles are well dispersed and the nanofluid is stable because of 

very large repulsive forces among the nanoparticles. Thus, the 

Al2O3/water nanofluid prepared in the present work was found to be very 

stable for several weeks without sedimentation. This is observed through 

visual observation. 

2.4 Stability of Nanofluids 

The stability of nanofluids is considered an important issue as this 

affects the heat transfer performance. The stability inspection includes the 

particle size distribution of nanoparticles in the suspension and 

electrophoretic behavior of individual nanoparticles. Various techniques 

have been adopted to evaluate the stability of nanofluids and are 

elaborated below [105, 111].  

2.4.1 Dynamic light scattering test (DLS)  

The DLS methodology is commonly used to measure the mean 

particle size and particle size distribution of the nanoparticles in the 

suspension. In this method, a continuous-wave laser beam (wavelength of 
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632.8 nm range) passes through a colloidal suspension sample and the 

particles scatter some of the light in all directions (Rayleigh scattering) 

[112]. This is due to the smaller particle size compared to the laser 

wavelength. In addition, the small particles in the suspension move 

randomly resulting in the fluctuation in the scattered light in the detector 

plane. This fluctuation is related to the diffusion rate of the particles, and 

the diffusion coefficient of the particles is given by the Stokes-Einstein 

relation: 

                                    

6
B

C

k T
D

rπ µ
=

                                            (2.1) 

Where, DC, KB, T, r and µ denote the diffusion coefficient, Boltzmann 

constant, the absolute temperature, the radius of the particles and viscosity 

of the solvent, respectively. The diffusion coefficient of particles is 

determined by analyzing the fluctuation data. Therefore, the DLS system 

measures the effective hydrodynamic diameter by treating the particles as 

spherical.  

In this study, the DLS methodology is used to measure the mean 

particle size and the particle size distribution of the nanoparticles in the 

suspension by using a particle sizing system (Model: Nicomp 380, Make: 

Santa Barbara, USA). Figs. 2.4 (a-f) show the statistical graph of intensity 

(%) versus the hydrodynamic diameter (nm) of the nanoclusters for two 

different nanofluids such as: CNT/water and Al2O3/water nanofluids with 

various nanoparticle concentrations. The DLS tests are carried out after     

1 month of preparation. The average hydrodynamic diameters for 

functionalized CNTs in water with 0.15% and 1% particle volume fraction 

was found to be 63.5 nm and 82 nm, respectively. While, the average 

hydrodynamic diameters for surface treated CNTs in water with 0.15% 

and 1% particle volume fraction was found to be 106 nm and 155 nm, 

respectively. On the contrary, the average Al2O3 nanoparticle in water 

with 0.15% and 1% particle volume fraction show the hydrodynamic 

diameter of 121 nm and 184 nm, respectively.  
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     (e) 

 
        (f) 

 

Figure 2.4:  Hydrodynamic diameter of nanoparticles in the dispersed 

state for (a) FCNT nanofluid (φ=0.15%), (b) FCNT nanofluid (φ=1%),          

(c) SCNT nanofluid (φ=0.15%), (d) FCNT nanofluid(φ=1%),                  

(e) Al2O3/ nanofluid (φ=0.15%) and (f) Al2O3/water nanofluid (φ=1%) 
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It is observed that at higher particle volume concentration, 

nanoparticles agglomerate due to strong interparticle interactions resulting 

in sedimentation of the nanofluid. On the contrary, lower nanoparticle 

concentration reduces the interparticle interactions and enhances the 

stability of nanofluid leading to the lower value of the effective 

hydrodynamic diameter of nanoparticles. The increase in particle 

agglomeration is observed with the increase in the nanoparticle 

concentration.  

2.4.2 Zeta potential test 

In general the electrostatic repulsion is considered as the 

mechanism to stabilize the colloidal suspensions. In many cases, the 

colloidal particles are charged and leads to the mutual repulsion of 

particles at extended distances. These repulsive forces are sufficiently 

strong to overcome the attractive force caused by Vander waals forces. 

Zeta potential is the measure of the repulsive forces between particles. 

According to the stabilization theory [113], the electrostatic repulsions 

between the particles increase if the zeta potential has a higher absolute 

value. This may be due to the fact that at the higher surface charge, the 

repulsion between the particles increases resulting in lesser agglomeration. 

The measured values of the zeta potential at room temperature for   

various nanofluids are summarized in the Table 2.2. It is argued that the 

suspension exhibits good stability if the zeta-potential value is higher than 

30 mV [105, 114-115]. 

Table 2.2: Zeta potential of various nanofluids 

Concentration (φ) 

Zeta potential of various Nanofluid (mV) 

FCNT/water 

nanofluid 

SCNT/water 

nanofluid 

Al2O3/water 

nanofluid 

0.15 % 57 50 48 

0.45 % 48 45 42 

0.60 % 45 40 36 

1 % 39 35 32 
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2.4.3 Wettability characterization 

The nanoparticles should be  hydrophilic  in nature  so  that  it  

forms  stable  dispersion  in  medium  like  water. One of the fundamental 

methods of characterizing the hydrophobic or hydrophilic properties of a 

solid surface is to determine the contact angle [116]. The contact angle is a 

measure of the wetting behavior of a particular liquid on the surface under 

investigation and directly relates to the interfacial energies of the systems. 

The contact angle on the solid surface gets changed merely by changing 

the chemistry of the outermost layer. 

Depending on the wettability of a solid surface by a liquid, it is 

classified into two groups such as hydrophobic and hydrophilic. The 

contact angle (θ) for the hydrophilic surface is less than 90
0
 and for the 

hydrophobic surface is greater than 900. Here, the hydrophilic nature of 

the nanofluid was tested by the static wettability test. It may be noted that 

static wetting occurs when a small liquid droplet is deposited on a smooth, 

homogeneous stationary copper surface. The degree of static wetting is 

usually defined by the equilibrium contact angle (θe). For the higher values 

of contact angle (θe>90°), the wetting is considered to be poor. While, for 

a lower contact angle (θe<90°), the liquid wets the solid surface. With the 

decrease in the contact angle, the degree of wetting increases and the 

complete wetting is achieved for zero value of contact angle (θe=0). In the 

present study, tests have been carried out to measure the contact angle of 

various fluids such as: water, CNT/water nanofluid and Al2O3/water 

nanofluid with a plain copper solid surface by using the contact angle 

meter (Model: HO-IAD-CAM-01A, Make: Holmarc Opto-Mechatronics 

Pvt. Ltd., India) and the results are shown in Fig. 2.5 (a-c). The contact 

angle was found to be 57.62
0
, 48.45

0
 and 44.82

0
 for water, Al2O3/water 

nanofluid (φ=0.15%) and CNT/water nanofluid (φ=0.15%), respectively. 

This shows that the addition of nanoparticle increases the surface 

wettability. 



 

Figure 2.5: 

copper surface 
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 (a) 

 (b) 

 (c) 

Figure 2.5: Equilibrium contact angle of a droplet 

copper surface (a) pure water, (b) Al2O3/water nanofluid and 

CNT/water nanofluid 

 

 

 

 

 

droplet resting on a plain 

water nanofluid and (c) 
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2.5 Measurement of Various Properties of Nanofluids 

Accurate measurement of various properties including thermal 

conductivity and viscosity plays an important role in evaluating the 

thermal performance of nanofluids. The details of measurement for 

thermal conductivity and viscosity of nanofluids are elaborated below. 

2.5.1 Thermal conductivity measurements 

The thermal conductivity of nanofluids depend on various 

parameters such as: chemical composition of nanoparticle and base fluid, 

nanoparticle concentration, particle shape, particle size, temperature of the 

base fluid and the additives (surfactants) used in the solution. Several 

techniques have been proposed to measure the thermal conductivity of 

nanofluids. In general two types of methods are used to measure the 

thermal conductivity such as: steady-state method and transient method. In 

the case of steady state methods, the heat loss cannot be quantified and the 

natural convection gives rise to higher values of thermal conductivity. The 

transient methods includes, hot-wire method, temperature oscillation 

method and 3-omega method. While, the steady-state method include 

parallel plate type, cylindrical cell type. Among these methods, the 

transient hot-wire method (TWH) has been used extensively because of 

several advantages of this method over other techniques. TWH method is 

very fast compared to other techniques and eliminates the error due to the 

natural convection.  In addition, the design of the hotwire apparatus is 

simple compared to the other techniques. In view of this, it is 

advantageous to use the transient methods to measure the thermal 

conductivity. 

In the case of TWH method, a thin metallic wire is used to supply 

heat source and temperature probes are used to measure the rise in the 

temperature. A wire (infinitely long) is suspended inside and surrounded 

by a fluid whose thermal conductivity is to be measured. The hot wire is 

heated by sending the electrical current through it. The temperature 
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change over a given period of time is recorded to evaluate the thermal 

conductivity of the fluid. 

In this study, the effective thermal conductivity of the nanofluid 

was measured by using the thermal property analyzer (Model: KD2 Pro., 

Model: Decagon Devices, USA) with isothermal temperature bath. The 

measurement is based on the transient hot-wire method. The minimum 

amount of nanofluid required for the measurement of thermal conductivity 

is found to be 45 ml. The sensor needle, KS-1, is made of stainless steel 

with 60 mm long and 1.3 mm diameter. This configuration can be 

considered as the infinite line heat source. The thermal conductivity 

measurement assumes several parameters such as: (i) the sensor needle is 

considered to be infinitely long heat source (ii) the medium is considered 

to homogeneous, isotropic and at uniform initial temperature. The sensor 

needle can be used to measure the thermal conductivity of fluids in the 

range of 0.2–2 W/m K with an accuracy of ±5%. Here, the experiment 

lasts for 90 s. The thermal conductivity of the fluid is calculated according 

to the equation, 

2 1

2 1

(ln ln )

4 ( )

q t t
k

T Tπ

−
=

−
 (2.2)         

where q is applied electric power to an infinitely long and small line 

source. Here, (T2-T1) represents the temperature rise of the wires between 

times t1 and t2, respectively.  

The KD2 Pro thermal properties analyzer meets both ASTM 

D5334 and IEEE 442-1981 standards. Before conducting the experiments, 

the calibration of the sensor needle is carried out by measuring the thermal 

conductivity of various known fluids such as: distilled water, glycerin and 

ethylene glycol. The measured thermal conductivity values for distilled 

water, glycerin and ethylene glycol are found to be 0.613, 0.292 and 0.263 

W/mK, respectively. This is in good agreement with the literature values 

of 0.613, 0.285 and 0.252 W/mK for water, glycerin and ethylene glycol, 
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(a) 

 
(b) 

Figure 2.6: Variation of thermal conductivity of nanofluids with 

temperature for various nanoparticle concentrations 
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respectively within ± 5% accuracy. Here, 45 ml of nanofluid samples are 

taken in a vial of 30 mm diameter whose cap is equipped with a septum 

through which the sensor needle was inserted. The needle was inserted 

fully into the fluid and oriented vertically and centrally inside the vial 

without touching the side walls of the vial.  

 Figure 2.9 (a) and (b) demonstrate the experimentally measured 

value of thermal conductivity of Al2O3/water and CNT/water nanofluids, 

respectively. The thermal conductivity of nanofluids increases by 

increasing nanoparticle concentration and temperature.  At higher fluid 

temperature, the Brownian motion of nanoparticles intensifies, 

consequently the micro convection increases resulting in an enhancement 

of the thermal conductivity of nanofluids. Figure 4 (a) depicts the 

enhancement in the thermal conductivity with temperature for Al2O3/water 

nanofluid. For 1 vol.% concentration and 60
0
C fluid temperature, 

Al2O3/water nanofluid exhibit 12% enhancement in thermal conductivity 

compared to water.  Similar observations have been made by previous 

researchers [110, 118-129]. The enhancement in the thermal conductivity 

with temperature for CNT/water nanofluid is shown in Fig. 4 (b). This 

shows that at 60
0
C, the effective thermal conductivity of CNT/water 

nanofluids increases by 12% and 38% for 0.15% and 0.60% volume 

concentration, respectively. Earlier, various authors [120-121] reported 

similar observations during their experimental investigation. 

2.5.2 Viscosity measurements 

The viscosity of the fluid is the measure of its resistance to 

deformation. In case of flow through ducts, the pressure drop and the 

pumping power requirements depends on the viscosity of the fluids. 

Although the nanofluids increase the heat transfer performance, these 

fluids exhibit an enhancement in the viscosity compared to the base fluid. 

The viscosity of the nanofluid depends on the particle shape, particle size, 

volume fraction and temperature of the nanofluids.  
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Nanofluids usually contain lower nanoparticle concentration and 

therefore the nanofluids are assumed as Newtonian fluids. Here, efforts 

have been made to study the effects of the temperature and the 

nanoparticle concentration on absolute viscosity. In this study, the 

viscosity of the nanofluid was measured by using cone and plate 

viscometer (Model: Brookfield DV-II+ Pro, Make: Brookfield 

Engineering Laboratories, USA).  The cone is connected to the spindle 

drive while the plate is mounted in the sample cup. A spindle (CPE-40) is 

used in this study and can be used for measuring the viscosity in the range 

0.15-3065 cP.  Cone and plate geometry requires 0.5–2 ml sample for the 

measurement. The nanofluid under test is poured into the sample chamber 

of the viscometer. The spindle speed and the shear rate are varied between 

0.1–200 rpm and 0–750 s-1, respectively. As the spindle rotates, the 

viscous drag of the fluid against the spindle is measured by the deflection 

of the calibrated spring. A data logger records the shear rate, shear strain 

and viscosity data at room temperature. The viscosity of nanofluid is 

measured at different temperature by activating the temperature control 

system. The viscosity values obtained by various fluids such as: water, 

glycerin and ethylene glycol at room temperature are used to validate with 

the available values. The measured values of viscosity for distilled water, 

glycerin and ethylene glycol are found to be 0.83, 10.9 and 356.5 cP, 

respectively. The results agree well with the literature values of 0.79, 10.7 

and 352 cP, for water, glycerin and ethylene glycol, respectively, with 

±5% accuracy. Figure 2.10 (a) and (b) indicates the variation of viscosity 

of Al2O3/water and CNT/water nanofluid as a function of temperature for 

different nanoparticle concentration. It is observed that the viscosity of 

nanofluids decreases by increasing the temperature. In addition, the 

absolute viscosity of nanofluid increases with the particle volume 

concentration and are in close agreement with the values reported by 

earlier researchers [47, 122-123]. 
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(a) 

 
 (b) 

 

Figure 2.7: Variation of viscosity of nanofluids with temperature for 

various nanoparticle concentrations 
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2.6 Concluding Remarks 

In this chapter, the two-step method is used for preparing 

Al2O3/water and CNT/water nanofluids. Various techniques such as: 

ultrasonic vibration, functionalization and surfactant addition method are 

adopted to prepare nanofluids. The morphological characterization for two 

different nanoparticles such as: Al2O3 and CNT are obtained by using 

scanning electron microscopy (Model: SUPRA 55, Make: Carl Zeiss 

Microscopy, Germany). The dynamic light scattering (DLS) methodology 

is used to measure the average particle size and particle size distribution of 

the nanoparticle in the suspension by using a particle sizing system 

(Model: Nicomp 380, Make: Santa Barbara, USA). 

The FCNT nanofluid exhibits lower hydrodynamic diameter 

compared to SCNT nanofluid. The Al2O3/water nanofluid prepared using 

simple sonication method exhibits better stability. The electrophoresis 

behavior of individual nanoparticle in the suspension is studied by 

measuring the zeta potential of the suspension. Here, FCNT exhibit higher 

value of zeta potential compared to SCNT and Al2O3/water nanofluid. 

Also, the zeta potential value decreases with increasing nanoparticle 

concentration. The wettability behavior of various nanofluids on the solid 

surface is studied by measuring the contact angle of the fluid at the solid 

surface.  The addition of nanoparticle to base fluid (water) reduces contact 

angle leading to an increase in wettability of the surface. The wettability 

of CNT/water nanofluid is higher compared to water followed by 

Al2O3/water nanofluid. 

The effective thermal conductivity of various nanofluids are 

measured by using the thermal property analyzer (Model: KD2 Pro., 

Model: Decagon Devices, USA) with isothermal temperature bath. The 

thermal conductivity of nanofluids (CNT/water, Al2O3/water) was found 

to increase with nanoparticle concentration and temperature.  The effective 

thermal conductivity of CNT/water nanofluid is found to be higher 

compared to Al2O3/water nanofluids for similar conditions. In addition, 
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the viscosity of nanofluids (CNT/water, Al2O3/water) was measured by 

using cone and plate viscometer (Model: Brookfield DV-II+ Pro, Make: 

Brookfield Engineering Laboratories, USA). The viscosity Al2O3/water 

nanofluids were found to be higher compared to CNT/water nanofluids for 

similar conditions. 
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Chapter 3 

Heat Transfer Performance of Nanofluids 

through Uniformly Heated Circular Tube with 

Helical Twisted Tape Inserts  
 

3.1 Introduction 

The enhancement of heat transfer plays a vital role in the heat 

exchanging equipments. The enhancement in the heat transfer improves 

the thermal performance, reduces size and cost. In order to improve the 

thermal performance, several techniques have been employed by various 

researchers. The heat transfer enhancement techniques are broadly 

classified into two categories, namely, active method which needs an 

external power source and passive method which does not need any 

external power source. Among various passive technique twisted-tapes, 

helical-screw tapes and wire have been mostly used in ducts because of its 

increased heat transfer performance [44-56]. The improvement in the heat 

transfer by using inserts may be due to various reasons, namely, decrease 

in hydraulic diameter, the increase in the length of the flow path due to 

helical configuration of inserts, the increase in the shear stress at wall and 

tube leading to improvement in fluid mixing. Further, it is observed that 

nanofluids exhibit better thermal performance compared to conventional 

single phase fluids. Therefore, it is a logical approach that combination of 

inserts and nanofluids can improve the heat transfer rate compared to 

values obtained by using any one of these technique. In view of this, an 

effort has been made to evaluate the combined effect of nanofluid and 

helical twisted tape inserts on the thermal performance through uniformly 

heated pipe. 

In the present chapter, experimental investigation has been carried 

out to study the thermal performance of two different nanofluids 

(Al2O3/water and CNT/water) through a uniformly heated tube with 
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helical twisted tape inserts. Three cases are considered for the analysis. 

Initially, tests are performed to study the heat transfer and friction factor 

characteristics of Al2O3/water and CNT/water nanofluids in laminar flow 

regime. Later on, the analysis is extended to evaluate the thermal 

performance of the nanofluids in transition flow regime. In third problem, 

efforts have been made to study the effect of different nanoparticle 

concentration on the thermal performance. The effect of twist ratio on 

thermal performance is studied in each case. In addition, the comparison 

of thermal performance of nanofluids (Al2O3/water and CNT/water) and 

water is studied for similar operating conditions.  

3.2 Test Facility, Experimental Procedure and Data 

Reduction 

3.2.1 Test facility  

Figure 3.1 depicts the schematic view of the test facility to study 

the flow and convective heat transfer characteristics of the Al2O3 and CNT 

nanofluid in a tube with helical tape. The test facility includes the test 

section, power supply unit, nanofluid supply system, cooling section and 

instrumentation scheme for measuring temperature. The test section is 

made of a 1000 mm long copper tube of 10.5 mm ID and 12.5 mm OD.  

One end of the copper tube is fitted to a 1000 mm long PVC tube of 10.5 

mm ID and 12.5 mm OD. The long PVC tube, termed as calming section, 

is kept long enough to ensure the fully developed flow condition at the 

entrance of the test section. The inlet and outlet of the test section is 

connected to the calming section and heat exchanger, respectively.  The 

copper tube is heated uniformly by wrapping two heating elements made 

of nichrome heating wire (20 gauge, 53.5 Ω, 1 kW). The nichrome heating 

wire has ceramic bead insulation that prevents the direct contact of 

nichrome wire with the test section. The terminals of the nichrome heating 

wires are connected to an auto transformer and the power supply to the 

test section is varied by varying the voltage. The entire test section is 
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insulated by using glass wool insulation in order to minimize heat loss 

from the test section to the surroundings. Six calibrated RTD PT100 type 

temperature sensors with an accuracy of ±0.10C are placed in the thermo 

wells mounted on the test section at distances 0.15m, 0.30m, 0.45m, 

0.60m, 0.75m and 0.90m from the inlet of the test section to measure the 

outside wall temperature.  Two calibrated RTD PT100 type temperature 

sensors are located at the inlet (T1) and outlet (T8) of the test section to 

measure the inlet and outlet temperature of the working fluid. The inside 

wall temperature of the test section were evaluated by calculating the tube 

wall temperature drop from 1-D radial heat conduction equation. The 

temperature at various locations was recorded by using a DAS (Model 

34970, Make: Agilent Technologies).  

 

Figure 3.1: Schematic diagram of test facility 
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(a) 

 

(b) 

Figure 3.2: (a) Schematic of helical screw-tape inserts and (b) 

Photographic view of helical twisted tape inserts used in the present 

study 

A peristaltic pump (Model: RH-P1201, Make: Ravel Hiteks Pvt. 

Ltd.) with a maximum capacity of 2.5 liters/min is used to feed nanofluid 

from the coolant storage tank to the test section. The coolant flow rate of 

the peristaltic pump is controlled by varying the rotational speed. The 

peristaltic pump was calibrated by using a measuring glass jar.  This was 

achieved by collecting the volume of water in the jar for a given time 

interval and comparing with the volume flow rate calculated from the 

rotational speed of peristaltic pump. The flow rate of the nanofluid is 
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controlled by the bypass valve arrangement, and the remaining fluid is 

sent back to the storage tank. The nanofluid, heated in the test section, is 

allowed to cool by passing through an air cooler. A differential pressure 

transducer (Model: D9824-6-005BD, Make: Omicron) with an accuracy of 

±0.25% mounted across the test section is used to measure the pressure 

drop across the test section. In addition, a U-tube manometer with Carbon 

Tetrachloride (CCl4) as manometer liquid is used to measure the pressure 

drop during the experimental investigation. The helical screw-tape inserts 

with various twist ratios (Fig. 3.2) were fabricated by winding uniformly a 

copper strip of 3.5 mm width over a 2.5 mm copper rod and painted with 

insulating gel. The twist ratio, TR is defined as the ratio of length of one 

twist to the diameter of the twist. Three helical screw-tape inserts with 

twist ratio of 1.5, 2.5 and 3 are used in the present study. 

3.2.2 Experimental procedure 

Tests were carried out to evaluate the convective heat transfer and 

friction factor characteristics of water and nanofluids through the tube 

with helical tape inserts. The storage tank is filled with the working fluid 

and the circulation pump is turned on to initiate the flow of coolant 

through the test section. The peristaltic pump is used to measure the 

coolant mass flow rate. The flow rate is adjusted to obtain the required 

Reynolds number to carry out the experimental investigation. After 

adjusting the required flow rate, the electric power is supplied to the 

heating element to heat the outer surface of tube. During heating, the DAS 

and a voltmeter monitor the surface temperature and the electric power, 

respectively. After attaining the steady state condition, the power supply to 

the heating element and the temperature at various locations of the test 

tube is noted by using voltmeter and DAS, respectively. Initially, tests 

were conducted with water and the results obtained from the experimental 

study were validated with the results of Shah [124] and Gnielinski [125]. 

Later on, two different working fluids, namely, CNT/water and 

Al2O3/water were used to study the friction factor and heat transfer 
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characteristics in the horizontal tube. Subsequently, the screw tape inserts 

were inserted in the tube to study its effect on heat transfer and pressure 

drop characteristics. In order to evaluate the friction factor characteristics 

during the flow, the electric power supply to the heating coils was 

switched off and the pressure drop was measured by using a differential 

pressure transducer (Model: D9824-6-005BD, Make: Omicron). The tube 

wall temperatures, inlet and outlet temperatures of the working fluid, mass 

flow rate, electric power input are recorded during each test run. An error 

analysis is made to evaluate various errors associated in the experimental 

study following the procedure suggested by Coleman and Steel [126] and 

ANSI/ASME standard [127]. The uncertainties associated with various 

parameters namely, flow rate, wall and fluid temperatures, voltage, current 

and pressure drop were evaluated to estimate the combined uncertainty in 

Reynolds number, Nusselt number and friction factor on the basis of 95% 

confidence level. The maximum uncertainty in various parameters, 

namely, Reynolds number, friction factor and Nusselt number were found 

to be ±2.5%, ±6%, and ±2%, respectively. 

3.3.3 Data reduction 

The total heat supplied to the test section and the heat absorbed by 

the working fluid is estimated from Eq. (3.1) and Eq. (3.2), respectively.   

1Q VI   (energy supplied) 
(3.1) 

2 ( - )
P out inQ mC T T  (energy absorbed) 

(3.2) 

1 2 1(Q - Q ) 100%/Q  < 3%  (3.3) 

The heat balance between the heat input (Q1) and heat transfer rate of the 

water (Q2) is less than 3%, shown by Eq. (3.3).  
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Here, the Newton’s law of cooling Eq. (3.4) is used for estimation of 

experimental heat transfer coefficient. While, the experimental Nusselt 

number is evaluated by using Eq. (3.5). 

2

( )w f

Q
h

A T T



 

(3.4) 

Here, wT
  

is the average temperature of the wall and fT
  

is the average 

bulk temperature of fluid. 

Where, A= πDL, 1 2 3 4 5 6

6
w

T T T T T T
T

    
 , 

2


 in out

f

T T
T   

exp

hD
Nu

k
  

(3.5) 

where D, h and k represents the diameter of the test section, average heat 

transfer coefficient and thermal conductivity of the working fluid, 

respectively. 

The pressure drop (ΔP) measured across the test section is used to 

determine the friction factor (f) using the following relation: 

exp 2

2

P
f

L u

D






  
  
  

 (3.6) 

Where, u, ρ and D, L represents the fluid velocity, fluid density, the 

diameter of the test section and length of the test section, respectively. 

 Thermal performance factor (η) is the parameter usually used to 

evaluate the effect of enhancement in heat transfer rate and the increase in 

the pressure drop. This is defined as the ratio between the Nusselt number 

ratio  ptNu Nu and friction factor ratio  
1

3
ptf f for the same pumping 

power condition [44, 49, 50-51, 52, 56, 128]:  
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 

 
1

3

i pt

i pt

Nu Nu

f f

   
(3.7) 

where iNu  and if denotes the Nusselt number and friction factor with 

enhancing factor (helical inserts), respectively. While, ptNu  and ptf

represents the plain tube Nusselt number and friction factor, respectively 

3.3 Results and Discussion 

The experiments have been carried out to study the thermal 

performance of two different nanofluids (Al2O3/water and CNT/water) 

through a uniformly heated tube with helical twisted tape inserts of twist 

ratio, TR=1.5, 2.5, 3. Three cases are considered for the analysis. Initially, 

tests are performed using 0.15% concentration of nanofluids (Al2O3/water 

and CNT/water) in laminar flow regime (Re= 840-2280). Subsequently, 

the analysis is extended to study the thermal performance of nanofluids 

(Al2O3/water and CNT/water) in transition regime (2400-5600). In third 

case, the investigation has been extended to analyze the effect of 

nanoparticle concentration (φ=0.15, 0.45, 0.60, 1%) on the thermal 

performance of nanofluids. The effect of twist ratio on thermal 

performance of is studied in each case. The heat transfer enhancement and 

the increase of friction factor of nanofluids are evaluated by using the 

Nusselt number and friction factor of the basefluid in the plain tube as 

reference data. 

3.3.1 Thermal performance of nanofluids through uniformly heated 

circular tube with helical twisted tape inserts in laminar flow regime 

The experiments were carried out by using 0.15% volume 

concentration Al2O3/water and CNT/water nanofluid with helical tape 

inserts of twist ratio, TR= 1.5, 2.5 and 3. Reynolds number was varied in 

the range of 840 to 2280. The test data were used to calculate the Nusselt 

number, friction factor and thermal performance factor for various Peclet 
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numbers in laminar flow regime with and without helical screw tape 

inserts. These are detailed below. 

Heat transfer study 

Initially, tests have been carried out by using pure water in order to 

validate the test facility. The Nusselt number of single phase fluid reported 

by Shah [124] is expressed below:    

1
31.953(Re Pr )

D
Nu

x
  for   Re Pr 33.33

D

x
  

 

(3.8) 

4.364 0.0722(Re Pr )
D

Nu
x

 
 
for  Re Pr 33.33

D

x
  

 

Figure 3.3: Variation of Nusselt number with Peclet number 

 

The Nusselt number obtained from the present experimental study 

(Eq. 3.5) is compared with the values obtained from Shah Equation [124] 

and is shown in Fig. 3.3. The deviation between the present prediction 

obtained from Eq. (3.5) and the values obtained from Eq. (3.8) is found to 
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be less than ± 7%. This indicates that the present test facility is in good 

condition and can be used to evaluate the heat transfer characteristics of 

both Al2O3/water and CNT/water nanofluid. 

Figure 3.4 depicts the variation of Nusselt number with Peclet 

number for various working fluids and twist ratios. It is observed that 

Nusselt number increases with Peclet number. Tests have been carried out 

by using 0.15% volume concentration of Al2O3/water and CNT/water 

nanofluid. For given operating condition, the Nusselt number of both the 

nanofluids (Al2O3/water, CNT/water) was found to be higher compared to 

pure water. This may be due to the fact that the nanoparticles increase the 

thermal conductivity. In addition, the collision among nanoparticles and 

between the nanoparticles and tube wall increases the energy exchange 

rate leading to an increase in the heat transfer rate. Previous researchers 

have reported similar observations for Al2O3/water nanofluid in           

their experimental investigation [52]. Recently, Rathnakumar et al. [129] 

reported the experimental investigation of CNT/water nanofluids in 

circular tube with helical screw tape inserts in laminar flow regime. Their 

results exhibited lower heat transfer performance compared to present 

experimental study. This difference may be due to the use of surface 

modification method of nanoparticles during the synthesis of CNT/water 

nanofluids. In addition, the CNT/water nanofluid exhibits enormous 

enhancement in heat transfer compared to the Al2O3/water nanofluid for 

the similar conditions. This may be due to various reasons. Carbon 

nanotubes (CNTs) possess higher thermal conductivity, higher aspect 

ratio, lower specific gravity, larger specific surface area (SSA) and lower 

thermal resistance compared to Al2O3 [4, 103]. The CNT nanoparticles 

have porous structure and create capillary action leading to enhancement 

in heat transfer.  It may be noted that the higher thermal conductivity and 

large specific surface area (SSA) of CNT nanoparticles play an important 

role in the heat transfer enhancement. In addition, the average size of the 

CNT and Al2O3 nanoparticles used in the present investigation is found to 
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be 20 nm and ~100 nm, respectively. Therefore, the enhancement in heat 

transfer for CNT/water nanofluid is found to be higher compared to 

Al2O3/water nanofluid.  

Tests have been carried out in order to evaluate the heat transfer 

enhancement of pure water and nanofluids with helical screw tape insert. 

Three different twist ratios (TR=1.5, 2.5 and 3) are considered in the 

present investigation and the results are depicted in Figs.3.4 and 3.5. The 

helical screw tape insert exhibits higher Nusselt number in both nanofluids 

and pure water. The enhancement in Nusselt number was found to 

increase with the decrease in the twist ratio (TR) for both pure water and 

nanofluids. The thermal performance of CNT/water nanofluid is found to 

be higher compared to Al2O3/water nanofluid and pure water both in the 

plain tube and the plain tube with helical screw tape inserts. The Nusselt 

number of various working fluids such as: CNT/water, Al2O3/water and 

pure water for the plain tube with helical inserts is higher compared to the 

plain tube for a given value of Peclet number. This may be due to the fact 

that the plain tube fitted with helical inserts decreases the hydraulic 

diameter and increases the fluid velocity leading to the increase in the 

Reynolds number. Therefore, the Nusselt number increases with inserts. In 

addition, the turbulent intensity of the fluid increases at the tube wall 

leading to excellent mixing. In such a case, the re-development of thermal 

and hydraulic boundary layer takes place leading to the enhancement in 

the heat transfer rate. The average enhancement in Nusselt number of 

Al2O3/water and CNT/water in the plain tube were found to be 10.72% 

and 20.27%, respectively compared to the water as the working fluid.  The 

enhancement in Nusselt number decreases with the increase in Peclet 

number (Fig.3.5). In the case of Al2O3/water nanofluid, the increase in the 

average Nusselt number was found to 230.14%, 175.07% and 135.79%, 

for various twist ratios 1.5, 2.5 and 3, respectively. On the contrary, the 

enhancement in the Nusselt Number for CNT/water nanofluid was found  
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Figure 3.4: Variation of Nusselt number with Peclet number 

 

Figure 3.5: Enhancement in Nusselt number at different Peclet number 
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to be 272.61%, 213.58% and 166.45% for the twist ratios 1.5, 2.5 and 3, 

respectively. It may be noted that the enhancement in the convective heat 

transfer is due to the addition of nanoparticles in water and the use of 

helical screw tape inserts. For given Peclet number, the enhancement of 

Nusselt number of pure water with helical screw tape insert is larger 

compared to the enhancement of Nusselt number by using Al2O3/water 

and CNT/water nanofluids in the plain tube. It may be noted that the 

mechanism of heat transfer rate is different in both the cases. The heat 

transfer enhancement in the case of nanofluids is due to various reasons 

such as: improved thermal conductivity of nanofluids compared to pure 

water, Brownian motion of nanoparticles and particle migration. While, in 

the case of helical screw tape inserts, the random movement of the fluid 

particles increases the energy exchange rate leading to the enhancement in 

heat transfer. The higher turbulence intensity close to the tube wall results 

in excellent fluid mixing. This leads to redevelopment of thermal and 

hydraulic boundary layers and the enhancement in the heat transfer rate.  

The present experimental results are used to derive the correlation 

among various parameters, namely, Nusselt number, Reynolds number, 

Prandtl number and twist ratio by using least square method of regression 

analysis (Eq. 3.9). The correlations are valid for laminar flow (Re < 2280), 

various twist ratios (1.5-3) and 0.15% volume concentration of both the 

nanofluids (Al2O3/water and CNT/water). The Nusselt number values 

predicted by the correlations are in reasonable agreement with the 

experimental results. 

0.529 -0.438

2 3

0.517 -0.430

0.508(Re Pr) ( . .) ,      Al O /water nanofluid

0.631(Re Pr) ( . .) ,     CNT/water nanofluid
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Nu
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


 



 

 

(3.9) 

Pressure drop study 

Tests have been carried out by using pure water in order to validate 

the test facility for friction factor. The friction factor values evaluated 
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from the present experimental study are compared with the theoretical 

values obtained using the Hagen-Poiseuille equation given by: 

64

Re
f   

(3.10) 

In this study, the friction factor of water is obtained by using      

Eq. (3.6) and shown in Fig. 3.6. Present test data are found to be in good 

agreement with the values obtained by using Hagen-Poiseuille correlation 

(Eq. 3.10). The deviation between the present test data and theoretical 

values are found to be within ±5%.
 
 

 

Figure 3.6: Variation of friction factor with Reynolds number 

The variation of friction factor of various working fluids 

(CNT/water, Al2O3/water and pure water) with Peclet number for the plain 

tube and the plain tube with helical screw tape inserts is shown in Fig. 3.7. 

The increase in the pressure drop of pure water due to the dispersion of 

nanoparticles (CNT and Al2O3) is minimal. However, the pressure drop 

increases significantly with the use of helical inserts in the plain tube for 
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both nanofluids (Al2O3/water and CNT/water). The friction factor found to 

increase with the decrease in the twist ratio. Compared to the plain tube 

with water, the maximum friction factor of CNT/water nanofluid with 

inserts was found to be 19.99, 13.24 and 11.80 times higher for twist ratios 

of 1.5, 2.5 and 3, respectively. The maximum friction factor of 

Al2O3/water nanofluid with inserts was found to be 20.43, 13.79 and 12.02 

times the friction factor of plain tube with water for various twist ratios 

1.5, 2.5 and 3, respectively. For a given twist ratio (TR=1.5), the 

Al2O3/water nanofluid exhibits higher pressure drop compared to 

CNT/nanofluid. This may be due to the fact that the larger size of Al2O3 

particle (~100 nm) compared to CNT nanoparticle (20 nm). Because of the 

larger size of the Al2O3 particle, the nanofluid (Al2O3/water) exhibits 

higher viscosity and reduces the free flow area in the presence of inserts. 

Therefore, the pressure drop in the case of Al2O3/water nanofluid is higher 

compared to the CNT/water nanofluid. 

 
Figure 3.7: Variation of Nusselt number with Peclet number of 

nanocoolant 
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(3.11) 

The results obtained from the present experimental study are used 

to derive the correlations among various parameters such as: friction 

factor, Reynolds number and twist ratio by using least square method of 

regression analysis (Eq. 3.11). These correlations are valid for laminar 

flow (Re < 2280), different twist ratios (1.5-3) and 0.15% volume 

concentration of both the nanofluids (Al2O3/water and CNT/water). The 

friction factor values predicted by the correlations are in reasonable 

agreement with the experimental data. 

Thermal performance factor  

 The variation of thermal performance factor (η) of various 

working fluids such as: Al2O3/water and CNT/water nanofluid with Peclet 

number is shown in Fig. 3.8. The values of η were found to be higher for 

the low twist ratios irrespective of the working fluid and Peclet number. 

This may be due to fact that the helical screw inserts with lower twist ratio 

generates stronger turbulence/swirl in the flow. This indicates that for a 

given operating condition, the helical screw tape inserts with the lower 

twist ratios should be considered for energy saving. The thermal 

performance factor (η) decreases with the increase in Peclet number. This 

may be due to the increase in the pressure drop with the increase in Peclet 

number. It may be noted that the value of η need to be greater than unity 

for the net energy gain in the system. The values of η for the CNT/water 

nanofluid are found to be higher compared to the Al2O3/water nanofluid 

and pure water for all twist ratios (1.5, 2.5 and 3) and for various Peclet 

number (5,000-13,300). The values of η are found to be higher for low 

twist ratios irrespective of the working fluid and Peclet number. This may 
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be due to the stronger turbulence/swirl flow generated by the helical screw 

tape insert in the case of insert with lower twist ratio. For twist ratios of 

1.5, 2.5 and 3, the thermal performance factor varies between 2.29-1.69, 

2.03-1.55, and 1.69-1.35 respectively by using CNT/water nanofluid. On 

the contrary, the thermal performance factor of Al2O3/water nanofluid (by 

volume 0.15%) was found to vary between 2.14-1.65, 1.90-1.47 and 1.58-

1.31 for the twist ratios of 1.5, 2.5 and 3, respectively. 

 

Figure 3.8: Variation of thermal performance factor with Peclet number 

 

3.2.2 Thermal performance of nanofluids through uniformly heated 

circular tube with helical twisted tape inserts in transition flow  

 In section 3.2.1, the thermal performance of nanofluids through a 

uniformly heated tube with helical twisted tape inserts is analyzed in 

laminar flow regime. The investigation has been extended for transition 

flow using 0.15% volume concentration of Al2O3/water and CNT/water 
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nanofluids. Here, Reynolds number is varied in the range of 2400 to 5600. 

The test data are used to calculate the Nusselt number, friction factor and 

thermal performance factor for various Peclet numbers in transition flow 

regime with and without helical screw tape inserts. These are detailed 

below. 

Heat transfer study 

Earlier, the test facility is validated in the laminar flow regime for 

Nusselt number and friction factor values using water as working fluid 

(section 3.2.1). Following the earlier analysis (section 3.2.1), here tests 

have been made with water as the working fluid in transition regime. The 

Nusselt number of single phase fluid reported by Gnielinski [125] is 

expressed below:  

 

 
0.5

2/3

Re 1000 Pr
2

1 12.7 Pr 1
2

Nu

 
 
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(3.12) 

where,
2(1.58ln Re 3.82)   ,  

62300 Re 5 10   0.5 Pr 2000   

 
Figure 3.9: Comparison of experimental Nusselt number with Gnielinski 

equation 
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 The Nusselt number for water obtained by using Eq. (3.5) is 

compared with the values obtained from Eq. (3.12) of Gnielinski [125] 

and are shown in Fig. 3.9. The deviation between the present prediction 

obtained from Eq. (3.12) and the values obtained from Eq. (3.5) is found 

to be less than ± 3%. This indicates that the present test facility is in good 

condition and can be used to evaluate the heat transfer characteristics of 

both Al2O3/Water and CNT/water nanofluid. 

Figure 3.10: Variation of Nusselt number with Peclet number. 

Figure 3.10 depicts the variation of Nusselt number with Peclet 

number. Under similar conditions, the Nusselt number of both the 

nanofluids (Al2O3/water, CNT/water) is higher than that of water. This 

may be due to the fact that the nanoparticles increase the thermal 

conductivity. In addition, the collision among nanoparticles and between 

the nanoparticles and tube wall increases the energy exchange rate leading 

to an increase in the heat transfer rate. It is observed that Nusselt number 
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increases with Peclet number. Tests have been carried out using 0.15% 

volume concentration of Al2O3/water and CNT/water nanofluid. The heat  

Figure 3.11: Enhancement in Nusselt number at different Peclet number 

transfer characteristics of both nanofluids (Al2O3/water and CNT/water) 

were found to be higher compared to the pure water. In addition, the 

CNT/water nanofluid exhibits enormous enhancement in heat transfer over 

the Al2O3/water nanofluid for the similar conditions.  Previous researchers 

[53] have reported a similar observation for Al2O3/water nanofluid in their 

experimental investigation.  This may be due to the following reasons. The 

size of the CNT and Al2O3 nanoparticles used in the present investigation 

is found to be 20 nm and ~100 nm, respectively.  Carbon nanotubes 

(CNTs) possess higher thermal conductivity, higher aspect ratio, lower 

specific gravity, larger specific surface area (SSA) and lower thermal 

resistance compared to Al2O3 [4, 103]. The CNT nanoparticle have a 

porous structure, CNT in water creates capillary action leading to 
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enhancement in heat transfer.  It may be noted that the higher thermal 

conductivity and large specific surface area (SSA) of CNT nanoparticles 

play an important role in the heat transfer enhancement. Therefore, the 

enhancement in heat transfer for CNT/water nanofluid is found to be 

higher compared to Al2O3/water nanofluid.  

Tests have been carried out in order to estimate the heat transfer 

enhancement of pure water and nanofluids with helical screw tape insert. 

Three different twist ratios namely, TR=1.5, 2.5 and 3 are considered in 

the analysis and the results are depicted in Figs. 3.10 and 3.11. The helical 

screw tape insert exhibits higher Nusselt numbers in both nanofluids and 

pure water. It is observed that the enhancement in Nusselt number was 

found to increase with the decrease in the twist ratio (TR) for both pure 

water and nanofluids. The thermal performance of CNT/water nanofluid is 

found to be higher compared to Al2O3/water nanofluid and pure water 

both in the plain tube and the plain tube with inserts. It is observed that the 

Nusselt number of all the working fluids, namely, CNT/water, 

Al2O3/water and pure water for the plain tube with helical inserts is higher 

compared to the plain tube for a given Peclet number. This is due to the 

fact that the plain tube fitted with helical inserts decreases the hydraulic 

diameter and increases the fluid velocity leading to the increase in the 

Reynolds number; and therefore the Nusselt number increases with inserts.  

In addition to this, the turbulent intensity of the fluid increases at the tube 

wall leading to excellent mixing. This leads to the re-development of 

thermal and hydraulic boundary layer which enhances the heat transfer 

rate. The average enhancement in Nusselt number of Al2O3/water and 

CNT/water in the plain tube were found to be 12.02% and 26.13%, 

respectively compared to the water as the working fluid.  The 

enhancement in Nusselt number was found to decrease with the increase 

in Peclet number and is shown in Fig. 3.11. The enhancement in the 

Nusselt number of pure water with various twist ratios 1.5, 2.5 and 3 were 

found to be 159.60%, 125.85% and 91.30%, respectively. In addition, the 
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increase in the average Nusselt number for various twist ratios 1.5, 2.5 and 

3 were found to be 172.81%, 131.21% and 99.33%, respectively for 

Al2O3/water nanofluid. While, the CNT/water nanofluid exhibits 215.55%, 

173.25% and 120.32%enhancement in the Nusselt Number corresponding 

to the twist ratios 1.5, 2.5 and 3, respectively. It may be noted that the 

enhancement in the convective heat transfer is due to the addition of 

nanoparticles and the use of helical screw tape inserts. It is observed that 

the enhancement of Nusselt number of pure water with helical screw tape 

insert is larger compared to the enhancement of Al2O3/water and 

CNT/water nanofluids in the plain tube for a given Peclet number. It may 

be noted that the mechanism of heat transfer rate is different in both the 

cases. The heat transfer enhancement in the case of nanofluids is due to 

various reasons such as: improved thermal conductivity of nanofluids 

compared to pure water, Brownian motion of nanoparticles and particle 

migration. While, the enhancement in heat transfer with the helical screw 

tape inserts is due to the random movement of the fluid particles that 

increases the energy exchange rate leading to the enhancement in heat 

transfer.  The higher turbulence intensity close to the tube wall results in 

an excellent fluid mixing and the redevelopment of thermal and hydraulic 

boundary layers. This essentially enhances the heat transfer rate.  

Pressure drop study 

Tests have been carried out by using pure water in order to validate 

the test facility for friction factor in transition flow regime. Blasius [130] 

developed an expression in order to evaluate the friction factor of pure 

water valid in the range of  
53000 Re 10   and expressed as: 

 
0.25

0.316

Re
f   

(3.13) 

            
The experimental friction factor of water is obtained by using Eq. 

(3.6) and is shown in Fig. 3.13. Present test data is found to be in good 

agreement with the values obtained by using Blasius [130] correlation (Eq. 
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3.13). The deviation between the present test data and theoretical values 

are found to be within ±4%.
   

Figure 3.12: Comparison of experimental friction factor with Blasius 

equation
 

Figure 3.13 depicts the variation of friction factor of various 

working fluids, namely, CNT/water, Al2O3/water and pure water with 

Peclet numbers both for the plain tube and the plain tube with helical 

screw tape inserts. However, the pressure drop was found to increase 

significantly with the use of helical inserts in the plain tube for both 

Al2O3/water and CNT/water nanofluids. It is observed that the friction 

factor increases with a decrease in the twist ratio. The maximum friction
 

factor of CNT/water nanofluid with inserts was found to be 7.75, 6.67 and 

6.15 times the friction factor of a plain tube with water corresponding to 

twist ratios of 1.5, 2.5 and 3, respectively at Pe =16000. While, the 

maximum friction factor of Al2O3/water nanofluid with inserts was found 

to be 8.04, 6.95 and 6.19 times the friction factor of plain tube with water 

corresponding to twist ratios of 1.5, 2.5 and 3, respectively at Pe =16000. 

It is observed that at TR=1.5, the Al2O3/water nanofluid exhibits higher 
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pressure drop compared to CNT/nanofluid. This may be due to the fact of 

the larger size of an Al2O3 particle (~100 nm) compared to a CNT 

nanoparticle (20 nm). Because of the larger size of the Al2O3 particle, the 

nanofluid (Al2O3/water) exhibits higher viscosity and reduces the free 

flow area in the presence of inserts. Therefore, the pressure drop in the 

case of Al2O3/water nanofluid is higher compared to the CNT/water 

nanofluid.

 

Figure 3.13: Variation of friction factor with Peclet number 

Thermal performance factor  

 Figure 3.14 depicts the variation of thermal performance factor of 

various working fluids, namely, water, Al2O3/water and CNT/water 

nanofluid with Peclet number. It is observed that the values of η are higher 

for the low twist ratios irrespective of the working fluid and Peclet 

number. This may be due to the generation of stronger turbulence/swirl 
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flow by the helical screw inserts with lower twist ratio. This indicates that 

helical screw tape inserts with the lower twist ratios should be considered 

for the saving of energy for a given operating condition.  In addition, the 

thermal performance factor (η) was found to decrease with the increase in 

Peclet number. This may be due to the increase in the pressure drop with 

the increase in Peclet number.  

 

Figure 3.14: Variation of thermal performance factor with Peclet number 

 It may be noted that the value of η needs to be greater than unity 

for the net energy gain in the system. The values of η for the CNT/water 

nanofluid is found to be higher compared to the Al2O3/water nanofluid and 

pure water for all twist ratios (1.5, 2.5 and 3) and for the Peclet number 

varying between 16,000-33,500. It is observed that the values of η are 

higher for the low twist ratios irrespective of the working fluid and Peclet 

number. This is due to the stronger turbulence/swirl flow generated by the 
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helical screw tape insert in the case of insert with the smallest twist ratio.  

Here, η is found to vary between 1.35-1.16, 1.29-1.21and 1.22-0.97 for 

twist ratios of 1.5, 2.5 and 3, respectively using CNT/water nanofluid as 

the working fluid. While, the thermal performance factor of the 

Al2O3/water nanofluid (by volume 0.15%) varies between 1.19-1.02, 1.16-

1.01and 1.10-0.88 for the twist ratios of 1.5, 2.5 and 3, respectively. 

3.3.3 Thermal performance of nanofluids of varied particle volume 

fraction through uniformly heated circular tube with helical twisted 

tape inserts in transition flow regime 

The thermal performance of nanofluid for given particle volume 

concentration (φ= 0.15 %) with helical twisted tape inserts is discussed in 

previous section (3.2.1 and 3.2.2). It argued that the thermal performance 

increases with the nanoparticle concentration [4, 19-43, 46-46]. In view of 

this,  experiments were carried out by using Al2O3/water and CNT/water 

nanofluid with varied range of particle volume concentration, φ= 0.15 %, 

0.30%, 0.60% and 1% and helical tape inserts of twist ratios, TR= 1.5, 2.5 

and 3. Here, Peclet number is varied in the range of 16000 to 33500. The 

thermal performance factor is evaluated for various Peclet numbers with 

and without helical screw tape inserts. This is detailed below: 

Heat transfer study 

Figure 3.15(a-d) depicts the variation of Nusselt number with 

Peclet number for water and nanofluids with helical tape inserts of various 

twist ratio (TR= 1.5, 2.5 and 3). Tests have been carried out with varied 

range of particle volume concentration (0.15, 0.45%, 0.60% and 1%) of 

Al2O3/water and CNT/water nanofluid. It is observed that the Nusselt 

number increases with the increase in the nanoparticle concentration and 

Peclet number. For similar operating conditions, the Nusselt number value 

of both the nanofluids (Al2O3/water, CNT/water) is higher compared to 

water. The increase in the nanoparticle concentration results in an increase 

in the effective thermal conductivity. The convective heat transfer 
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enhancement of nanofluids may be due to several factors namely, 

improved effective thermal conductivity of the nanofluid over the base 

fluid (water), Brownian motion of nanoparticles, and particle migration 

[19-43, 46-46]. The heat transfer characteristics of both nanofluids 

(Al2O3/water and CNT/water) were found to be higher compared to the 

pure water. In addition, the CNT/water nanofluid exhibits enormous 

enhancement in heat transfer compared to Al2O3/water nanofluid for the 

similar operating conditions.  Earlier several researchers [53] reported 

similar observation for Al2O3/water nanofluid in their experimental 

investigation.  This may be due to the various factors. The average size of 

the CNT and Al2O3 nanoparticles used in this study is found to be 20 nm 

and ~100 nm, respectively. Carbon nanotubes (CNTs) possess higher 

thermal conductivity, higher aspect ratio, lower specific gravity, larger 

specific surface area (SSA) and lower thermal resistance compared to 

Al2O3 [4, 103]. In addition, the porous structure of CNT creates capillary 

action resulting in enhancement in heat transfer.  It may be noted that the 

higher thermal conductivity and large specific surface area (SSA) of CNT 

nanoparticles play an important role in the heat transfer enhancement. 

Therefore, the enhancement in heat transfer for CNT/water nanofluid is 

found to be higher compared to Al2O3/water nanofluid.  

Tests were performed to evaluate the heat transfer enhancement of 

pure water and nanofluids with helical screw tape insert. Three different 

twist ratios namely, TR=1.5, 2.5 and 3 and varied range of particle volume 

concentration (0.15%, 0.45%, 0.60% and 1%) of Al2O3/water and 

CNT/water nanofluid are considered in the analysis and the results are 

depicted in Figs. 3.15 (a-d). The helical screw tape insert exhibits higher 

Nusselt number in both nanofluids and pure water. The enhancement in 

Nusselt number is found to increase with the increase in particle volume 

concentration. The Nusselt number increases with the decrease in the twist 

ratio (TR) for nanofluids of various particle volume concentrations. The 
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thermal performance of CNT/water nanofluid is found to be higher 

compared to Al2O3/water nanofluid and pure water both in the plain tube 

 

 

Figure 3.15: Variation of  Nusselt number with Peclet number for particle 

volume fraction: (a) φ=0.15%, (b) φ=0.45%, (d) φ=0.60% and (d) φ=1% 

and the plain tube with inserts. For a given Peclet number, the Nusselt 

number of various working fluids (CNT/water, Al2O3/water and pure 

water) with tube with helical inserts is higher compared to the plain tube. 

This is due to the fact that the tube fitted with helical inserts decreases the 

hydraulic diameter and increases the fluid velocity leading to the increase 

in the Reynolds number and therefore the Nusselt number increases with 

inserts.  In addition, the helical insert increases the random movement of 

the nanoparticles and the energy exchange rates in the nanofluid. The 

higher turbulence intensity of the fluid close to the tube wall and the 

helical insert is responsible to promote thorough mixing of nanofluid. This 



89 

 

leads to an efficient redevelopment of the thermal or hydrodynamic 

boundary layer which consequently results in the improvement of 

convective heat transfer. 

Fig. 3.15 (a-d) depicts the variation in Nusselt number with Peclet 

number and particle volume concentration. The enhancement in Nusselt 

number was found to increase with the increase in particle volume 

concentration. It is observed that, Nusselt number decreases with increase 

in Peclet number. The average increase in Nusselt number were found to 

be 39.03% and 75.02% by using Al2O3/water (φ=1%) and CNT/water 

nanofluid (φ=1%), respectively compared to the pure water results. The 

average increase in the Nusselt number of pure water for twist ratios 1.5, 

2.5 and 3 were found to be 156.71%, 123.49% and 90.30%, respectively. 

In case of pipe fitted with helical inserts both nanofluids (Al2O3/water and 

CNT/water nanofluid) exhibit maximum enhancement in Nusselt number 

at 1% particle volume concentration. The increase in the average Nusselt 

number for various twist ratios 1.5, 2.5 and 3 were found to be 210.74%, 

163.20% and 144.08%, respectively for Al2O3/water nanofluid with 1% 

particle volume concentration. 

 While, the CNT/water nanofluid (φ=1%)  exhibits 280.91%, 

215.11% and 196.44% average increase in Nusselt number corresponding 

to the twist ratios 1.5, 2.5 and 3, respectively. It may be noted that the 

enhancement in the convective heat transfer of water is due to the addition 

of nanoparticles and the use of helical screw tape inserts. For a given 

Peclet number, pure water with helical screw tape insert exhibits higher 

enhancement various nanofluids (Al2O3/water and CNT/water) in the plain 

tube. It may be noted that the mechanism of heat transfer rate is different 

in both the cases. The heat transfer enhancement in the case of nanofluids 

is due to various reasons such as: improved thermal conductivity of 

nanofluids compared to pure water, Brownian motion of nanoparticles and 

particle migration. While, the enhancement in heat transfer with the helical 

screw tape inserts is due to the random movement of the fluid particles 
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that increases the energy exchange rate leading to the enhancement in heat 

transfer.  The higher turbulence intensity close to the tube wall results in 

an excellent fluid mixing and the redevelopment of thermal and hydraulic 

boundary layers. This essentially enhances the heat transfer rate.  

Pressure drop study 

Fig. 3.16 (a-d) shows the friction factor variations with Peclet 

number. The friction factor increases with the increase in particle volume 

concentration for various nanofluids (CNT/water and Al2O3/water). This 

may be due to the fact that viscosity of nanofluids increases with 

nanoparticle concentration. While friction factor found to decrease with 

the increase in Peclet numbers. In addition Figure 3.16 (a-d) depicts the 

variation of friction factor with Peclet numbers for various working fluids, 

namely, CNT/water, Al2O3/water and pure water for the plain tube with 

helical screw tape inserts. The pressure drop was found to increase 

significantly with the use of helical inserts in the plain tube for both 

Al2O3/water and CNT/water nanofluids. It is observed that the friction 

factor increases with the decrease in the twist ratio. The maximum friction 

factor values obtained for CNT/water nanofluid (φ=1%) were  found to be 

14.96, 13.40 and 12.51 times compared to the water results at twist ratios 

1.5, 2.5 and 3, respectively. While, the maximum friction factor of 

Al2O3/water nanofluid(φ=1%) with inserts was found to be 19.62, 16.58  

and 15.57 times the friction factor for  plain tube with water for twist 

ratios of 1.5, 2.5 and 3, respectively. It is observed that at TR=1.5, the 

Al2O3/water nanofluid exhibits higher pressure drop compared to CNT-

nanofluid. This may be due to the larger size of a Al2O3 particle         

(~100  nm) compared to a CNT nanoparticle (20 nm). It may be noted that 

larger size of the Al2O3 particle exhibits higher viscosity for Al2O3/water 

nanofluid and resulting in the reduction in the free flow area in the 

presence of inserts. Therefore, the pressure drop in the case of Al2O3/water 

nanofluid is higher compared to the CNT/water nanofluid. 
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Figure 3.16: Variation of friction factor with Peclet number for particle 

volume fraction: (a) φ=0.15%, (b) φ=0.45%, (d) φ=0.60% and (d) φ=1% 

Thermal performance factor 

Thermal performance factor (η) or overall enhancement ratio 

(OER) is the parameter usually used to evaluate the effect of enhancement 

in heat transfer rate and the increase in the pressure drop. This parameter 

involves the Nusselt number as heat transfer performance parameter and 

the friction factor as pumping power or pressure drop parameter. Figure 

3.17 (a-d) depicts the variation of thermal performance factor of various 

working fluids, namely, Al2O3/water and CNT/water nanofluid with Peclet 

number. It is observed that the values of η are higher for the low twist 

ratios irrespective of the working fluid and Peclet number. This may be 

due to the generation of stronger turbulence/swirl flow by the helical 

screw inserts with lower twist ratio. This indicates that helical screw tape 

inserts with the lower twist ratios should be considered for the saving of 



92 

 

energy for a given operating condition.  In addition, the thermal 

performance factor (η) was found to decrease with the increase in Peclet 

number. This may be due to the increase in the pressure drop with the 

increase in Peclet number. Moreover, increase in particle volume 

concentration for Al2O3/water and CNT/water nanofluid increases thermal 

performance factor for all Peclet number. 

 

Figure 3.17: Variation of thermal performance factor with Peclet number 

for particle volume fraction: (a) φ=0.15%, (b) φ=0.45%, (d) φ=0.60% and 

(d) φ=1% 

It may be noted that the value of η needs to be greater than unity 

for the net energy gain in the system. The thermal performance factor of 

CNT/water nanofluid is found to be greater than unity for varied range of 

Peclet number (16000-33500), twist ratio (T.R. = 1.5, 2.5 and 3) and 

particle volume concentration (φ= 0.15%, 0.45%, 0.60% and 1%). Here, 

Al2O3/water nanofluid exhibits lower thermal performance factor only       
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(η <1) for TR=3, φ=0.15% and Pe >30000. While the thermal 

performance factor different twist ratio (T.R. = 1.5, 2.5 and 3) and with 

particle volume concentration (φ= 0.15%, 0.45%, 0.60% and 1%) are 

found to be greater than unity. Previous researchers [53] have reported a 

similar observation for Al2O3/water nanofluid in their experimental 

investigation. The values of η for the CNT/water nanofluid is found to be 

higher compared to the Al2O3/water nanofluid and pure water for various 

twist ratios (1.5, 2.5 and 3) and different volume concentrations (φ= 

0.15%, 0.45%, 0.60% and 1%) at all Peclet number. It is observed that the 

values of η are higher for the lower twist ratios irrespective of the working 

fluid and Peclet number. This is due to the stronger turbulence/swirl flow 

generated by the helical screw tape insert with the smallest twist ratio.  For 

φ=1% and TR=1.5, Pe=16000, both of nanofluids (Al2O3/water and 

CNT/water nanofluid) exhibits maximum value of thermal performance 

factor (η). The maximum value of thermal performance factor (η) found to 

be 1.46 and 1.41 for Al2O3/water nanofluid and CNT/water nanofluid, 

respectively. 

3.4 Concluding Remarks 

This chapter reports study of the thermal performance of two 

different nanofluids (Al2O3/water and CNT/water) through a uniformly 

heated tube with helical twisted tape inserts. It includes thermal 

performance evaluation of nanofluids in the laminar regime, transition 

regime and varied range of nanoparticle concentration. 

In the first problem, thermal performance of water and nanofluids 

with 0.15 % volume concentration is analyzed for twist ratio (TR= 1.5, 

2.5, 3) and Reynolds number (840-2280). The test data are used to 

evaluate the Nusselt number, friction factor and thermal performance 

factor of various nanofluids for varied range of Peclet number. In addition, 

efforts have been made to prepare to propose a correlation for the friction 

factor as a function of Reynolds number and twist ratio for both 
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nanofluids. Also, based on the test data a correlation for Nusselt number is 

proposed as a function of Reynolds number, Prandtl number and twist 

ratio. 

Next, the analysis is extended to evaluate the thermal performance 

of various nanofluids (Al2O3/water and CNT/water) with 0.15 % volume 

concentration for several twist ratio (TR= 1.5, 2.5, 3) and Reynolds 

number (2400-5600). The enhancement in heat transfer, friction factor of 

nanofluid compared to pure water is reported. In addition, the thermal 

performance factor of various nanofluids is discussed. Based on the 

analysis, Nusselt number and friction factor of nanofluids is found to be 

higher in laminar flow regime compared to transition regime for given 

twist ratio and working fluid. 

In the last problem, the effect of nanoparticle concentration on the 

thermal performance is studied for the transition flow regime. Four 

different concentrations are used in the investigation. The enhancement in 

the heat transfer and friction factor of nanofluids for various nanoparticle 

concentrations is studied through experimental investigation. The  Nusselt  

number  increases  with  increase  in  Peclet  number and  nanoparticle  

concentration.  The  thickness  of  boundary  layer gets  thinner  at  higher  

Reynolds  number  and  adding  nanoparticles  to  base  fluid  enhances  

the  thermal  conductivity. The  friction  factor  increases  with  the  

increase  in  particle volume  concentration  for  various  nanofluids  

(CNT/water  and Al2O3/water).  This  may  be  due  to  the  fact  that  

viscosity  of nanofluids  increases  with  nanoparticle  concentration.  

While  the friction  factor  is  found  to  decrease  with  the  increase  in  

Peclet numbers.   

  The Nusselt number for the tube fitted with helical inserts is 

found to be higher compared to the plain tube for a given Peclet number. 

The tube fitted with helical tapes decreases the hydraulic diameter leading 

to the increase in the fluid flow and swirl generation. The enhancement in 

Nusselt number decreases with the increase in Peclet number and 
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increases with the decrease in the twist ratio (TR). The experimental 

results reveal that CNT/water nanofluid gives enormous enhancement in 

heat transfer compared to Al2O3/water nanofluid. The value of friction 

factor increases with the decrease in twist ratio. The increase in the 

friction factor by the addition of Al2O3 and CNT nanoparticle in base fluid 

is minimal because of the low volume concentration of nanoparticles. The 

experimental results show that helical screw tape inserts give better 

thermal performance for CNT/water nanofluid compared to Al2O3/water 

nanofluid.  For a given operating condition, the thermal performance 

factor for CNT/water nanofluid is higher compared to Al2O3/water for all 

twist ratios.  

This experimental study shows the enhancement is heat transfer 

of various nanofluids through uniformly heated tube with helical screw 

tape inserts. Seeing the better heat transfer capability of nanofluids, the 

analysis is extended to analyze the thermal performance in an automobile 

radiator and is discussed in the next chapter. 
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Chapter 4 

Thermal Performance of Nanofluids through 

an Automobile Radiator 

4.1 Introduction 

A steady-state heat exchanger consists of a fluid flowing through a 

pipe or system of pipes, where heat is transferred from one fluid to 

another. Hot (cold) fluid flows through a system of pipes and cold (hot) 

fluid flows over the pipes resulting in the exchange of heat from the hot 

(cold) fluid to the cool (hot) fluid. The automobile engine utilizes a heat 

exchanger device, termed as a radiator, in order to remove the heat from 

the cooling jacket of the engine. In case of radiators, the addition of fins is 

one of the approaches to increase the cooling rate. It provides greater heat 

transfer area and enhances the air convective heat transfer coefficient. 

However, this traditional approach of increasing the cooling rate by using 

fins and microchannel has already reached their limit. In addition, heat 

transfer fluids at fluid side such as: water and ethylene glycol exhibit very 

low thermal conductivity. In view of this, the new technique is needed to 

improve the existing cooling performance of heavy vehicle engines. It 

may be noted that use of nanofluid in an automobile radiator can enhance 

the heat removal rate leading to the reduction in size of the cooling 

system. In addition, the smaller size could reduce the drag and leading to 

lesser fuel consumption.  

In the present chapter, the thermal performance is evaluated by 

using nanofluids through an automobile radiator with the varied range of 

particle volume concentration (φ= 0.15 %, 0.30%, 0.60% and 1%). Two 

different cases are considered for the analysis.  Initially, tests are 

conducted to study the thermal performance of CNT/water nanofluid. 

Later on, the analysis is extended to evaluate the thermal performance of 

Al2O3/water nanofluids through a radiator. Subsequently, the thermal 
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performance of CNT/water nanofluid and Al2O3/water nanofluids is 

compared for same operating conditions. The effect of various parameters 

such: flow rate, pH, particle volume fraction and the synthesis method of 

nanofluid on the thermal performance of the radiator are discussed. 

4.2 Test Facility, Experimental Procedure and Data 

Reduction 

4.2.1 Test facility and experimental procedure 

Fig. 4.1 depicts the schematic view of the test facility in order to 

study the heat transfer performance on the thermal performance of the 

CNT/water nanofluid in an automobile radiator. The test facility includes a 

test section, AC-power supply, coolant supply system, cooling section and 

instrumentation scheme for measuring the temperature. An automobile 

radiator which is a cross flow heat exchanger is used as the test section for 

the present investigation. The radiator consists of 30 serpentine finned 

tubes with stadium shape made of Aluminum. Each tube is of 310 mm 

length, 20 mm width and 3mm height (Fig. 4.2 a-b). The total effective 

heat transfer area of the tube and fins are 0.445 m
2
. A closed storage tank 

of 15 liters capacity is used to store the coolant.  The coolant is supplied to 

the test section by using a centrifugal pump and the outlet supply from the 

test section is sent back to the storage tank for recirculation in the test 

section. A bypass valve arrangement is used to control the coolant flow 

rate into the test section. Flow rate was measured by using a calibrated 

rotameter with the precision of 0.1 lit/min. An electrical power supply 

(220V, 15A, AC) is provided to the heating elements (2kW, 4 Nos.) in 

order to heat the coolant in the storage tank. The inlet temperature is 

maintained at a constant temperature of 90
0
C in all the test runs. A 

temperature controller is used to maintain the constant temperature of the 

coolant. Eight calibrated RTD PT100 type temperature sensors with an 

accuracy of ± 0.1 
0
C are mounted on the test section to measure outside 

wall temperature. Three calibrated RTD PT100 type temperature sensors  
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(a) 

 

(b) 

Figure 4.1: (a) Photographic view of radiator test facility and (b) 

Schematic of test facility 
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Figure 4.2: (a) The photographic view of fin and flat tube of the 

automobile radiator and (b) Schematic of stadium shape of the radiator flat 

tube 

are located at inlet and outlet of the test section to measure the temperature 

of the working fluid, while the other one is used to measure the inlet air 

temperature. In addition, one RTD PT100 type temperature sensor was 

used to measure the temperature of the coolant in the storage tank. 

Subsequently the required temperature in the feeding tank is maintained 

by controlling the power supply to the heating element. A data acquisition 

system (DAS) (Model: 34972A, Make: Agilent Technologies) was used to 

measure the temperatures. In addition to this a fan that provides constant 

air supply is used to cool the coolant through the radiator. The temperature 

and velocity of the air kept constant for all test runs. 

A thermal property analyzer (Model: KD2 Pro., Model: Decagon 

Devices, USA) with an accuracy of ±5.0% and cone and plate viscometer 

(Model: Brookfield DV-II+ Pro, Make: Brookfield Engineering 

Laboratories, USA) with an accuracy of ±1.0% were used to measure the 

thermal conductivity and viscosity of the nanocoolant at various volume 
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fractions and sample temperatures. Tests were performed at ambient 

temperature 35 ± 1
0
C with a relative humidity of 65 ± 5%. The errors 

associated in various parameters were evaluated by following the 

procedure reported by Coleman and Steele method [126] and 

ANSI/ASME standard [127]. The uncertainties associated in various 

parameters namely, flow rate, wall and fluid temperatures, voltage and 

current were evaluated to calculate the total uncertainty in Nusselt number 

on the basis of 95% confidence level. A maximum uncertainty in 

Reynolds number and Nusselt number were found to be ±5% and ±6%, 

respectively.   

4.2.2 Data reduction 

The heat transfer coefficient and corresponding Nusselt number 

was obtained by following procedure detailed as below:  

According to Newton’s cooling law, one can write: 

    ( - )b wQ hA T hA T T  
 

(4.1) 

Where, A is the surface area of the tube and Tb is the bulk temperature of 

the fluid and Tw is the average wall temperature. The bulk temperature is 

assumed to be the average values of inlet and outlet temperature of the 

fluid moving through the radiator.  

2

in out
b

T T
T




 

(4.2) 

Where, Tin and Tout are inlet and outlet temperatures, respectively. While, 

average wall temperature is derived as below: 

1 2 8.....

8
w

T T T
T
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

 

(4.3) 

Here, T1 to T8 denote the temperature of tube wall at various longitudinal 

and transverse locations of the radiator.  

The heat transfer rate can be calculated as, 
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    ( - )P P in outQ mC T mC T T     (4.4) 

Where, m  is mass flow rate and Cp specific heat capacity of the fluid. 

Utilizing Eqs. (4.1) and (4.4) one can obtain: 

exp

hyhD
Nu

k
  

(4.5) 

Where, Nuexp, k and Dhy  denote the average Nusselt number, the thermal 

conductivity of fluid and hydraulic diameter of the tube, respectively. The 

physical properties are measured at the bulk temperature of the fluid. 

4.3 Results and Discussion 

Tests are performed to evaluate the thermal performance of two 

different nanofluids (Al2O3/water and CNT/water) through an automobile 

radiator with varied range of particle volume concentration (φ= 0.15 %, 

0.30%, 0.60% and 1%). Initially, tests are conducted to study the thermal 

performance of CNT/water nanofluid. Later on, the analysis is extended to 

evaluate the thermal performance of Al2O3/water nanofluid through the 

radiator. Subsequently, the thermal performance of CNT/water nanofluid 

and Al2O3/water nanofluids is compared for same operating conditions. 

The effect of various parameters such: flow rate, pH, particle volume 

fraction and the synthesis method of nanofluid on the thermal performance 

of the radiator are discussed. 

4.3.1 Thermal performance of CNT/water nanofluid through 

radiator 

In this study, tests are performed by using water and CNT/water 

nanofluid with the varied range of concentration (0.15%, 0.45%, 0.60%, 

and 1% by volume). Tests were conducted at ambient temperature 35 ± 

1
0
C with a relative humidity of 65 ± 5%. For all the test runs, the inlet 

temperature of the coolant is maintained at 90
0
C. The flow rate of coolant 

is varied between 2-5 lit/min. The observation obtained from the present 

investigation is summarized below. 
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Heat transfer with water  

Initially, the tests are conducted with water in order to validate the 

test facility. The Nusselt number of single phase fluid reported by Dittus 

Boelter [131] and is expressed below: 

0.8 0.3  0.0236 Re Pr   Nu   (4.6) 

Where,   0.6 Pr 160,  Re 10000    

 

Figure 4.3: Variation of Nusselt number for pure water with existing 

correlations 

The results obtained from the present experimental study are 

compared with the empirical correlation suggested by Dittus Boelter 

[131]. The variation of the Nusselt number with Reynolds number is 

shown in Fig. 4.3. The test data exhibited good agreement with Dittus 

Boelter equation [131]. The results show that the Nusselt number 

increases with the increase in the Reynolds number. The experimental 

results show the average deviation of 6% from theoretical results. 
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Effect of pH variation 

Figure 4.4 depicts the variation of Nusselt number for water and 

CNT/water nanocoolant prepared by functionalization method with 

various pH value. For functionalized CNT/water nanocoolant (FCNT), the 

value of pH is varied in the range of 5.5 to 9.0.  The nanocoolant is found 

to exhibit enormous heat transfer performance compared to water. This 

may be due to the fact that the effective thermal conductivity of the CNT 

suspension increases leading to an increase in heat transfer. In addition, 

the turbulence effect, due to random motion (Brownian motion) of CNT in 

the base liquid becomes significant with the increase in the coolant flow 

rate.  

The maximum enhancement in thermal performance was observed 

at 5 lit/min coolant flow rate. The enhancement in heat transfer of 

functionalized CNT/water nanocoolant compared to pure water was found 

to be 90.76%, 65.79% and 80.31% for 5.5, 6.5 and 9.0 pH values, 

respectively. The thermal performance of nanocoolant for 5.5 pH was 

found to be higher compared to 6.5 and 9.0 pH nanocoolants. The reason 

may be due to the fact that the pH of an isoelectric point for CNT is 7.4 

[132]. An isoelectric point (IEP) is the concentration of potential 

controlling ions at which the zeta potential is zero. Thus, at the IEP, the 

surface charge density equals the charge density, which is the starting 

point of the diffuse layer. Therefore, the charge density in this layer is 

zero. As the pH of the solution departs from the IEP of nanoparticles, the 

colloidal particles get more stable and ultimately modify the thermal 

conductivity of the fluid. The surface charge state is a basic feature which 

is mainly responsible for increasing thermal conductivity of the 

nanofluids. As the nanofluids become more acidic (lower pH value), more 

charges are accumulated on the particle surface, leading to lower 

agglomeration of nanoparticles in the suspension. Consequently the 

effective thermal conductivity of the nanofluid increases. In addition, with 

the increase in pH of the nanofluid, the surface charge of the CNT 
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increases leading to the increase in thermal conductivity and stability of 

nanofluid [132]. It may be observed (Fig.5) that the performance in heat 

transfer increases with the increase in the coolant flow rate. This shows 

that the enhancement in Nusselt number is lower for 2 lit/min compared to 

5 lit/min (Fig. 4.4).   

 

Figure 4.4: Effect of pH variation on nanocoolant heat transfer 

performance 

Effect of synthesis method 

The thermal performance of both the fluids, namely, functionalized 

CNT/water (FCNT) nanocoolant and surfactant treated CNT/water 

(SCNT) nanocoolant is depicted in Fig. 4.5. For the given coolant 

temperature of 90 
0
C, the functionalized CNT/water (FCNT) nanocoolant 

exhibits better thermal performance compared to the surfactant treated 

CNT/water (SCNT) nanocoolant for all coolant flow rate. The SCNT 

nanocoolant was synthesized by using sodium dodecyl sulfate (SDS) as 

the surfactant for proper dispersion of CNT in water base fluid. It is 

argued that the bonding strength between the surfactant and nanoparticle 
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becomes weak at the higher temperature for the SCNT nanofluids [118, 

133]. In such a case, the nanofluid will lose its stability and sedimentation 

of nanoparticles could occur. This may be the possible reason for the 

deterioration in heat transfer performance of SCNT nanocoolant at the 

higher temperature. This is observed in the present investigation and 

depicted in Fig. 4.5. 

 

Figure 4.5: Effect of synthesis method on nanocoolant heat transfer 

performance 

 

Effect of nanoparticle concentration 

Figure 4.6 depicts that the variation of Nusselt number with the 

nanoparticle concentration and flow rate of the coolant. It is observed that 

the Nusselt number increases with the increase in the nanoparticle 

concentration and coolant flow rate. The increase in the nanoparticle 

concentration results in an increase in the effective thermal conductivity. 

In addition, the heat transfer enhancement is associated with the collision 

among nanoparticles and between the nanoparticles and the tube wall of 

the automobile radiator. This leads to an increase in the Brownian motion 
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and the energy exchange rate of nanoparticles. The effective thermal 

conductivity, the Brownian motion of nanoparticles, particle migration 

increases with the increase in the nanoparticle concentration resulting in 

an increase in heat transfer.  

 

Figure 4.6: Nusselt number variation for different nanoparticle 

concentration  

In this study, an effort has been made to evaluate the 

enhancement in heat transfer rate. This can be calculated as: 

      
 (4.7)

Nu Nu
nf bf

Percentage Enhancement
Nu

bf




 

The enhancement in Nusselt number for CNT/water nanofluid 

compared with water for various nanoparticle concentration (φ= 0.15%, 

0.45%, 0.60% and 1%) is shown in Fig. 4.6. The enhancement in heat 

transfer for FCNT/water nanofluid at 0.15% nanoparticle volume 
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concentration is found to be 15.30%, 22.09%, 32.18% and 39.95 for     

2 lit/min, 3 lit/min, 4 lit/min and 5 lit/min, respectively. While, the 

enhancement in heat transfer of FCNT/water nanofluid at 1% 

nanoparticle volume concentration is found to be 45.87%, 66.64%, 

76.55% and 90.76%  for  2 lit/min, 3 lit/min, 4 lit/min and 5 lit/min, 

respectively. The Maximum enhancement in Nusselt number was found 

to be 90.76% by using FCNT/water nanofluid of 1% volume 

concentration with 5 lit/min coolant flow rate compared with the pure 

water results. It may be noted that the addition of nanoparticles to the 

water could effectively remove the heat in an automobile radiator. This 

improvement in heat transfer could reduce the size of radiators in an 

automobile engine leading to an improved fuel economy.   

4.3.2 Comparative thermal performance of CNT/water and 

Al2O3/water nanofluids        

      In the previous section 4.3.1, the heat transfer of nanofluids through 

radiator is analyzed using CNT/water nanofluid. Here, the effort has been 

made to evaluate the heat transfer characteristics of Al2O3/water. Also, the 

comparative heat transfer characteristics of water, CNT/water and 

Al2O3/water are reported for varied range of concentration (0.15%, 0.45%, 

0.60%, and 1% by volume). These tests were performed at ambient 

temperature 35 ± 1
0
C with a relative humidity of 65 ± 5%. The inlet 

temperature of the coolant is maintained at 90
0
C for all the test runs and 

the flow rate is varied between 2-5 lit/min. The observation obtained from 

the present investigation is summarized below.  

Heat transfer study 

Figure 4.7 shows the variation in Nusselt number with different 

coolant flow rate of various nanofluids (CNT/water and Al2O3/water) at 

0.15% volume concentration. While, the variation in Nusselt number with 

different coolant flow of various nanofluids (CNT/water and Al2O3/water) 

at 1% volume concentration is shown in Fig. 4.8. It is observed that the  
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Figure 4.7: Comparison of Nusselt number variation for nanocoolant at 

0.15 vol. % 

 

Figure 4.8: Comparison of Nusselt number variation for nanocoolant at  

1 vol. % 
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Nusselt number increases with the increase in the coolant flow rate, 

thereby increases the heat transfer. This may be due to the fact that the 

enhanced thermal conductivity of nanofluids increases the heat transfer 

performance. CNT/water nanofluid was found to exhibit enormous heat 

transfer performance compared to Al2O3/water nanofluid for any value of 

coolant flow rate and nanoparticle concentration. Compared to water, 

CNT/water nanofluid (1% by volume) exhibited 45.87%, 66.64%, 76.55% 

and 90.76% increase in the Nusselt number at flow rates 2lit/min, 3lit/min, 

4lit/min and 5lit/min, respectively. On the contrary, Al2O3/water nanofluid 

(1% by volume) exhibited 24.66%, 39.17%, 44.18% and 52.03% increase 

in the Nusselt number at coolant flow rates 2lit/min, 3lit/min, 4lit/min and 

5lit/min, respectively compared to the results with water as a coolant. The 

increase in the Nusselt number of CNT/water nanofluid (0.15% by 

volume) compared to water was found to be 15.30%, 22.09%, 32.18% and 

39.95% for the flow rates of 2 lit/min, 3 lit/min, 4 lit/min and 5 lit/min, 

respectively. While, Al2O3/water nanofluid (0.15% by volume) exhibited 

10.21%, 13.63%, 20.83% and 23.07% enhancement in Nusselt number at 

coolant flow rate 2 lit/min, 3lit/min, 4lit/min and 5lit/min, respectively 

compared to the pure water. Compared to water, the maximum 

enhancement in Nusselt number for CNT/water and Al2O3/water nanofluid 

are found to be 90.76% and 52.03%, respectively. The experimental result 

shows that CNT/water nanofluid gives enormous enhancement in heat 

transfer compared to the Al2O3/water nanofluid. CNT nanoparticles of    

20-30 nm diameter, 3-8 µm length and Al2O3 nanoparticles with <100 nm 

diameter are used in the present experimental investigation. Carbon 

nanotubes (CNTs) have higher thermal conductivity, higher aspect ratio, 

lower specific gravity, large specific surface area (SSA) and lower thermal 

resistance compared to Al2O3/water nanofluid. The higher thermal 

conductivity and larger specific surface area (SSA) of CNT nanoparticles 

compared to Al2O3 nanoparticles play an important role for the better heat 
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transfer enhancement of CNT/water nanofluid [4]. Therefore, greater 

enhancement is shown by CNT/water compared to Al2O3/water nanofluid.  

Figure 4.9: Variation of thermal performance for different nanoparticle 

concentration. 

Effect of nanoparticle concentration 

Following the previous analysis (Eq. 4.7), here efforts have been 

made to evaluate the enhancement in heat transfer rate. Figure 4.9 depicts 

the percentage of enhancement in Nusselt number for two different 

nanofluids namely, CNT/water and Al2O3/water for different nanoparticle 

concentration (φ = 0.15%, 0.45%, 0.60% and 1%) compared with water. 

It can be seen from Fig. 4.9 that with the increase in nanoparticle 

concentration, the percentage enhancement in heat transfer increases for 

both CNT/water and Al2O3/water nanofluid. The nanoparticle 

concentration results in an increase in the effective thermal conductivity. 

Besides, the heat transfer enhancement is associated with the collision 

among nanoparticles and between the nanoparticles and the tube wall of 

the automobile radiator. This leads to an increase in the Brownian motion 
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and the energy exchange rate of nanoparticles. The effective thermal 

conductivity, the Brownian motion of nanoparticles, particle migration 

increases with the increase in the nanoparticle concentration resulting in 

an increase in heat transfer. The heat transfer enhancement of Al2O3/water 

nanofluid at nanoparticle concentration 0.15%, 0.45%, 0.60% and 1% are 

found to be 23.07%, 33.12%, 40.38% and 52.03%, respectively compared 

with water. While, the enhancement in heat transfer for CNT/water 

nanofluid is found to be 39.95%, 57.32%, 69.42% and 90.76% for the 

nanoparticle concentration of 0.15%, 0.45%, 0.60% and 1%, respectively 

compared with water. The increase in heat transfer leads to higher thermal 

performance because of higher heat transfer coefficients obtained by 

utilizing nanofluid in automobile radiator compared to water as a coolant. 

The increase in heat transfer rate causes an improvement in cooling 

performance of the automotive engine.  

4.4 Concluding Remarks 

This chapter reports the thermal performance of nanofluids through 

an automobile radiator with the varied range of particle volume 

concentration (φ = 0.15%, 0.30%, 0.60% and 1%). Initially, tests are 

conducted to study the thermal performance of CNT/water nanofluid. 

Subsequently, the analysis is extended to compare the thermal 

performance of CNT/water nanofluid and Al2O3/water nanofluids for same 

operating conditions. The effect of various parameters such: flow rate, pH, 

particle volume fraction and the synthesis method of nanofluid on the 

thermal performance of the radiator are discussed  

In the first study, the thermal performance is evaluated by using 

CNT/water nanofluids in the varied range of particle volume concentration 

0.15- 1 vol.% and coolant flow rate of 2 lit/min to 5 lit/min. The CNT 

nanocoolants are synthesized by functionalization (FCNT) and surface 

treatment (SCNT) method. The effects of various parameters, namely 

synthesis method, variation in pH values and nanoparticle concentration 

on the Nusselt number are examined through the experimental 
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investigation. The test data are used to evaluate the Nusselt number of 

CNT/water nanofluids for the varied range of coolant flow rate. The 

thermal performance nanofluids are compared with water in terms of 

percentage enhancement in heat transfer for similar conditions. Results 

demonstrate that CNT/water nanocoolant exhibit enormous change 

Nusselt number compared with water. The results of functionalized CNT 

nanocoolant with 5.5 pH exhibits better performance compared to the 

nanocoolant with the pH value of 6.8 and 9. The surface treated CNT 

nanocoolant exhibits the deterioration in heat transfer performance. In 

addition, Nusselt number found to increase with the increase in the 

nanoparticle concentration and nanofluid velocity. 

Next, an effort has been made to evaluate the thermal performance 

of automobile radiator by using Al2O3/water nanofluid. The forced 

convective heat transfer performance of two different nanofluids, namely, 

Al2O3/water and CNT/water has been studied experimentally. Four 

different concentrations of nanofluid in the range of 0.15- 1 vol. % were 

prepared by the additions nanoparticles (Al2O3 and CNT) into the water as 

base fluid. The coolant flow rate is varied in the range of 2 lit/min to 5 

lit/min. Both nanocoolants exhibit an enormous change in the heat transfer 

compared with the pure water. The heat transfer performance of 

CNT/water nanofluid was found to be better compared to Al2O3/water 

nanocoolant. Furthermore, the Nusselt number is found to increase with 

the increase in the nanoparticle concentration and nanofluid velocity. 

Present study exhibits the heat transfer performance of various 

nanofluids (Al2O3/water and CNT/water) through an automobile radiator. 

Further, efforts have been made to evaluate the heat transfer performance 

of nanofluid charged heat pipe in various thermal devices including solar 

water heating and electronics cooling. These are discussed in next chapter.  
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Chapter 5 

Thermal Performance of Nanofluid Charged 

Heat Pipes in Solar Flat Collector and 

Electronics Cooling 

5.1 Introduction 

Heat pipes are high-efficient heat transfer devices and have been 

widely used in various thermal systems. Heat pipes usually utilize the 

phase change of the working fluid to transport the heat. Therefore, the 

selection of working fluid is of great importance to promote the thermal 

performance of heat pipes. The significant enhancement in heat transfer is 

observed using nanofluids in heat pipes as the working fluids. Heat pipes 

transfer heat by evaporating the working fluid in a heating zone through 

the capillary structure which lies in the inner wall of the heat pipe. Heat 

pipes also work under gravity with the condenser above the evaporator 

does not require external power or capillary action to return the working 

fluid from the condenser to the evaporator. The later one is termed as 

thermosyphon or wickless gravity assisted heat pipe. Heat pipes can be 

integrated with the flat plate of solar heating system to improve its thermal 

performance. It is observed that with the increasing demand for higher 

power and smaller size of electronics components, an efficient cooling 

system is needed to remove heat. The existing cooling system that utilizes 

air as a coolant may not be adequate to remove the excess heat of 

electronics components. In such a case, one can select a suitable working 

fluid in the heat pipe that can transfer maximum heat energy. 

In view of this, an attempt has been made to study the thermal 

performance of the heat pipe using CNT with water as the working fluid 

for solar heating applications. Various concentrations of nanoparticles are 

used to find the optimal concentration for the maximum performance. The 

effect of the tilt angle, filling ratio and coolant flow rate on the solar 



116 

 

collector has been discussed in the study. The thermal performance of the 

thermosyphon with nanofluid is compared with operation with water. 

Later on, the experiments are conducted to study the nanofluid charged 

heat pipe module with PCM for electronics cooling. The study compares 

the thermal performance of heat pipe module with CNT/water nanofluid 

and water as the working fluid. The effectiveness of PCM as ESM was 

tested by using different fan speed and heating powers. The results 

obtained by the cooling module with heat pipe and paraffin wax as ESM 

was compared with the cooling module that utilities only a heat pipe and 

water as the ESM. 

5.2 Thermal Performance of Two-Phase Thermosyphon 

Flat Plate Collector by using Nanofluids  

An experimental study is carried out to investigate the thermal 

performance of solar heat pipe collector at outdoor test condition. The 

thermal performance of wickless heat pipe solar collector was investigated 

by using CNT/water nanofluid. The optimal value of CNT nanofluid 

concentration for better performance is obtained from the investigation. 

The thermal performance of the heat pipe solar collector with CNT 

nanofluid is compared to that of pure water. 

5.2.1 Test facility, experimental procedure and data reduction  

Test facility 

The schematic of the solar collector test facility is shown in Fig. 

5.1 (a). The schematic of the solar collector with the wickless heat pipes is 

depicted in Fig. 5.1 (b). An attempt has been made to evaluate the 

performance of two phase thermosyphon for various volume concentration 

of CNT (0.15%, 0.45%, 0.60% and 1%). In view of this, five same size 

identical collectors have been fabricated for the investigation. Each 

collector consists of three absorber plate and each absorber plate contains 
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one heat pipe filled with the working fluid. Table 5.1 summarizes the 

design parameters of various components of the heat pipe solar collector. 

Table 5.1: Specifications of the different components of the collector 

 

 The wickless heat pipes were made of copper tubes with an outer 

diameter of 12 mm and a length of 625 mm. The thickness, width and 

length of each copper absorber plate are 1 mm, 100mm, and 510 mm, 

respectively. The absorber plates were painted dull black to enhance the 

ability to absorb solar radiation. Each individual wickless heat pipe was 

brazed to the absorber plate at 120 mm pitch. The heat energy was 

absorbed by the heat pipes and was transferred to the coolant at the heat 

exchanger. The heat exchanger consists of three interconnected steel 

collars with an OD of 40 mm, ID 36 mm and 90 mm long attached around 

the condensing section of the heat pipes. Three absorber plate associated 

Gross dimensions 

Length 0.63 m    

Width 0.36 m     

Depth 0.1 m 

Transparent cover 

Material: white glass       

Absorber plate 

Material: copper  

Length 0.51m    

Pitch distance 0.1m 

Thickness 0.001m     

Coating: black 

Insulation 

Material: glass wool    

Thickness 0.05 m    

Position: Back and sides 

Box material 

Frame: aluminum    

Base: galvanized iron 

Wickless heat pipes 

Material: copper             

Outer diameter 0.012 m   

Inner diameter 0.010 m    

Evaporator length 0.51 m 

Condenser length 0.085 m    

Adiabatic length 0.030m   

Total length 0.625 m 

Number of Heat pipes in each 

collector   3  

Working fluid:  

Collector No.1:- D.I. water           

Collector No.2:- CNT Nanofluid 

(φ=0.15%) 

Collector No.3:- CNT Nanofluid 

(φ=0.45%) 

Collector No.4:- CNT Nanofluid 

(φ=0.60%) 

 Collector No.5:- CNT Nanofluid 

(φ=1%) 
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with the heat pipe and the heat exchanger were housed in a collector case 

of 630 mm length and 360 mm breadth and 100 mm thickness. The 

collector consists of galvanized steel sheet case and 50 mm thick 

insulation glass wool behind the absorber plate. This was used to avoid 

any loss of energy to the surrounding. Ordinary white glass was chosen as 

the upper glazing for the collector.  The glass was secured at the top of the 

frame by using rubber gasket. This arrangement prevents the collector 

from the dust particle.  

 

(a) 

 

(b) 

Figure 5.1: (a) Schematic diagram of solar collector test facility and 

(b) Thermosyphon solar collector 
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Experimental procedure  

The measuring system used in the present study includes T-type 

thermocouples, pyranometer, ambient air sensor and flow meter.  The 

mass flow rate of cooling water in the main line was measured by using a 

rotameter with an accuracy ±0.1 l/min. While, the quantity of cooling 

water was passing through the heat exchanger of each collector adjusted 

by using flow control valve and measured by using a stopwatch of    

±0.01 second accuracy and a graduated glass bottle of tolerance ±1 cm
3
.  

The temperature of the inlet and outlet cooling water, plate and ambient 

air were measured by using copper-constantan (type-T) thermocouples 

with an accuracy of ±0.1
0
C. Temperatures were recorded using a 

computer based data logger. A pyranometer (Model-DWR 8101, Make-

DynaLab) was used to measure the instantaneous value of global solar 

radiation intensity. 

The two-phase thermosyphon solar collectors were installed on a 

tiltable stand and tested under outdoor field conditions of Karad, India 

(latitude 17.28
0
 N; longitude 74.20

0
E). The collector was set at a tilt from 

horizontal with 32.28
0
 (Karad latitude + 15

0
)   facing south [134].  Day 

long experiments were carried out from 8:00 a.m. to 4:00 p.m. and values 

were recorded at half hour intervals. During each test run the solar 

radiation intensity (It), ambient air temperature (Ta), inlet cooling water 

temperature (Ti) and outlet cooling water temperature (To) of each 

collector were recorded for fixed mass flow rate. 

The experiments were carried in following groups: 

1. Firstly, the tests were carried out on five collectors with water and 

nanofluids (0.15%, 0.45%, 0.60% and 1% by volume concentration) 

as the working fluid for the wickless heat pipe.  All five collectors 

were kept in the same climatic conditions throughout the day. The 

inlet temperature of the coolant and the ASHRAE standard mass 

flow rate (0.02Acoll, kg/s) was same for each collector in their test 

runs [134]. These tests were carried out to study the effect of CNT 
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nanofluid and its different concentration on the instantaneous 

performance of the wickless heat pipe solar collectors. 

2. The experiments were carried out on two collectors with water and 

nanofluid (0.15% volume) as the working fluid to study the effect of 

collector tilt angle on the thermal performance.  

3. Also, experiments were performed on three collectors with various 

filling ratio (50%, 60%, 70%) of CNT/water nanofluid as working 

fluid for wickless heat pipe.  All three collectors were kept in same 

climatic conditions throughout the day. During test runs, the inlet 

temperature of the coolant and the ASHRAE standard mass flow rate 

(0.02Acoll, kg/s) is kept same for each collector [134]. These tests 

were carried out to study the effect of working fluid (CNT/water 

nanofluid) filling ratio on the instantaneous performance of the 

wickless heat pipe solar collectors. 

4. In addition, tests were performed for three different mass flow rates 

and various inlet cooling water temperatures, to study the effect of 

the coolant mass flow rate on the thermal performance of collector.  

Data reduction  

        The instantaneous thermal efficiency of a solar collector is defined 

as the ratio of the amount of energy removed by the coolant to the total 

solar radiation incident on the collector during the specified time period 

under the steady-state condition. The rate of thermal energy input (Qin), 

the rate of thermal energy gain (Qg) and the instantaneous efficiency (ηcoll) 

of each collector were evaluated as below: 

Q I Atin coll


 
(5.1) 

.
( )

0
Q m C T Tg w i 

 

(5.2) 
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Here, the energy gain (Qg) and the efficiency (ηcoll) were evaluated 

by using the basic quantities such as: mass flow rate of coolant, 

temperature of inlet and outlet coolant and solar radiation intensity. 

Considering the errors involved in the basic quantities, the maximum 

uncertainty of the energy gain (Qg) and the instantaneous efficiency (ηcoll) 

of the collector were found to be less than 2% and 3%, respectively. 

5.2.2 Results and discussion 

Experiments were carried out with water and CNT nanofluid with 

the varied range of concentration (0.15%, 0.45%, 0.60% and 1% by 

volume) and tilt angles. The test data have been collected from several test 

runs under quasi-steady state condition. In the present investigation, the 

ambient temperature, fluid temperature and wall temperature were found 

to vary within the range of 18
0
C-39

0
C, 35

0
C-54.5

0
C and 52.5

0
C -83

0
C, 

respectively. The maximum variation in ambient, inlet and outlet 

temperature in each test period are found to be 0.5
0
C, 0.2

0
C and 0.4

0
C, 

respectively. The above data satisfies the necessities presented in 

AHSRAE standard 93-86. The observations from the experimental 

investigation are summarized below. 

Effect of nanoparticle 

Five collectors with water and CNT nanofluids with different 

concentration (0.15%, 0.45%, 0.60% and 1% by volume) as the working 

fluid for heat pipes were tested under similar climatic conditions. Figure 

5.2 (a) depicts the daily variation of various parameters, namely, solar 

energy input, ambient air temperature, inlet cooling water temperature, 

outlet cooling water temperature of the wickless heat pipe flat plate solar 

collectors. It is observed that the solar intensity increases with time and 
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attains a maximum value during 12-13 hour. The maximum ambient 

temperature and solar radiation throughout the day were found to be 39
0
C 

and 1080 W/m
2
, respectively.  The maximum water temperature rises up 

to 52
0
C, 53.5

0
C, 54.5

0
C and 53

0
C for 0.15%, 0.45%, 0.60% and 1% 

volume concentration, respectively. The inlet temperature of the coolant is 

found to increase with time and the ambient air temperature increases with 

time and attains the maximum value at 13 hour and gradually decreases 

during 14-16 hour.   

Figure 5.2 (b) depicts the variation of instantaneous efficiencies of 

solar heat pipe collector throughout the day for the various concentration 

of CNT nanofluid. It is observed that the instantaneous efficiency follows 

the same trend as that of solar intensity. The efficiency of the solar heat 

pipe collector that utilize the CNT/water nanofluid as the working fluid is 

found to be higher compared to the heat pipe that uses water as the 

working fluid. This may be due to various reasons. Firstly, the thermal 

conductivity of the CNT/water nanofluid increases due to the addition of 

CNT nanoparticles resulting in an increase in heat transfer. Secondly, the 

cylindrical porous tube structure of the CNT increases the surface 

roughness and enhances the heat transfer. In addition, the turbulence effect 

is initiated due to the random motion (Brownian motion) of the CNT in 

the base liquid. The turbulence effect enhances the heat transfer rate.  The 

efficiency of solar heat pipe collector is found to increase with the increase 

in the concentration level of CNT nanoparticles in water (0.15%, 0.45% 

and 0.60%). However, when the concentration level of CNT nanoparticles 

in water were increased from 0.60% to 1%, the thermal performance 

decreases. The maximum instantaneous efficiency was found to be 73% 

for 0.60% volume concentration of nanofluid at 12.00 noon. Similar 

results were obtained by the previous researcher as well [66]. It has been 

reported that with the increase in the nanoparticle concentration,             

the thermal the thermal resistance of the heat pipe decreases leading to  
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(a) 

 
(b) 

Figure 5.2: (a) Daily variation of ambient temperature (Ta), inlet 

temperature (Ti),  solar radiations (It)  and effect of nanoparticle 

concentration on outlet temperature (To) and (b) Effect of concentration of 

nanoparticle on collector efficiencies 
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increase in the heat transfer rate [67-70]. The thermal resistance of the 

heat pipe is caused because of the formation of vapour bubble at the solid 

liquid interface. However, the suspended nanoparticles tend to break the 

vapour bubble leading to the decrease in the thermal resistance of the heat 

pipe. Moreover, with the increase in concentration various parameters, 

namely, thermal conductivity and heat capacity of the fluid are increased 

leading to an increase in heat transfer.  It is observed that the average 

collector efficiencies for nanofluid collectors with CNT volume 

concentration 0.15%, 0.45%, 0.60%, 1% are 42.36%, 49.77%, 57.31% and 

50.26%, respectively. On the contrary, with the use of pure water the 

collector efficiency was obtained as 29.86%.  

Effect of tilt angle 

It is observed that the thermal performance of the heat pipe mainly 

depends on its tilt angle [67, 135-137]. Tests have been carried out for 

various tilt angles in two different solar heat pipe collectors under the 

same climatic conditions. One utilizes nanofluid (0.15% by volume) and 

the other uses pure water as the working fluid. The variation of collector 

instantaneous efficiency and the energy gain for various tilt angles is 

depicted in Fig. 5.3. Experiments were conducted for the fixed value of 

input radiation (660 kW/m
2
) and ASHRAE standard flow rate (0.02Acoll, 

kg/s) for each tilt angle. These values are considered in the present 

analysis following the ASHRAE standard 93-86. The efficiencies of both 

the collectors that use nanofluid and pure water as the working fluid are 

found to be lower at smaller tilt angles and it increases with an increase in 

the tilt angle. However, when the heat pipe tilt angle exceeds a value of 

50
0
 for both pure water and nanofluid, the efficiency tends to decrease. 

The variation of energy gain is found to follow the same trend of the 

instantaneous efficiency for both pure water and nanofluid. The heat gain 

by heat pipes using water as the working fluid at 20
0
, 32

0
, 40

0
, 50

0
 and 60

0 

tilt angles are found to be 30.25 W, 38.72 W, 48.40 W, 70.18 W and  

57.82 W, respectively. While, by utilizing nanofluid as working fluid, the 
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heat gain of the collector at 20
0
, 32

0
, 40

0
, 50

0
 and 60

0
  tilt angles are found 

to be 38.72 W, 48.40 W, 55.66 W, 77.44 W and 62.92 W, respectively. 

The enhancement in heat transfer rate because of nanofluid is found to be 

26%, 25%, 15%, 11% and 9% at tilt angle 20
0
, 32

0
, 40

0
, 50

0
 and 60

0
,   

respectively. It is observed that at lower tilt angles the enhancement of 

heat transfer of heat pipe with nanofluid is higher compared with that of 

pure water. The significance of higher tilt angle performance of solar heat 

pipe collector can be found by locating them at high latitude regions. So, 

solar heat pipe collectors are recommended for high latitude regions where 

the angle of getting maximum solar radiation matches with the higher 

performance tilt angle of solar heat pipe collector for enormous 

performance. 

 
Figure 5.3: Effect of tilt angle on collector instantaneous experimental 

efficiencies 

 

Effect of filling ratio 

Figure 5.4 depicts the instantaneous variation of solar energy input, 

ambient air temperature, inlet cooling water temperature during test period 
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from 8 am to 4 pm. The variation of thermal energy gain of heat pipe flat 

plate solar collectors with various CNT/water working fluid filing ratio 

(50%, 60% and 70%) is shown in Fig. 5.4. Solar radiation input is found to 

increase with time and attains maximum value during 12 noon to 1.00pm.  

It is observed that inlet temperature of coolant increases with time 

and the ambient temperature increases with time attains the maximum 

value at 14 hour and gradually decreases during 14 hour to 16 hour. The 

heat pipe with filling ratio (F.R.) of 60% is found to provide the higher 

rate of instantaneous thermal energy gain throughout the day. 

Experimental studies [138-139] report that the heat pipes with 40–60% 

liquid filling ratio exhibits maximum thermal performance. Similar 

observation has been made in this study. The heat pipe with 50% 

CNT/water nanofluid filling ratio was found to provide better thermal 

energy gain during 11.30 hour to 13.30 hour.  

The comparison among various efficiency curves obtained from 

the wickless solar collectors with three different filling ratio (50%, 60%, 

70%) and at ASHRAE standard mass flow rate (0.02Acoll kg/s) is shown in 

Fig. 5.5. By utilizing a curve fitting technique, a straight line fit between 

instantaneous efficiency and heat loss parameter (Ti - Ta)/It is obtained and 

shown in Fig. 5.5. It may be noted that by extrapolating the straight line fit 

one can obtain the value of ( )F
R
 at the point of intersection of straight 

line fit to the vertical axis and this is supported by Eq. (5.5). At this point, 

the temperature of the fluid entering to the collector becomes equal to the 

ambient temperature and collector efficiency attains the maximum value. 

This value is termed as absorbed energy parameter ( )F
R
 . 

At the same time, one can evaluate the slope of the straight line fit 

and is found to be F U
R L . This slope essentially indicates the amount of 

energy removed from the solar collector. At the intersection of straight 

line fit with the horizontal axis, the collector efficiency becomes zero and  
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Figure 5.4: Effect of filling ratio on heat gain (Qg) of wickless solar heat 

pipe collector 

 

Figure 5.5: Comparison between efficiency curves with different filling 

ratio 
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Table 5.2: FRUL and FR(τα)
 
 values of wickless solar heat pipe 

collector at different filling ratio 

this point is referred as the stagnation condition. This situation occurs 

when no fluid flows in the collector. The efficiency of the solar collector is 

found to be higher by using 60% filling ratio heat pipe solar collector. The 

thermal performance of heat pipe collector found to increase with the 

increase in the CNT/water working fluid filling ratio from 50% to 60%.  

Based on the investigation the maximum thermal performance was 

obtained at 60% CNT/water working fluid ratio. The intercept value          

( ( )F
R
 ) and the slope ( F U

R L ) of the straight line fit for various filling 

ratio as obtained from Figs. 5.5 are summarized in Table 5.2. These data 

includes for various filling ratio (50%, 60% and 70%) at ASHRAE 

standard mass flow rate (0.02 Acoll, kg/s).  The value of ( )F
R
  and F U

R L

was found to be highest and lowest, respectively at 60% filling ratio. 

 

Effect of coolant flow rate 

Figure 5.6 depicts the effect of coolant flow rate on the thermal 

efficiency of the solar heat pipe collector. The collector efficiency was 

found to be maximum at a mass flow rate of 0.02Acoll kg/s. This mass flow 

rate commonly termed as the ASHRAE standard mass flow rate for the 

testing solar collector. Following the similar procedure of curve fitting 

technique as explained in the previous section, experimental results of 

present investigation can be represented linearly as a function of the 

measured parameter [(Ti -Ta)/It]. Further, following the similar technique, 

Coolant flow 

rate (kg/sec) 

Filling Ratio 

(%) 
FRUL

 
FR(τα)

 

 

0.02Acoll 

50 25.83 0.57 

60 24.20 0.63 

70 25.52 0.52 
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Figure 5.6: Comparison between efficiency curves at different cooling 

mass flow rate 

one can evaluate the value of energy absorbed parameter ( ( )F
R
 ) and 

heat removed parameter ( F U
R L ) of the collector and are summarized in 

Table 5.3.  This includes the results obtained by using various coolant 

flow rates (0.01Acoll kg/s, 0.02Acoll kg/s and 0.03Acoll kg/s). The value of 

( )F
R
  and F U

R L is found to be highest and lowest, respectively at the 

mass flow rate of 0.02Acoll kg/s. The performance of solar wickless heat 

pipe collector was found to be lowest at 0.01Acoll kg/sec coolant flow 

rate.  It is observed that the heat loss values are higher at lower coolant 

flow rate and higher coolant flow rate compared to ASHRAE standard 

coolant flow rate 0.02Acoll kg/sec. The variation in heat loss parameter is 

obtained by varying the filling ratio from 50% to 70% (Table 5.2). In 

addition, the variation in heat loss parameter for various coolant flow rate 

(0.01Acoll kg/sec to 0.03 kg/sec) is summarized in Table 5.3. Based on the 

investigation, it is observed that the variation in heat loss parameter is 

higher by varying coolant flow rates from 0.01Acoll  kg/sec to 0.03 kg/sec. 
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Table 5.3: FRUL and FR(τα)
 
 values of wickless solar heat pipe 

collector at different coolant flow rate 

 

5.3 Thermal Performance of Nanofluid Charged Heat 

Pipe with Phase Change Material for Electronics Cooling  

  Section 5.2, discusses the thermal performance of CNT/water 

nanofluid charged solar heat pipe collector for water heating. Here, efforts 

have been made to utilize CNT/water nanofluid charged heat pipes for 

electronics cooling module. An integrated thermal performance of 

nanofluid charged heat pipe cooling modules with PCM is investigated. 

Three different concentration of CNT/water nanofluids (1wt. %, 2wt. % 

and 3wt %) is used in this investigation. The tests are performed for 

various operating conditions, namely, heating powers (10 W, 20 W, and 

30 W), fan voltage (3.15 V and 5.8 V), different working fluid of heat 

pipes, and different energy storage material (ESM). 

5.3.1 Test facility, experimental procedure and data reduction  

Test facility and experimental procedure 

The heat pipe cooling modules are fabricated to investigate the 

integrated thermal performance of both phase change material (PCM) 

and CNT/water nanofluid charged heat pipe. In this study, Paraffin 

(PCM) and water were used as energy storage material. The nanofluid 

charged heat pipe was used to enhance the thermal performance of heat 

Filling Ratio 

(%) 

Coolant flow 

rate, (kg/sec) 
FRUL

 
FR(τα)

 

 

60 

0.01Acoll 29.43 0.54 

0.02Acoll 24.20 0.63 

0.03Acoll 27.06 0.58 
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pipe cooling module by increasing heat transfer rate. The schematic and 

photographic view of the heat pipe cooling module test facility is shown in 

Fig. 5.7 (a) and (b), respectively.  

 

 (a) 

 

 

 (b) 

Figure 5.7: (a) Schematic diagram of heat pipe cooling module test 

facility and thermocouple location and (b) Photographic view of heat 

pipe cooling module. 

 

An attempt has been made to evaluate the thermal performance of 

flat heat pipe cooling modules for various weight concentration of CNT 
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(1 wt.%, 2 wt.% and 3 wt.%) in water as base fluid. In view of this, four 

same size identical heat pipe cooling modules have been fabricated for the 

investigation. Here, heat pipes were fabricated by using two different fluids 

such as: DI water and CNT/water nanofluid. The heat pipe with CNT/water 

nanofluid comprises three different nanofluid concentration by weight       

(1 wt.%, 2 wt.% and 3 wt.% ). Each cooling module consists of flat heat 

pipe filled with the working fluid, energy storage tank, and energy storage 

material,  heat sink, cooling fan, heater, a power supply unit and computer.  

The heat pipes are made of copper tubes with an outer diameter of 6 mm 

and a length of 120 mm. The heat sink has 15 fins and the size of each fin 

is 10 mm in height, 20 mm in width and 0.5 mm in thickness. The energy 

storage tank is made up of acrylic material with the maximum volume of 

120 cc. 

 

Data reduction 

Energy balance equation of the heat pipe-PCM cooling module 

during a time interval ∆t, from initial time ti to final time te, can be 

expressed as: 

 +  in EST ESM lossQ Q Q Q   
(5.6) 

Here, Eq. 5.6 provides the balance between heat supplied (Qin), 

energy stored in the tank (QEST), energy stored in phase change material 

(QESM) and Heat loss parameter (Qloss). The value of various parameters 

such as: Qin, QEST, QESM can be calculated from experimental conditions. 

The energy input by power supply (Qin) is equal to the summation of energy 

storage in the PCM (QESM), the energy storage in the tank body (QEST), and 

the total heat loss, Qloss. Here, the heat loss (Qloss) includes various 

parameters such as: forced convection cooling at the heat pipe fins, heat 

loss to ambient at the evaporator and the PCM tank. 

The energy storage in the PCM is related to the mass and the 

temperature difference between initial and final temperature of PCM in the 

storage tank. It can be shown as: 
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,  ( )ESM ESM P ESM e iQ M C T T   (5.7) 

where, 

1 2 8

1 2 8
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T T T
T

  


  


 

(5.8) 

The energy storage in the acrylic tank can be written as: 

,  ( )EST EST P EST e iQ M C T T   
(5.9) 

The thermal performance of the cooling module is determined by 

the measured temperature evolutions of the storage tank under different 

charge and discharge processes. 

5.3.2 Results and discussion 

The tests are performed for various operating conditions, namely, 

heating powers (10 W, 20 W, and 30 W), fan voltage (3.15 V and 5.8 V), 

different working fluid of heat pipes, and different ESM (water and 

paraffin).The filling volumes in EST are kept as 90 cc in all the test runs. 

The temperature distributions in PCM are obtained during the 

experimental study. The results obtained from this study are elaborated 

below. 

PCM simultaneous charging process 

Figure 5.8 (a) shows the transient temperature distribution of heat 

pipe for different working fluids such as: DI water and CNT/water 

nanofluid without ESM (traditional heat pipe) in the energy storage tank. 

The heat pipe with CNT/water nanofluid involves three different nanofluid 

concentration by weight (1 wt%, 2 wt. % and 3 wt.% ). Tests were 

conducted for a given heater power (20 W). It is observed that during 100-
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250s, the rise in temperature in the nanofluid charged heat pipe is 

significantly higher compared to the heat pipe that utilizes the DI water as 

the working fluid. The transient temperature distribution of water and 

nanofluid charged heat pipe cooling modules with water as ESM is 

depicted in Fig. 5.8 (b). This indicates that water can be used as ESM for 

storing heat energy. Results demonstrate that the growth of temperature 

with time is gradual by using water as ESM compared to the cooling 

module without PCM. The transient temperature distribution for different 

working fluid charged heat pipe cooling module with paraffin wax as PCM 

is depicted in Fig. 5.8 (c). It is observed that the time required to achieve 

temperature from 20
0
C to 80

0
C is lower for the heat pipe cooling module 

with paraffin wax as PCM compared to the cooling module that uses water 

as ESM. Further, it is noticed that the CNT/water nanofluid charged heat 

pipe cooling modules exhibit better heat transfer performance compared to 

the water charged heat pipe cooling module. This shows that lesser time is 

required to achieve temperature from 20
0
C to 80

0
C for nanofluid charged 

heat pipe compared to water charged heat pipe for both the cases that use 

 

(a) 
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(b) 

 

(c) 

Figure 5.8: Temperature growth in charge process for different ESM (a) 

without ESM (b) water and (c) PCM (paraffin) 
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water and paraffin as energy storage material. It is observed that the 

CNT/water nanofluid (2 wt.%) charged heat pipe cooling module requires 

lesser time to achieve 80
0
C temperature for all the cases (Fig. 3a-c). In 

order to achieve the temperature from 20
0
C to 80

0
C, CNT/water nanofluid 

(2 wt.%) charged heat pipe cooling module needs 2000 s and 780 s for 

water and paraffin as ESM, respectively 

Figure 5.9 shows the comparison of the thermal performance of 

various heat pipes cooling module. Here, two different working fluids such 

as: water, and CNT/water nanofluids (1 wt.%, 2 wt.% and 3 wt.%) are used 

as working fluid in the heat pipe of heat pipe cooling module. Two 

different ESM (water and Paraffin) and at two different heater powers    

(10 W and 20 W) are used in the analysis. Figure 5.9 shows that for both 

the heating powers, the amount of energy stored in the water as ESM is 

lower compared to paraffin. Also, the nanofluid charged heat pipe cooling 

module exhibits higher energy storage performance compared to the 

cooling module that uses water as the working fluid for heat pipe. This may 

be due to various reasons. Firstly, the thermal conductivity of the 

CNT/water nanofluid increases due to the addition of CNT nanoparticles 

resulting in an increase in heat transfer. Secondly, the cylindrical porous 

tube structure of the CNT increases the surface roughness and enhances 

the heat transfer. In addition, the turbulence effect is initiated due to the 

random motion (Brownian motion) of the CNT in the base liquid. The 

turbulence effect enhances the heat transfer rate. In both the cases of 

energy storage material, it is noticed that the thermal performance of 

nanofluid charged heat pipe module increases with the increase in the CNT 

nanoparticles concentration in water (1 wt.% and 2 wt.%). However, with 

the increase in the concentration level of CNT nanoparticles in water from 

2 wt.% to 3 wt.%, the thermal performance decreases. Similar results were 

obtained by the previous researcher as well [66]. This indicates that the 

rise in the concentration of added nanoparticles reduces the thermal 

efficiency of the heat pipe. This may be due to the fact that the addition of  
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Figure 5.9: Comparison between efficiency curves at different 

cooling mass flow rate 

too many nanoparticles to fluid reduces the rate of vaporization of 

nanofluid inside the evaporator resulting in a lesser heat transfer rate. 

Beyond certain concentration, the thermal performance of heat pipe does 

not increase. The maximum energy stored in paraffin is found to be 75% 

of the input power for the cooling heat pipe module that uses CNT/water 

nanofluid with 2 wt. % concentration. The enhancement in energy storage 

of nanofluid charged heat pipe cooling module with paraffin as ESM 

compared to water as ESM is found to be 13% at 10 W. While, for the 

20W heating power, The enhancement in energy storage of nanofluid 

charged heat pipe cooling module with paraffin as ESM compared to water 

as ESM is found to be 20 %. This indicates that enhancement in energy 

storage of nanofluid used heat pipe cooling module increases with increase  
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in input power from 10W to 20W. It may be noted that at higher input 

power (20W) heat transfer rate of nanofluid increases due to increase in 

thermal conductivity of nanofluid with temperature. 

PCM simultaneous charge and discharge process 

The primary purpose of this study is to simulate the temperature 

distribution for a fluctuating heating power that changes with time. Here, 

we are providing power at the heating section of the heat pipe for 300 sec 

and subsequently switching off the power supply for the duration of 300 

sec to simulate the temperature distribution with fluctuating heating power. 

Figure 5.10 (a-b) depicts temperature variation in water and PCM for 

simultaneous charge and discharge process for different fan voltage and 

heating power. Here, CNT/water nanofluid (2 wt.%) charged heat pipe is 

used in cooling module for test runs. It is observed that in all the cases the 

temperature of ESM (water, paraffin) changes in synchrony with heating 

power [140].  

The Fig. 5.10 (a-b) shows the transient temperature variation in 

different ESM (water and Paraffin) for various fan voltages (3.15 V and 5.8 

V) with heating power of 10W and 30W, respectively. It is noticed that the 

water as energy storage material (ESM) with 30 W heating power and  5.8 

V fan on cooling sides of heat sink stores same amount of energy when 

paraffin is used as ESM with 10 W heating power and  3.15 V fan on 

cooling sides of heat sink. This indicates that water as energy storage 

material (ESM) needs higher heating power (30 W) and higher fan voltage 

(5.8 V) to store same amount of energy compared to PCM as energy 

storage material (ESM). It is observed that utilizing paraffin (PCM) as 

ESM can save 66% in heating power and reduction in fan voltage. The 

reduction in fan voltage leads to save fan power consumption. This means 

that the PCM can absorb the heat energy at the higher rate and discharge 

lower amount of heat energy to the heat pipe and heat sink to reach the goal 

of energy management.  
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(a) 

 
(b) 

Figure 5.10: Temperature growth in different ESM for simultaneous 

charge and discharge process for different heating power:  (a) 10W and 

(b) 30W. 
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5.4 Concluding Remarks 

This chapter reports the study of thermal performance of solar flat 

plate collectors and electronics cooling module using nanofluid 

(CNT/water) charged heat pipes.  

Firstly, the experimental investigation has been carried out to study 

the thermal performance of thermosyphon heat pipe using CNT nanofluid 

and pure water as working fluid. Tests have been conducted for the varied 

range of CNT concentration (0.15%, 0.45%, 0.60% and 1% by volume), 

collector tilt angle, filling ratio and coolant flow rate. Solar heat pipe 

collector that uses CNT nanofluid as working fluid is found to be more 

efficient compared to the heat pipe that uses pure water. The efficiency of 

the solar heat pipe collector is found to increase with the increase in the 

concentration level of CNT nanoparticles in water, the performance 

decreases when the CNT concentration exceeds 0.60%. The maximum 

instantaneous efficiency was found to be 73% for 0.60% volume 

concentration of nanofluid. The efficiency of the heat pipe collectors for 

both water and nanofluids increases with the tilt angle and decreases when 

the tilt angle exceeds 50
0
. The increase in working fluid (CNT/water) 

filling ratio from 50 % to 60 % improves the thermal performance of 

wickless heat pipe collector. However, with further increase in filling ratio 

from 60 % to 70% deteriorates the thermal performance. The optimum 

filling ratio of circular wickless heat pipe collector is found to be 60%. 

The value of ( )F
R
  is found to be highest at 60% filling ratio. While, the 

lowest value of F U
R L  is obtained for this filling ratio.  For 60% filling ratio 

of working fluid, the heat losses are found to higher for both the cases 

such as: lower coolant flow rate and higher coolant flow rate compared to 

ASHRAE standard coolant flow rate 0.02Acoll kg/sec.  

 In next problem, the thermal performance of a nanofluid 

(MCNT/water) charged heat pipe with phase change material (PCM) as 

energy storage material (ESM) for electronic cooling. Tests are conducted 

to obtain the thermal performance of heat pipe cooling module. The 
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thermal performance of the cooling module is determined by the measured 

the temperature evolutions of the storage tank under different charge and 

discharge processes.  Present study utilizes two different ESM (water and 

paraffin), different fan speeds and heating powers in the PCM cooling 

module. The nanofluid charged heat pipe cooling module enhances the 

thermal performance compared to water charged heat pipe cooling module. 

The heat pipe cooling module that uses paraffin (PCM) as ESM is found to 

be more efficient compared to the heat pipe that uses pure water as ESM. 

The thermal performance of the heat pipe cooling module is found to 

increase with the increase in the CNT nanoparticles concentration in water, 

the performance decreases when the CNT concentration exceeds 2 wt.%. 

The study demonstrates that the heat pipe module with paraffin as PCM 

can reduce fan power consumption up to 66% compared with heat pipe 

module that uses water as energy storage material. The cooling module that 

uses heat pipe charged with nanofluid (2 wt.%) and paraffin (PCM) as 

ESM exhibits maximum thermal performance.  The heat pipe cooling 

module automatically adjusts the heat transfer rate that depends on the fan 

voltage, heater temperature and mass of the PCM. This can be useful for 

designing the cooling of electronics components.  
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Chapter 6 

Summary and Conclusions 

6.1 Introduction 

The present study analyzes the thermal performance of various 

nanofluids such as: Al2O3/water and CNT/water for several practical 

applications including heat exchanging equipment, automobile radiators, 

flat plate solar collector and cooling of electronics components.  The 

important outcomes of the present study are listed and the conclusions are 

highlighted in this study.  

The stable nanofluids (Al2O3/water and CNT/water) are 

synthesized by using the two-step methods. Various techniques such as: 

ultrasonic vibration, functionalization and surface modification, are 

adopted to prepare nanofluids. Various methods have been employed to 

inspect the stability of nanofluids. The thermophysical properties of 

nanofluids are measured after preparing stable nanofluid. After preparing 

stable nanofluid, tests have been performed to study the forced convective 

heat transfer characteristics of Al2O3/water and CNT/water nanofluids 

through uniformly heated horizontal circular pipe with helical twisted tape 

inserts (HI). Next, an experimental study has been carried out to evaluate 

the convective heat transfer characteristics of CNT/water and Al2O3/water 

and nanofluids in an automobile radiator. Efforts have been made to 

compare thermal performance for CNT/water nanofluid with Al2O3/water 

nanofluid in automobile radiator. Here, nanofluid (CNT/water) charged 

heat pipes were integrated into the flat plate solar collector to evaluate the 

thermal performance. The effect of the tilt angle, filling ratio, nanoparticle 

concentration and coolant flow rate on the thermal performance of the 

solar collector has been discussed in the study. Further, an attempt has 

been made to evaluate the thermal performance of a nanofluid 

(CNT/water) charged heat pipe with phase change material (PCM) as 
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energy storage material (ESM) for electronic cooling. The significant 

findings obtained from the present study are detailed below. 

6.2 Synthesis and Characterization of Nanofluids 

Nanofluids are considered as a better medium to transfer heat in 

various devices. However, the preparation of nanofluids needs special 

attention since the preparation methods affect various important 

thermophysical properties and stability of the dispersion. The selection of 

the proper synthesis method is an important task that ensures the stability 

of nanofluids over a longer period with negligible agglomeration [104]. In 

view of this, efforts have been made to prepare nanofluids by employing 

various methods. Here, CNT/water and Al2O3/water nanofluids have been 

prepared by adopting the two-step technique. The important points are 

mentioned here. 

1. The morphological characterization for two different 

nanoparticles such as: Al2O3 and CNT are obtained by using 

scanning electron microscopy (Model: SUPRA 55, Make: Carl 

Zeiss Microscopy, Germany). The shape of Alumina 

nanoparticle and CNT is found to be spherical and cylindrical, 

respectively. The size and shape are confirmed as per 

specification provided by the manufacture of nanopowders. 

2. The dynamic light scattering (DLS) methodology is used to 

measure the average particle size and particle size distribution 

of the nanoparticle in the suspension by using a particle sizing 

system (Model: Nicomp 380, Make: Santa Barbara, USA).The 

FCNT nanofluid exhibits lower hydrodynamic diameter 

compared to SCNT nanofluid. The Al2O3/water nanofluid 

prepared by using simple sonication method exhibits enough 

stability (Fig. 2.4).  

3. The electrophoresis behavior of individual nanoparticle in the 

suspension is studied by measuring the zeta potential of the 



145 

 

suspension. Here, FCNT exhibit higher value of zeta potential 

compared to SCNT and Al2O3/water nanofluid. Also, the zeta 

potential value decreases with increasing nanoparticle 

concentration (Table 2.2).  

4. The wettability behavior of various nanofluids on the solid 

surface is studied by measuring the contact angle of the fluid at 

the solid surface. The addition of nanoparticle to base fluid 

(water) reduces contact angle leading to an increase in 

wettability of the surface. The wettability of CNT/water 

nanofluid is higher than water followed by Al2O3/water 

nanofluid (Fig. 2.5). 

5. The effective thermal conductivity of various nanofluids are 

measured by using the thermal property analyzer (Model: KD2 

Pro., Model: Decagon Devices, USA) with isothermal 

temperature bath. The thermal conductivity of nanofluids 

(CNT/water, Al2O3/water) was found to increase with 

nanoparticle concentration and temperature.  The effective 

thermal conductivity of CNT/water nanofluid is found to be 

higher compared to Al2O3/water nanofluids for similar 

conditions.  

6. In addition, the viscosity of nanofluids (CNT/water, 

Al2O3/water) was measured by using cone and plate viscometer 

(Model: Brookfield DV-II+ Pro, Make: Brookfield Engineering 

Laboratories, USA). The viscosity of Al2O3/water nanofluids 

was found to be higher compared to CNT/water nanofluids for 

similar conditions. 

7. Finally, it is observed that CNT/water nanofluid have better 

thermal and fluid properties to enhance heat transfer compared 

to Al2O3/water nanofluid.  The functionalization of CNT’s is 

the best method to prepare stable CNT/water nanofluids. 
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6.3 Thermal Performance of Nanofluids 

The heat transfer capacity of coolant (nanofluids) is considered to be a 

useful technology to enhance the cooling capacity. The synthesis and 

characterization are important tasks for its use in heat transfer devices. 

After successful preparation of stable nanofluids, efforts have been made 

to study the heat transfer characteristics of nanofluids through uniform 

heated pipes with and without inserts, automobile radiator, solar collectors 

and nanofluid assisted heat pipe for electronics cooling. The experiments 

are performed by using nanofluid in various thermal devices. The key 

findings are presented here. 

Convective heat transfer performance of low volume concentration of 

nanofluids in laminar regime using helical screw tape inserts 

Experiments were carried out by using Al2O3/water (φ = 0.15%) 

and CNT/water (φ = 0.15%) nanofluid with helical tape inserts of twist 

ratio, TR= 1.5, 2.5 and 3. Reynolds number is varied in the range of 840 to 

2280. The test data were used to calculate the Nusselt number, friction 

factor and thermal performance factor for various Peclet numbers in 

laminar flow regime with and without helical screw tape inserts. The 

conclusions are detailed below: 

1. The use of helical screw tape inserts in the plain tube causes 

intensification in heat transfer with the significant increase in 

pressure drop.  The Nusselt number for the tube fitted with 

helical inserts is found to be higher compared to the plain tube 

for a given Peclet number.  

2. The average enhancement in Nusselt number of Al2O3/water 

and CNT/water nanofluid in the plain tube were found to be 

10.72% and 20.27%, respectively compared to the water as the 

working fluid.  The enhancement in Nusselt number decreases 

with the increase in Peclet number. In the case of Al2O3/water 
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nanofluid, the increase in the average Nusselt number was 

found to be 230.14%, 175.07% and 135.79%, for various twist 

ratios 1.5, 2.5 and 3, respectively. On the contrary, the 

enhancement in the Nusselt Number for CNT/water nanofluid 

was found to be 272.61%, 213.58% and 166.45% for the twist 

ratios 1.5, 2.5 and 3, respectively (Fig.3.5). 

3. The tube fitted with helical tapes decreases the hydraulic 

diameter leading to the increase in the fluid flow and swirl 

generation. The enhancement in Nusselt number decreases with 

the increase in Peclet number and increases with the decrease 

in the twist ratio (TR).  

4. The experimental results reveal that CNT/water nanofluid 

gives enormous enhancement in heat transfer compared to 

Al2O3/water nanofluid. This is because the CNTs offer a higher 

thermal conductivity, higher aspect ratio, lower specific 

gravity, and larger specific surface area (SSA) and lower 

thermal resistance compared Al2O3/water nanofluid.  

5. The value of friction factor obtained by using the helical screw 

inserts were higher compared to the plain tube. The value of 

friction factor increases with the decrease in twist ratio.  

6. The increase in the friction factor by the addition of Al2O3 and 

CNT nanoparticle in the base fluid is minimal because of the 

low volume concentration of nanoparticles.  

7. The maximum friction factor of CNT/water nanofluid with 

inserts was found to be 19.99, 13.24 and 11.80 times the 

friction factor of plain tube with water for twist ratios of 1.5, 

2.5 and 3, respectively. The maximum friction factor of 

Al2O3/water nanofluid with inserts was found to be 20.43, 

13.79 and 12.02 times the friction factor of plain tube with 

water for twist ratios 1.5, 2.5 and 3, respectively (Fig. 3.13). 
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8. The experimental results show that helical screw tape inserts 

give the better thermal performance for CNT/water nanofluid 

compared to Al2O3/water nanofluid.  For a given operating 

condition, the thermal performance factor for CNT/water 

nanofluid is higher compared to Al2O3/water for all twist ratios.  

9. The values of thermal performance factor (η) was found to be 

higher for low twist ratios irrespective of the working fluid and 

Peclet number. This may be due to the stronger 

turbulence/swirl flow generated by the helical screw tape insert 

in the case of insert with lower twist ratio. 

10. For the twist ratios of 1.5, 2.5 and 3, the thermal performance 

factor varies between 2.29-1.69, 2.03-1.55 and 1.69-1.35 

respectively by using CNT/water nanofluid. On the contrary, 

the thermal performance factor of Al2O3/water nanofluid (by 

volume 0.15%) was found to vary between 2.14-1.65, 1.90-

1.47 and 1.58-1.31 for the twist ratios of 1.5, 2.5 and 3, 

respectively. 

11. The Nusselt number increases with the volume concentration 

of nanoparticles because adding nanoparticles to base fluid 

enhances the thermal conductivity. 

Convective heat transfer performance of low volume concentration of 

nanofluids in transition regime using helical screw tape inserts 

Here, the tests are extended for transition  flow regime using 

0.15% volume concentration Al2O3/water and CNT/water nanofluid with 

helical tape inserts of twist ratio, TR= 1.5, 2.5 and 3. The Reynolds 

number is varied in the range of 2400 to 5600. The test data were used to 

calculate the Nusselt number, friction factor and thermal performance 

factor for various Peclet numbers in transition flow regime with and 

without helical screw tape inserts. In this study, similar observations (point 

1, 3-4 and 8-9) were obtained as discussed in the laminar flow regime. 
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Apart from previous observations, following conclusions are made from 

the analysis and elaborated below: 

1. The average enhancement in Nusselt number of Al2O3/water 

and CNT/water nanofluid in the plain tube were found to be 

12.02% and 26.13%, respectively compared to the water as the 

working fluid. The enhancement in the Nusselt number of pure 

water with various twist ratios 1.5, 2.5 and 3 were found to be 

159.60%, 125.85% and 91.30%, respectively. In addition, the 

increase in the average Nusselt number for various twist ratios 

1.5, 2.5 and 3 were found to be 172.81%, 131.21% and 

99.33%, respectively for Al2O3/water nanofluid. While, the 

CNT/water nanofluid exhibits 215.55%, 173.25% and 120.32% 

enhancement in the Nusselt Number corresponding to the twist 

ratios 1.5, 2.5 and 3, respectively. 

2. The maximum friction factor of CNT/water nanofluid with 

inserts was found to be 7.75, 6.67 and 6.15 times the friction 

factor of a plain tube with water corresponding to twist ratios 

(TR) of 1.5, 2.5 and 3, respectively at Pe =16000. While, the 

maximum friction factor of Al2O3/water nanofluid with inserts 

was found to be 8.04, 6.95 and 6.19 times the friction factor of 

plain tube with water corresponding to twist ratios of 1.5, 2.5 

and 3, respectively at Pe =16000. 

3. It is observed that the values of η  are higher for the low twist 

ratios irrespective of the working fluid and Peclet number. This 

is due to the stronger turbulence/swirl flow generated by the 

helical screw tape insert in the case of insert with the smallest 

twist ratio (TR). Here, η is found to vary between 1.35-1.16,     

1.29-1.21 and 1.22-0.97 for twist ratios of 1.5, 2.5, and 3, 

respectively using CNT/water nanofluid as the working fluid. 

While, the thermal performance factor of the Al2O3/water 
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nanofluid (φ = 0.15%) varies between 1.19-1.02, 1.16-1.01 and 

1.10-0.88 for the twist ratios of 1.5, 2.5 and 3, respectively. 

Convective heat transfer performance of varying concentration             

(φ = 0.15%, 0.45%, 0.60% and 1%) in transition regime using helical 

screw tape inserts 

The thermal performance of nanofluids for given particle volume 

concentration (φ = 0.15 %) with helical screw tape inserts is discussed in 

the previous study. The effect of nanoparticle concentration on the thermal 

performance is studied for the transition flow regime. Four different 

concentrations are used in the investigation. Here, efforts have been made 

to test thermal performance of Al2O3/water and CNT/water nanofluids 

with varied range of nanoparticle concentration (φ = 0.15%, 0.30%, 0.60% 

and 1%) and helical tape inserts of twist ratios, TR= 1.5, 2.5 and 3. Here, 

Peclet number is varied in the range of 16000 to 33500. The thermal 

performance factor is evaluated for various Peclet numbers with and 

without helical screw tape inserts. This is detailed below. 

1. The  Nusselt  number  increases  with  the increase  in  Peclet  

number and  nanoparticle  concentration.  This may be due that 

the in thickness of boundary layer gets thinner at higher 

Reynolds number. Also, the addition of   nanoparticles to base 

fluid enhances the thermal conductivity.  

2. The enhancement in the heat transfer and friction factor of 

nanofluids for various nanoparticle concentrations is studied 

through experimental investigation. The  friction  factor  

increases  with  the  increase  in  particle volume  concentration  

for  various  nanofluids  (CNT/water  and Al2O3/water).  This  

may  be  due  to  the  fact  that  the viscosity  of nanofluids  

increases  with  nanoparticle  concentration.  While  the friction  

factor  is  found  to  decrease  with  the  increase  in  Peclet 

numbers.   
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3. The  thermal performance  factor  of  CNT/water  nanofluids  is  

found  to  be  greater than  unity  for  varied  range  of  Peclet  

number  (16,000–33,500), twist  ratio (TR = 1.5, 2.5  and 3)  

and  nanoparticle  concentration (φ = 0.15%, 0.45%, 0.60%  

and  1%).  

4.  Here, Al2O3 nanofluid exhibits lower thermal performance 

factor (η
 
< 1) for TR = 3, φ = 0.15% and Pe > 30000.  While, 

the  thermal  performance  factor with  different  twist  ratio  

(TR = 1.5, 2.5 and 3)  and  with  particle volume  concentration  

(φ = 0.15%, 0.45%, 0.60% and 1%)  are  found  to be  greater  

than  unity (Fig. 3.17).   

5. The values of η  for the CNT/water nanofluid is found to be 

higher compared to the Al2O3/water nanofluid and pure water 

for various twist ratios (TR = 1.5, 2.5 and 3) and different 

nanoparticle concentrations (φ = 0.15%, 0.45%, 0.60% and 

1%) at all Peclet number. It is observed that the values of η are 

higher for the lower twist ratios irrespective of the working 

fluid and Peclet number. This may due to the stronger 

turbulence/swirl flow generated by the helical screw tape insert 

with the smallest twist ratio.  

6.  For φ =1% and TR=1.5, Pe=16000, both of nanofluids 

(Al2O3/water and CNT/water nanofluid) exhibits the maximum 

value of thermal performance factor (η ). The maximum value 

of thermal performance factor (η ) is found to be 1.46 and 1.41 

for Al2O3/water nanofluid and CNT/water nanofluid, 

respectively. 

Thermal performance of CNT/water nanofluids through an automobile 

radiator 

Tests are performed to evaluate the thermal performance of various 

fluids (water and nanofluids) through an automobile radiator. Experiments 
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were carried out by using water and CNT/water nanofluid with varied 

range of concentration (0.15%, 0.45%, 0.60%, and 1% by volume), 

coolant flow rate, pH and synthesis method of nanofluid. Tests were 

conducted at ambient temperature 35±1
0
C with a relative humidity of 

65±5%. For all the test runs, the inlet temperature of the coolant is 

maintained at 90
0
C. The flow rate of coolant is varied between 2-5 lit/min. 

The observation obtained from the present investigation is summarized 

below.  

1. The heat transfer performance of various coolants, namely, 

water, SCNT/water and FCNT/water nanofluid increases with 

the increase in coolant flow rate. 

2. The thermal performance of automobile radiator was found to 

increase with the use of nanocoolant compared to water. 

3. The functionalized CNT (FCNT) nanocoolant exhibits better 

enhancement in the heat transfer rate compared to surface 

treated CNT nanocoolant and water. The performance of 

surface treated CNT nanocoolant (SCNT) is found to 

deteriorate at the higher temperature. This may be due to the 

lower bonding strength between nanoparticles and surfactant. 

4. The thermal performance of the acidic nanocoolant with the  

pH 5.5 was found to be better compared to the nanocoolant 

with pH value of 6.5 and 9.0. 

Comparative thermal performance of CNT/water and Al2O3/water 

nanofluids through an automobile radiator 

The heat transfer of nanofluids through the radiator is analyzed 

using CNT/water nanofluid. The efforts are taken, to evaluate the 

comparative heat transfer performance of water, CNT/water and 

Al2O3/water with varied range of particle volume fraction (0.15%, 0.45%, 

0.60%, and 1%). Tests were performed at ambient temperature 35±10C 

with a relative humidity of 65±5%. The inlet temperature of the coolant is 
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maintained at 90
0
C for all the test runs and the flow rate is varied between 

2-5 lit/min. The observation obtained from the present investigation is 

summarized below. 

1. The cooling performance in automobile radiator for both 

CNT/water and Al2O3/water nanocoolant increases with the 

increase in nanoparticles concentration. This may be due to 

facts that increase in nanoparticles concentration of nanofluids 

increases effective thermal conductivity of nanofluids. 

2. The maximum heat transfer performance for 1.0 vol.%  

nanoparticle concentration was found to be 90.76% and 

52.03% higher compared to pure water results for CNT/water 

and Al2O3/water, respectively. 

3. With the increase in the coolant flow rate, the heat transfer 

performance increases for various coolants, namely, water, 

CNT/water and Al2O3/water.  

4. The CNT/water nanofluid exhibits enormous enhancement in 

heat transfer compared to the Al2O3/water nanofluid. This may 

be due to the fact that carbon nanotubes offer a high thermal 

conductivity, high aspect ratio, low specific gravity, and large 

specific surface area (SSA) and low thermal resistance as 

compared Al2O3/water nanofluid. 

Thermal performance of nanofluid charged thermosyphon in solar flat 

plate collector 

An experimental investigation has been carried out to study the 

thermal performance of thermosyphon heat pipe using CNT/water 

nanofluid and pure water as working fluid. Tests have been conducted for 

varied range of CNT concentration (φ = 0.15%, 0.45%, 0.60% and 1%), 

collector tilt angle, filling ratio and coolant flow rate. 

1. Solar heat pipe collector that uses CNT nanofluid as working 

fluid is found to be more efficient compared to the heat pipe 
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that uses pure water. The efficiency of the solar heat pipe 

collector is found to increase with the increase in the CNT 

nanoparticles concentration in water, the performance is found 

to decrease when the CNT concentration exceeds 0.60%. 

2. Maximum instantaneous efficiency was found to be 73% for 

0.60% volume concentration of the nanofluid. The efficiency 

of the heat pipe collectors for both water and nanofluids 

increases with the tilt angle and decreases when the tilt angle 

exceeds 50
0
. 

3. The increase in working fluid (CNT/water) filling ratio from 

50% to 60% improves the thermal performance of wickless 

heat pipe collector. However, with further increase in filling 

ratio from 60% to 70% deteriorates the thermal performance. 

The optimum filling ratio of circular wickless heat pipe 

collector is found to be 60%. 

4. The value of the absorbed energy parameter (FR(τα)) is found 

to be highest at 60% filling ratio. While, the lowest value of 

and heat removed parameter (FRUL) is obtained for this filling 

ratio.  

5. For 60% filling ratio of working fluid, the heat losses are found 

to higher for both the cases such as: lower coolant flow rate 

and higher coolant flow rate compared to ASHRAE standard 

coolant flow rate 0.02Acoll kg/sec.  

 

Thermal performance of nanofluid charged heat pipe with PCM for 

electronics cooling 

The present study experimentally investigates the thermal 

performance of a nanofluid (MCNT/water) charged heat pipe with phase 

change material (PCM) as energy storage material (ESM) for electronic 

cooling. Tests are conducted to obtain the thermal performance of heat 

pipe cooling module. The thermal performance of the cooling module is 
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determined by the measured temperature of the storage tank under different 

charging and discharging processes.  Present study utilizes two different 

ESM (water and paraffin), different fan speeds and heating powers in the 

PCM cooling module. The contributions from the present study are 

elaborated below. 

1. The nanofluid charged heat pipe cooling module enhances the 

thermal performance compared to water charged heat pipe 

cooling module. 

2. The heat pipe cooling module that uses paraffin (PCM) as ESM 

is found to be more efficient compared to the heat pipe that uses 

pure water as ESM. 

3. The thermal performance of the heat pipe cooling module is 

found to increase with the increase in the CNT nanoparticles 

concentration in water, the performance decreases when the 

CNT concentration exceeds 2% by weight. 

4. The study demonstrates that the heat pipe module with paraffin 

as PCM can reduce fan power consumption up to 66% 

compared with heat pipe module that uses water as energy 

storage material. 

5. The cooling module that uses nanofluid (2% by weight) charged 

heat pipe and paraffin (PCM) as ESM exhibits maximum 

thermal performance.  

6. The heat pipe cooling module automatically adjusts the heat 

transfer rate that depends on the fan voltage, heater temperature 

and mass of the PCM. This can be useful for designing the 

cooling of electronics components.  

It may be mentioned that the findings of the present investigations 

could be helpful in designing various thermal systems as applied to 

scientific and engineering applications. 
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6.4 Suggestions for Future Work 

It may be noted that nanofluids can be used as alternative coolant in 

various thermal devices. This would reduce the size of the system, 

consequently the cost of the thermal device. A better understanding of the 

stability behavior and anomalous increase in heat transfer enhancement of 

nanofluids may lead to an accurate design of the thermal device with 

nanofluid as the coolant. The investigation carried out in this dissertation 

may provide some useful information for further study in this area. In view 

of this, certain directions of future work are elaborated below. 

1. More experiments with flow visualization are required to 

examine the anomalous enhancements in the heat transfer of 

nanofluids. 

2. Experiments need to be conducted to evaluate the optimum 

ranges of concentration for maximum thermal performance. 

3. There are certain technical challenges observed while using 

nanofluids in the real system. This includes the costs of 

production, long-term stability of nanoparticles dispersion, the 

increased pressure drop and pumping power. More experiments 

need to conduct in thermal devices to evaluate these issues.   

4. Theoretical models need to be developed to evaluate the 

thermal performance of heat pipes. Also, efforts should be 

made to find the optimum concentration, filling ratio and tilt 

angle (orientation) for heat pipe to get maximum thermal 

performance. 

5. Efforts should be made to analyze the thermal performance of 

nanofluid with boiling phenomenon. 

6. Lack of study on optical properties of nanofluid in the solar 

collector and the other properties except the thermal 

conductivity is obvious and it needs more attention. The use of 

PCM in heat storage applications can be enhanced by using 
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PCM-nanoparticle composites. This will improve thermal 

performance in electronics cooling and solar collectors. 

7. The addition of CNT to non-metallic oxide nanofluid can 

improve its thermal conductivity. In view of this, effort should 

be made to study heat transfer properties of non-metallic 

oxide/CNT hybrid nanofluids. 

8. Experiments need to be conducted with hybrid nanofluid with 

more than one nanoparticle. 
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Appendix 

In this study

thermophysical properties and inspect stability of the nanofluid. Some of 

important equipments are listed below.

1. Scanning Electron Microscope (

 

Make: 

Model: 

Resolution

Accleration Voltage:

Magnification:

Stages:

Standard Detectors:

Image Recording
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Appendix - A 

Specifications of the Measuring 

Instruments/Equipments

 
In this study, several instruments have been used 

thermophysical properties and inspect stability of the nanofluid. Some of 

important equipments are listed below. 

Scanning Electron Microscope (SEM) 

Make:  Carl Zeiss NTS GmbH, Germany

Model:  SUPRA 55 

Resolution: 1.0 nm @ 15 kV 

1.7 nm @ 1 kV 

4.0 nm @ 0.1 kV 

Accleration Voltage: 0.1 - 30 kV 

Magnification: 12x - 900,000 x 

Stages: 5-Axes Motorised Eucentric 

X = 130 mm, Y = 130mm, Z = 50mm, T = 

+70°, R = 360° (continuous)

Standard Detectors: High efficiency In-lens detector Everhart

Thornley Secondary Electron Detector

Image Recording: Camera and Printer 

Specifications of the Measuring 

Instruments/Equipments 

several instruments have been used to measure various 

thermophysical properties and inspect stability of the nanofluid. Some of 

 

Carl Zeiss NTS GmbH, Germany 

Axes Motorised Eucentric Specimen Stage 

X = 130 mm, Y = 130mm, Z = 50mm, T = -3 - 

+70°, R = 360° (continuous) 

lens detector Everhart-

Thornley Secondary Electron Detector 
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2. Particle Size and Zeta Potential Analyzer  

 

 

 

 

Make: 
Particle Sizing Systems, Inc.,  Santa Barbara, Calif., and 

USA 

Model: Nicomp 380 

Size range: 0.3 nanometers – 6 microns 

Analysis type: Gaussian or Nicomp High Resolution Multi-modal 

Dimensions: 
W 17” x D 24” x H 10”, 62 lbs (Approx depending on 

options) 

Laser options: 

5 mW HeNe, 12 mW, 15 mW, 35 mW, 50 mW, 100 mW 

Laser Diodes (red), 20 mW, 50 mW, 100 mW Laser 

Diodes (blue/green 

Detector options: 
PMT (Photomultiplier), CPM (Channel Photo Multiplier 

4X Gain) & APD (Avalanche Photo Diode 7X Gain) 

Angular range Multi-Angle Goniometer 10 – 175 degree 

Modular range: 

Zeta Potential (Frequency and Phase Analysis PALS), 

High Concentration back Scattering, Auto-dilution, Auto-

sampler, Multi-Angle, High Power Lasers, High Gain 

Detectors, 21 CFR Part 11 Complient Software, Online 

Power 

requirement: 
100-120 VAC, 60 Hz or 220-240 VAC, 50 HZ 
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3. Thermal Property Analyzer  

 

 

 

 

Make: Decagon Devices, USA 

Model: KD2 

Sensor Type: 
0 KS – 1 (Thermal conductivity/ 

Resistivity Sensor for liquids) 

Sensor Needle Length: 6 cm 

Needle Diameter: 1.27 cm 

Operating Environment 

temperature: 

 

50 to 150 
0
C 

 

Accuracy : 

± 5 % (0.2 to 2 Wm
-1

k
-1

) 

± 0.01W Wm
-1

k
-1

 (0.02-0.2 Wm
-1

k
-1

) 
 

Range of Measurement: 0.02 to 2 Wm
-1

k
-1

 

Measurement Time: 
60  
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4. Brookfield Cone and Plate Viscometer 

 

 

     

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Make: 
Brookfield Engineering Laboratories, Inc. , 

USA 

Model: 
Brookfield DV-II+ Pro (Cone and plate 

viscometer) 

Temperature Sensing 

Range: 
-100˚C to 300˚C 

Viscosity Accuracy: ±1.0% 

Viscosity Repeatability: ±0.2% 

Operating Environment 

temperature: 

 

0°C to 40°C 

Temperature Accuracy: 
±1°C | -100°C to +149°C 

±2°C | +150°C to +300°C 

Range of Measurement: 0.15 to 3065 cP 

Spindle type: 

 

CPE-40 
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5. Contact Angle Meter 

 

 

 

 

 

Make: Holmarc Opto-mechatronics Pvt. Ltd 

Model: HO-IAD-CAM-01 

Measuring method: Sessile drop method 

Analysis method: 
Automatic curve fit analysis using drop 

snake method 

Inaccuracy: +/- 0.1 degree 

Dispenser: 

Mechanical dispenser with precise 

micrometer control. 50, 100 & 150 micro 

liter syringes are provided with the system 

Dimension and Weight: 350 x 125 x 350mm, 30 kg (approx) 

Power supply: 240VAC, 50 Hz 

Optics: 

High performance aberration corrected 

imaging lens with precise manual focus 

adjustment 
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Appendix - B 

Uncertainty Analysis 

In this study, synthesis and characterization of nanofluid is carried 

out to investigate the thermal performance of nanofluids in various 

practical applications including heat exchanging equipments, automobile 

radiator, flat plate solar collector and cooling of electronics components. 

The present study involves measurement of various parameters 

such as: thermal conductivity, viscosity, temperature of test surface, 

coolant flow rate, solar insolation, voltage, current supplied, pressure drop, 

diameter and length of the test section. It is to be noticed that error in the 

test results initiates because of deviation of primary measured quantities, 

In view if this, attempts have been made to use pre-calibrated instruments 

to minimize the error in the measurement. Here, an error analysis is made 

to estimate the errors associated in the various parameters following the 

procedure suggested by Coleman and Steele [1] as: 

If R is dependent variable and is function of n independent variables then, 

                                   R = f (v1, v2, v3,………..,vn)                               (B.1) 

Let the uncertainties associated with independent variable be ∆1, ∆2, ∆3, 

……, ∆n and resulting uncertainty of R be ∆ and expressed as: 

  

1/2
2 22 2

1 2 3

1 2 3

.......
n

n

R R R R

v v v v

       ∂ ∂ ∂ ∂
 ∆ = ∆ + ∆ + ∆ + + ∆      

∂ ∂ ∂ ∂         

          (B.2) 

In this study, several test facilities have been developed to evaluate 

the thermal performance of nanofluids in various thermal devices. Here, 

steel rule and vernier caliper is used to measure the dimensions of the test 

specimen. Various instruments such as: rotameter, graduated glass tube is 

used to measure the coolant flow rate. The temperatures of the coolant and 
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test specimen are measured by using RTD during experiments. Here, 

differential pressure transmitter is used to measure the pressure drop 

between two different locations of the pipe. Solar insolation is measured 

by a calibrated pyranometer. Also, the voltage and current is measured by 

voltmeter and ammeter, respectively. The errors associated in the 

parameters are detailed below. 

Heat transfer performance of nanofluids through uniformly heated 

circular tube with helical twisted tape inserts  

In this study, various parameters such as: thermal conductivity, 

viscosity, temperature of test surface, coolant flow rate, voltage, current 

supplied, pressure drop, diameter and length of the test section are 

measured and the errors in these parameters are listed in table B.1. 

Considering errors in all basic measuring quantities, the maximum 

uncertainty in various parameters such as:  Reynolds number, heat transfer 

coefficient, Nusselt number and friction factor are evaluated. This is 

detailed below  

(a) Reynolds number, Re 

Re VDρ µ=
 

Following Eq. B.2, one can write 

1
2 22 2

Re 1 Re Re Re
( ) ( ) ( )

Re Re
V D

V D
µ

µ

  ∆ ∂ ∂ ∂   
= ∆ + ∆ + ∆      

∂ ∂ ∂       

 

Where, ∆ presents error in parameters measured and above equation is 

reduced to, 

( ) ( ) ( )

1
2 2 22

2 2 2Re
2 0.19 1   2.24 %

Re

V D

V D

µ

µ

    ∆ ∆ ∆ ∆ 
= + + = + + =      

        

Where,    

( ) ( )

1
2 2 2 1

2 2 2
2 0.027 2.0%

V vol t

V vol t

 ∆ ∆ ∆     = + = + =             
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Table B1: Uncertainties in instruments for heat transfer performance of nanofluids through uniformly heated circular tube 

 

 

 

 

 

 

 

 

 

 

Instrument Range Variable measured Error Min quantity 
Max Uncertainty 

(%) 

RTD -50
0
C to 200

0
C Bulk Temperature, (Tb) 

∆T=0.1
0
C 

∆Tb=[0.1
2
+0.1

2
]
1/2

= 0.1414 
30.6 0.46 

RTD -50
0
C to 200

0
C 

Surface 

Temperature, (Tw) 

∆T=0.1
0
C 

∆Tw=[6x(0.1)
2
]
1/2

= 0.2449 
31.3 0.78 

Measuring Flask 0-200 ml Volume, (vol) 1 ml 50 2 

Stop watch - Time, (t) 0.01 sec 37 0.027 

Voltammeter 0-240 V Voltage, (V) 0.1 V 120 0.083 

Ammeter 0-15 A Current, (I) 0.01 A 6 0.166 

Differential Pressure 

Transmitter 

4-20 mA 

0-250 

Current, ( mA) 

Pressure drop, ( P∆ ) 

0.1 mA 

- 

4.7 

398 

2.12 

2.12 

Measuring Tape 0-1.5 m 
Length measurement, 

(L) 
1 mm 1000 0.1 

Vernier Caliper 0-150 mm Diameter, (D) 0.02 mm 10.5 0.19 

Thermal Property 

Analyzer 

0.02 to 2.00 

W/m.K 

Thermal conductivity,  

(k) 
- 1.68 

Brookfield 

Viscometer   
0.15-3065 cP Viscosity, (µ) - 1 
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(b) Heat flux, q 

q Q A VI DLπ= =  

1
2 2 2 2 2

1
( ) ( ) ( ) ( )

q q q q q
V I D L

q q V I D L

 ∆ ∂ ∂ ∂ ∂       
= ∆ + ∆ + ∆ + ∆        

∂ ∂ ∂ ∂         
 

1
2 2 2 2 2

q V I D L

q V I D L

 ∆ ∆ ∆ ∆ ∆       
= + + +        

         
 

( ) ( ) ( ) ( )
2 2 2 2

0.083 0.166 0.19 0.1= + + +  

                              = 0.28% 

(c) Heat transfer coefficient, h 

( )w b

q
h

T T
=

−
 

1
2 22

1
( ) ( )

( )
w b

w b

h h h
q T T

h h q T T

   ∆ ∂ ∂
 = ∆ + ∆ −   

∂ ∂ −       

Where,  

( ) ( )

1
2 2 2

1
2 2 2( )

0.78 0.46 0.90%
( )

w b w b

w b w b

T T T T

T T T T

    ∆ − ∆ ∆   = + = + =     −        

1
2 22

( )

( )

w b

w b

T Th q

h q T T

    ∆ −∆ ∆
 = +   

−       

                                      

( ) ( )
2 2

0.28 0.90= +  

                                       = 0.94%
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 (d) Nusselt number, Nu 

Nu hD k=  

1
2 2 2 2

1
( ) ( ) ( )

Nu Nu Nu Nu
h D k

Nu Nu h D k

 ∆ ∂ ∂ ∂     
= ∆ + ∆ + ∆      

∂ ∂ ∂       
 

1
2 2 2 2

Nu h D k

Nu h D k

 ∆ ∆ ∆ ∆     
= + +      
       

 

       ( ) ( ) ( )
2 2 2

0.77 0.19 1.5= + +
 

                                          
= 1.69% 

(e) Friction factor, f 

3

2 2

1

2 Re

P D
f

L

ρ

µ

 ∆ 
=    

   
 

( )

1
2 22 2

22

( ) ( )
1 ( )

( Re) ( )
Re

f f f
P L D

f P L D

f f f f
µ

µ

  ∂ ∂ ∂   
∆ ∆ + ∆ + ∆      

∆ ∂ ∆ ∂ ∂     =
  ∂ ∂ 
+ ∆ + ∆    

∂ ∂     

 

1
2 2 22 2 2

( ) 3 2 Re 2

( ) Re

f P L D

f P L D

µ

µ

    ∆ ∆ ∆ ∆ ∆ ∆ ∆     
= + + + +          

∆           

 

          ( ) ( ) ( ) ( ) ( )
2 2 2 2 2

2.5 0.1 3 0.19 2 2.24 2 1= + + × + × + ×   

                                    = 5.53% 

       Thermal performance of nanofluids through an automobile radiator 

In this study various parameters such as: temperature, coolant flow 

rate, thermal conductivity and viscosity are measured. The rotameter is 
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used for mass flow measurement. Table B.2 shows the uncertainty in 

measured basic quantities. The maximum uncertainty in various 

parameters such as: Reynolds number, heat transfer coefficient and 

Nusselt number are evaluated. This is detailed below  

a) Reynolds number, Re 

Re 4m Dπ µ= �  

1
2 22 2

Re 1 Re Re Re
( ) ( ) ( )

Re Re
m D

m D
µ

µ

  ∆ ∂ ∂ ∂   
= ∆ + ∆ + ∆      

∂ ∂ ∂       

�
�

 

1
2 22 2

Re

Re

m D

m D

µ

µ

  ∆ ∆ ∆ ∆   
= + +      

       

�

�

 

                         ( ) ( ) ( )
2 2 2

5 0.66 1= + +
 

  
=5.1 % 

(c) Heat transfer coefficient, h 

 ( - ) ( - )  ( - ) ( - )
P in out b w P in out b w

h mC T T A T T mC T T DL T Tπ= =� �
 

1
2 2 2 2 2

2

( ) ( ) ( )
1

( - )
( - )

b w

b w

h h h h
m T D L

h m T D L

h h h
T T

T T

 ∂ ∂ ∂ ∂       
∆ + ∆ + ∆ + ∆        

∆ ∂ ∂∆ ∂ ∂        =
  ∂
+ ∆  

∂  

�

�

  

Where,  

( ) ( )

1
2 2 2

1
2 2 2( )

0.18 0.40 0.43%
( )

b w b w

b w b w

T T T T

T T T T

    ∆ − ∆ ∆   = + = + =     −        

1
2 22 2 2

( )( )

( )

b w

b w

T Th m T D L

h m T D L T T

  ∆ −∆ ∆ ∆ ∆ ∆ ∆       
 = + + + +         

∆ −          

�

�
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Table B2: Uncertainties in instruments for thermal performance of automobile radiator 

 

 

Table B3: Uncertainties in instruments for thermal performance of solar heat pipe collector

 

Instrument Range Variable measured Error Min quantity Max Uncertainty (%) 

RTD -50
0
C to 200

0
C Temperature, (T) 0.1

0
C 35 0.28 

Pyranometer 0 – 1500 W/m
2
 

Solar radiation 

measurement, (It) 
10  W/m

2
 660 1.5 

Measuring Tape 
0-1.5 m Length, (L) 1 mm 630 0.15 

0-150 mm Width, (W) 1 mm 360 0.27 

Measuring Flask 0-200 ml Volume, (vol) 1 ml 56 1.78 

Stop watch - Time, (t) 0.01 sec 30 0.03 

Instrument Range Variable measured Error Min quantity Max Uncertainty (%) 

RTD -50
0
C to 200

0
C Bulk Temperature, (Tb) 

∆T=0.1
0
C 

Tb=[0.1
2
+0.1

2
]
1/2

=0.1414 
75.6 0.18 

RTD -50
0
C to 200

0
C 

Surface 

Temperature, (Tw) 

T=0.1
0
C 

Tw=[8x(0.1)
2
]

1/2
=0.2828 

70.3 0.40 

Rotameter 0-5  lpm Mass flow rate, ( m� ) 0.1 lpm 2 5 

Measuring Tape 0-1.5 m Length, (L) 1 mm 310 0.33 

Vernier Caliper 0-150 mm Diameter, (D) 0.02 mm 3 0.66 

KD2 Pro sensor 0.02 to 2.00 W/m.K Thermal conductivity,  (k) - 1.68 

Brookfield 

Viscometer 
0.15-3065 cP Viscosity,(µ) - 1 
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( ) ( ) ( ) ( ) ( )

2 2 2 2 2
5 0.18 0.66 0.33 0.43= + + + +

 

                           
=5.06%

 

 (c) Nusselt number, Nu 

Nu hD k=  

1
2 2 2 2

1
( ) ( ) ( )

Nu Nu Nu Nu
h D k

Nu Nu h D k

 ∆ ∂ ∂ ∂     
= ∆ + ∆ + ∆      

∂ ∂ ∂       
 

1
2 2 2 2

Nu h D k

Nu h D k

 ∆ ∆ ∆ ∆     
= + +      
       

 

     
( ) ( ) ( )

2 2 2
5.06 0.66 1.5= + +

 

                                        
=5.32% 

Thermal Performance of Two-Phase Thermosyphon Flat Plate Collector by using 

Nanofluids 

Here, the coolant temperature at inlet and outlet of the collector is measured by 

RTD during experiments. The coolant flow rate is adjusted by using flow control valve 

and measured by using a stop watch of 0.01 s accuracy and a graduated glass bottle of 

tolerance 1cm
3
. The solar radiations are measured by using a pyranometer. The 

uncertainties in measured quantities are tabulated in Table B.3. The maximum 

uncertainty in various parameters such as: heat gain (Qg) and efficiency of collector (η) 

are evaluated and is detailed below: 

(a) Heat gain, Qg 

( )
p o i p

Q mC T T mCg T= − = ∆� �  

1
2 2 2

1
( ) ( )

( )

g g g

g g

Q Q Q
m T

Q Q m T

 ∆ ∂ ∂   
= ∆ + ∆ ∆    

∂ ∂ ∆     

�
�
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( ) ( )

22
2 2( )

1.78 0.28 1.80%
( )

g

g

Q m T

Q m T

 ∆  ∆ ∆ ∆ 
= + == + =    

∆    

�

�

 

Where,    

( ) ( )

1
2 2 2 1

2 2 2
1.78 0.03 1.78%

m V t

m V t

 ∆ ∆ ∆     = + = + =           

�

�
 

  

(b) Efficiency of collector, η 

( )t coll t

Q QQ g gg

Qin I A I L W
η == =

×
 

1
2 22 2 2

1
( ) ( ) ( ) ( )

g t

g t

Q I L W
Q I L W

η η η η η

η η

    ∆ ∂ ∂ ∂ ∂      = ∆ + ∆ + ∆ + ∆       
∂ ∂ ∂ ∂         

 

1
2 22 2 2

g t

g t

Q I L W

Q I L W

η

η

  ∆  ∆∆ ∆ ∆      = + + +       
         

 

( ) ( ) ( ) ( )
2 2 2 2

1.80 1.5 0.15 0.27= + + + = 2.36%
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