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ABSTRACT 

The study intends to explore the potential application of employing kerosene based 

nanofluids in regenerative cooling channels of semi-cryogenic rocket engine for augmenting 

the heat transfer. Alumina nanoparticles and Graphene Nano Platelets (GNP) are dispersed in 

kerosene to prepare kerosene based nanofluids. Thermo-physical properties of the nanofluids 

are estimated and their convective heat transfer characteristics are investigated in turbulent 

flow regime using simulated experiments to evaluate the augmentation in heat transfer in 

coolant channels. Various combinations at different particle concentrations are analyzed to 

ascertain the relative effectiveness of nanofluids for nozzle cooling application. The study 

also brings out appropriate surfactants and its optimized quantity in conjunction with the 

effective techniques for mixing for the preparation of a highly stable nanofluid.  

In the current study, kerosene-alumina nanofluid is prepared and characterized with 

varying particle loadings of 0.05vol% to 1.0vol%, in steps, for two different catalogue 

particle sizes of 13 nm and 50 nm. Oleic acid, as a surfactant, is found to be suitable to 

stabilize kerosene-alumina nanofluid and an optimum surfactant to particle volume ratio is 

determined for enhanced stability of nanofluid. Particle size measurement using Dynamic 

Light Scattering (DLS) technique and thermal conductivity measurement using Transient Hot 

Wire (THW) method is used to determine the stability of nanofluid with time. Subsequently, 

heat transfer studies show significant increase in thermal conductivity and viscosity of 

kerosene-alumina nanofluid with particle loading. Maximum enhancement of 33% in thermal 

conductivity and 22% in viscosity is observed for 13 nm particle size nanofluid at 1.0vol% 

particle concentration at room temperature. Higher thermal conductivity and viscosity of 

nanofluid at elevated temperature for nanofluids with smaller size nanoparticles, indicates 

significant role of particle Brownian motion in nanofluid.  
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Experimental investigation of turbulent convective heat transfer behaviour of 

nanofluid is determined using horizontal circular test section configuration in a closed loop 

test setup. The effects of particle size, volume fraction and Reynolds number on convective 

heat transfer performance and pressure drop are determined using a uniformly heated test 

section. Heat transfer performance of the nanofluid is evaluated based on identical Reynolds 

number, Peclet number, velocity and constant pressure drop conditions. The experimental 

results reveal that the heat transfer properties of kerosene-alumina nanofluid are significantly 

high as compared to pure kerosene. Higher heat transfer coefficient is noticed for larger 

particle size nanofluid as compared to smaller size though the measured thermal conductivity 

is higher for lower particle size nanofluid. The observed trend is corroborated with the 

hypothesis of boundary layer disruption caused by bigger sized particle during flow of 

nanofluids. The experiments also highlight the significant role of Prandtl number in 

convective heat transfer of nanofluids. A homogeneous fluid correlation which accurately 

predicts heat transfer coefficient and pressure drop for nanofluids is also presented in the 

work. 

Further in the study, stable kerosene-GNP nanofluids at 0.005, 0.02, 0.05, 0.1, 0.2 

weight percentage (wt %) and specific surface area (SSA) values of 300, 500, 750 mm
2
/g are 

prepared using ultrasonication and steric stabilization technique. Oleylamine is found to be 

the suitable surfactant for the maximum stability of nanofluid. Similar to the kerosene-

alumina nanofluid, augmentation in thermo-physical properties are found for higher SSA 

kerosene-GNP nanofluid. 23% enhancement in thermal conductivity and 8% increase in 

viscosity at room temperature are observed for 750 SSA, 0.2 wt% kerosene-GNP nanofluids. 

The study shows only marginal effect of temperature on the thermal conductivity of 

kerosene-GNP nanofluid as compared to kerosene-alumina nanofluid. The behaviour 

observed is attributed to the percolation mechanism related heat transfer phenomenon in 



xiii 
 

kerosene-GNP nanofluid. Experimental study on convective heat transfer performance of the 

nanofluids at turbulent flow regime show significant improvement in heat transfer 

performance of kerosene-GNP nanofluid as compared to pure kerosene. Higher enhancement 

convective heat transfer coefficient is observed for higher SSA nanofluid. Correlations for 

friction factor and Nusselt number are determined using experimental data. Merit number 

which is used to determine the total heat transfer performance shows the utility of these 

nanofluids as heat transfer fluids. 

The current study clearly brings out the method of synthesis of stable kerosene-

alumina and kerosene-GNP nanofluid and their augmentation in enhanced thermo-physical 

properties. Detailed experiments carried out to understated the influence of various 

parameters on thermal performance of kerosene based nanofluid gives immense scope and 

advantage for the potential use of these nanofluids as a coolant in the regenerative channels 

of semi-cryogenic engine thrust chamber which could lead to significant payload advantage. 
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One of the methods to increase the thrust of rocket engine is to increase its chamber pressure 

[112] leading to higher combustion gas temperature. Engine thrust is related to chamber 

pressure as shown in equation 1.1.  

Thrust, F = Cf * At * P                        (1.1) 

here, Cf =thrust coefficient, At = nozzle throat area and P =chamber pressure 

In general higher chamber pressure results in higher heat flux on the thrust chamber wall and 

it is evident from the Bartz expression [112] described in equation 1.2: 

ࡽ =
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               (1.2) 

From Eq. 1.2 it is observed that the variation of heat flux with chamber pressure is 

almost linear (Q∝ ௖ܲ
଴.଼ ). Thus for high chamber pressure rocket engines, the importance of 

managing the resultant higher heat flux of the order of 50MW and more, becomes critically 

important. The chamber and the nozzle wall experience high temperatures and need to be 

cooled. The thrust chamber wall will be exposed to very high heat fluxes and in the absence 

of a proper cooling mechanism, could result in the melting of wall material thereby causing 

total breakdown of the system. Figure 1.2 shows the axial variation of heat flux on the thrust 

chamber wall of a typical liquid rocket engine. Various types of cooling techniques are being 

used to protect the thrust chamber walls. In a typical cooling technique as shown in Fig. 1.3, 

viz; regenerative cooling, one of the propellant is passed through the coolant channels 

surrounding the wall of the nozzle prior to its entry into the combustion chamber. In such 

regenerative cooling systems, the rate of heat transfer in the coolant channel can be described 

as; 



 

Q = h A �T                             
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The cooling efficiency of such a system depends on the rate of heat transfer in the 

channel and also the associated flow characteristics. The increased heat transfer can be 

achieved by either increasing the temperature difference ‘�T’, surface area ‘A’ or by 

increasing the heat transfer coefficient, ‘h’. A higher temperature difference �T is limited by 

material constraints and the increase in surface area ‘A’ available for heat transfer may not be 

possible due to various size and weight constraints in thrust chamber design. The other 

alternative is to increase the heat transfer coefficient ‘h’. Thus the major factors controlling 

the cooling performance are thermo-physical properties of the fluid and the flow velocity. 

The required pumping power increases significantly with increasing flow velocity due to 

resultant higher pressure drop in coolant channels. Alternatively, the heat transfer coefficient 

could be increased by enhancing the properties of the coolant for the particular mode of heat 

transfer.   

 In the case of semi-cryogenic rocket engines, kerosene, the fuel, is being used as 

regenerative coolant. Moreover, though the thermal conductivity of kerosene is relatively 

low, the temperature should be maintained below the coking limits during its flow through 

the regenerative passage. The heat transfer performance of this system can be augmented 

either by improving thermo-physical properties of kerosene or to a marginal extent by 

optimizing the thrust chamber coolant channel design. In this context, the attention is drawn 

towards the higher heat transfer performance exhibited by nanofluids over the base fluids. 

Fluids, referred to as base fluids, dispersed with nanoparticles are known to exhibit 

significantly enhanced thermal properties as compared to the base fluid [15,20]. The size of 

the nanoparticles imparts unique characteristics to the base fluids, including greatly enhanced 

energy, momentum and mass transfer, as well as reduced tendency for sedimentation and 

erosion of the containing surfaces [20]. Thus, the potential of an innovative cooling system 
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for semi cryogenic engine could be explored by improving the thermo-physical properties of 

kerosene, which might enhance the heat transfer characteristics of kerosene. 

1.2 Concept of Nanofluids 

Cooling has become one of the foremost challenges in current technological fields 

including electronics, lighting, transportation, space exploration and manufacturing. Heat 

transfer coefficients are limited due to the poor coolant properties in many applications. In 

energy-efficient heat transfer fluids, the thermal conductivity of the heat transfer fluids plays 

vital role.  

Table 1.1: Thermal conductivity of various Materials 

 Material 
Thermal Conductivity 

(W/m K) 

 

Metals 

 

Silver 

Copper 

Aluminum 

429

401

237

Non-metals 

 

Graphene/Carbon nanotubes 

Silicon carbide 

Alumina (Al2O3) 

1000-3000 

260

40

 

Liquids 

Water 

Ethylene glycol 

Engine oil 

Kerosene (Rocket grade) 

0.613 

0.253 

0.145 

0.104 

Despite considerable research and development efforts on heat transfer enhancement, 

there is little or no major breakthrough in the thermal management of systems, and cooling 

capabilities have been largely limited due to the poor thermal conductivity of traditional heat 
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transfer fluids used [20], such as water, oils, and ethylene glycol. These fluids have 

inherently, orders-of-magnitude lower thermal conductivities than most of the solids as 

presented in Table 1.1.  

 Since solid materials have much higher thermal conductivities than fluids, it is 

expected that the addition of solid particles could increase the thermal conductivity of the 

fluids. However, if solid particles in the size range of millimeter or micrometer are added into 

the base fluids, it can pose other major challenges as given below. 

1. Unstable solution leads to particle settling and form a sediment layer at the surface 

during flow. This will increase the thermal resistance and also impair the heat transfer 

performance of the fluids. 

2. The large size of the particles or the agglomerates of these particles causes severe 

clogging, especially at low velocity of fluids or in micro channels. 

3. Large particles and the agglomerates in fluid flows may carry large momentum and 

kinetic energy, which may cause damage to the surface of the heat transfer equipment. 

4. The erosion of the fluid system by the coarse and hard particles increases as the fluid 

velocity increases. 

5. Noticeable conductivity enhancement is based on high particle concentration, which 

leads to apparent increase in viscosity. Higher viscosity of the fluids also necessitates 

high pumping power and thus limits the utility of these fluids. 

 Fluids with suspensions of higher thermal conductivity nanosize metal and metal 

oxide particles are being considered as an option for improving thermal performance of heat 
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transfer systems. By adding high thermal conductivity nanoparticles, the thermal conductivity 

of the fluid can be enhanced while accommodating for the moderate increase in the fluid 

viscosity. 

1.3 Advantages of Nanofluids 

Nanofluids are fundamentally characterized by the fact that the Brownian motion due to 

small size of particles overcomes the particle settling due to gravity. A stable solution is thus 

possible if the particle size is in the range of nanometers. Nanofluid can be defined as 

engineering colloidal solution [15] with nanoparticle dispersed in base fluid, having particle 

size <100nm and particle concentration <5vol%. The size of the nanoparticles imparts unique 

characteristics to the base fluids, including greatly enhanced energy, momentum and mass 

transfer, as well as reduced tendency for sedimentation and erosion of the containing 

surfaces. The improved heat transfer property of nanofluids is ascribed to various reasons 

ranging from an increase in thermal conductivity of fluids to the random Brownian motion of 

the nanoparticles. 

 Apart from the above, nanofluids have the following specific advantages as a heat 

transfer fluid: 

1. High specific surface area (SSA) leads to efficient heat transfer in nanofluids. 

2. Higher dispersion stability due to smaller size of particles in the base fluid. 

3. Reduced particle clogging as compared to conventional slurries, thus promoting 

system miniaturization. 

4. Adjustable properties, including thermal conductivity and surface wettability, through 

varying particle concentrations to suit different applications. 
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 The aforementioned advantages of nanofluids make them a suitable choice as coolant 

for various heat transfer applications. Nanofluids have high demand as a coolant in electronic 

cooling industries, automobile engine cooling application, solar reflectors, nuclear system 

cooling etc.  

1.4 Synthesis of Nanofluids   

Modern fabrication technology provides great opportunities to process nanostructure 

material. Nanostructure materials are defined as the materials whose structural elements such 

as clusters, crystallites or molecules have dimension less than 100nm, and exhibit different 

properties than the conventional solids. The notable property of nano-size materials is 

attributed to the relatively high surface area/volume ratio, due to the high proportion of 

constituent atoms residing at the grain boundaries. The thermal, mechanical, optical, 

magnetic, and electrical properties of nano-size materials are superior to those of 

conventional materials with coarse grain structures [20]. 

 Preparation of nanofluid basically involves dispersion of nano-size particles into a 

heat transfer base fluid. Nanoparticle of metals, oxides, carbides and carbon nanotubes can be 

dispersed into heat transfer fluids, such as water, ethylene glycol, hydrocarbons with or 

without the addition of stabilizing agents. Synthesis methods for nanoparticles are typically 

grouped into two categories: ‘top-down’ and ‘bottom-up’ approach [40]. The first involves 

division of a massive solid into smaller portions. This approach involves milling or attrition, 

chemical methods, and volatilization of a solid followed by condensation of the volatilized 

components. The second, bottom-up method of nanoparticle fabrication involves 

condensation of atoms or molecules in the gas phase or in solution.  



9 
 

 Long term physical and chemical stability of nanofluids is an important practical 

aspect because of the aggregation of nanoparticles due to very strong Vander Waals 

interactions. Dispersion of nanoparticles in the base fluid is intrinsically thermodynamically 

metastable due to their very high surface area and it also indicates the positive contribution to 

the free enthalpy of the system. Nanofluids are basically colloidal solutions. The stability 

mainly depends on the attractive and the repulsive forces that exist between the particles.  

Researchers [22] have formulated the DLVO (Derjaguin and Landau, Verwey and Overbeek) 

theory, which proposes the stability of the solution depending upon the total potential energy 

of the system. DLVO theory suggests that the stability of a particle in a solution is 

determined by the sum of attractive Vander Waals forces and the electrical double layer 

repulsive forces that exist between particles as they approach each other due to Brownian 

motion. If the attractive forces are higher than repulsive forces, the two particles will collide 

and suspension is not stable; however if the particles have sufficiently high repulsive force, 

the suspension will be stable. 

 Figure 1.4 shows the electric double layer near a nanoparticle in a fluid. Electric 

double layer model [20] is used to visualise the ionic environment when the nanoparticle is 

present in a charged colloid. Development of a net charge at the surface of a particle affects 

the distribution of ions in the nearby surrounding region, and increases the concentration of 

counter charge ions close to the surface. Attraction of negatively charged particles (assumed 

negative) causes some of the positive ions from the solution to form a firmly attached Stern 

layer around the surface of colloids. Few more positive ions are still attracted by negative 

colloid, but they are repelled by the stern layer and results in a diffuse outer layer. The 

attached counter-ions in the Stern layer and the charged atmosphere in the diffuse layer are 

generally referred to as the electrical double layer. The thickness of the layer depends upon 

the type and concentration of ions in solution. 
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sedimentation. Stability indicates how effectively the particles are dispersed in the fluid and 

are maintained to be kept apart. The process of preventing nanoparticles from agglomeration 

is known as stabilization.  

1.4.1  Preparation methods  

 Preparation of a stable nanofluid is the most important and challenging process in 

nanofluid heat transfer studies.  The agglomeration of solid particles in base liquid can occur 

if the nanofluids are not prepared properly and may in turn result in poor thermo-physical 

properties of nanofluids. There are two major techniques [148], which are typically used for 

nanofluid preparation: two-step method and single step method.  

1.4.1.1  Two-step method  

 In two-step method, nanoparticles, either produced or procured are dispersed into the 

base fluid. Various techniques like stirring, ultrasonicating and high pressure shearing are 

employed to disperse the nanoparticles into the base fluid. The two-step process works better 

for oxide particles than their metallic counterparts [57]. The disadvantage in this method is 

the agglomeration of nanoparticles due to increased surface interaction of the particles.  

1.4.1.2 Single-step method  

 The single-step method involves simultaneous production and dispersion of 

nanoparticles in fluids. The single-step method [40] includes the direct evaporation and 

condensation method, SANSS (submerged- arc nanoparticle synthesis system), and laser 

ablation methods, in which metals are vaporized using physical technology and cooled into 

liquids to obtain nanofluids. Preparation of nanofluid via a single-step method provides some 
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advantages such as minimizing the agglomeration of nanoparticle. In this method, the steps 

of nanoparticle drying, storage, transportation and dispersion of particles in the base liquid 

media are combined and this leads to minimum agglomeration. Nevertheless, scalability of 

some fabrication methods could be costly and troublesome.  

1.4.2 Stability of nanofluids  

 The agglomeration of nanoparticles results not only in the settling and clogging of 

micro-channels but also decrease in thermal conductivity of nanofluids. Two types of 

stabilizing techniques are used to prepare nanofluids. 

1.4.2.1 Electrostatic stabilization  

 The stability of nanofluid is directly influenced by its electro-kinetic properties [148]. 

Surface charge on nanoparticle dispersed into a base liquid is also an important factor for its 

stability. Surface charge causes nanoparticles to create an electric field resulting in attraction 

or repulsion among them. The charge depends on the pH of the suspension. As the pH of the 

suspension departs from the iso-electric point (IEP) of the particles, the nanofluid becomes 

more stable. At IEP the charge density at the particle surface equals the charge density of the 

medium. As the value of pH of the suspension approaches the IEP, nanoparticles tend to 

agglomerate due to the weak repulsive forces and eventually particles settling take place. 

Therefore, by adjusting the pH value of suspension, stability of nanofluid can be thoroughly 

controlled. Optimum value of pH will result in higher stability of the nanofluid. 
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and amphoteric surfactants with zwitterionic head groups (betaines and lecithins). The 

selection of suitable dispersants is a key issue. In general, when the base fluid of nanofluids is 

a polar solvent , the suitable surfactant can be water-soluble or oil soluble. Adequate quantity 

of surfactant is required in the suspension to overcome Van der Waals attractions.  

 The solubility of non-ionic surfactants is evaluated through Hydrophilic - Lipophilic 

Balance (HLB) value [21,42,43]. HLB numbers >10 have an affinity for water (hydrophilic) 

and those with HLB <10 have an affinity for oil (lipophilic). Ionic surfactants have recently 

been assigned relative HLB values, allowing the range of numbers to extend to 60. Table 1.2 

details the HLB range of various surfactants with their dispensability. It is to be noted that the 

HLB range for oil is inverse of water. Surfactants with HLB range which are dispensable in 

water will show no dispensability in oil. 

Table 1.2: HLB range with dispensability in water 

 

 

 

 

 

 

 

Dispensability HLB Range 

No dispersibility in water  1-4 

Poor Dispersion 3-6 

Milky Dispersion after vigorous agitation 6-8 

Stable milky dispersion 8-10 

Translucent to clear dispersion 10-13 

Clear solution 13+ 
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1.5 Thesis Organization 

The thesis comprises of five chapters as follows: 

 Chapter 1 presents the concept of nanofluids, its enhanced performance over the base 

fluid, preparation techniques and their characteristics for heat transfer application. Detailed 

discussion of various methods is also made for the synthesis of stable nanofluids. 

  Chapter 2 discusses the detailed literature survey on synthesis and characterization of 

nanofluids, thermal conductivity and viscosity measurements, convective heat transfer 

experiments and possible mechanisms involved in the observed better thermal performance 

of nanofluids.  The objective and scope of the current work is also defined at the end of the 

chapter 2. 

 Chapter 3 presents the experimental techniques used in the present study for 

synthesis and characterization of nanofluids. Detailed discussion on uncertainty and data 

reduction process for the experimentation is presented.  Details associated with the closed 

loop convective heat transfer setup are also discussed.  

 Chapter 4 reports the results and discussion of the experimental study. Two separate 

subsections are provided for discussing the results obtained from the study carried out on the 

kerosene-alumina and kerosene-GNP nanofluids respectively. Detailed discussion is done for 

the experimental observations and the trends observed in experiments are explained. 

 Chapter 5 provides the summary and conclusions of the present work in conjunction 

with future scope to extend this research activity. 
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CHAPTER 2 

2 LITERATURE SURVEY 

2.1  Introduction 

  Dispersion of solids in fluids to enhance the thermal conductivity is a concept that is 

proposed more than 100 years ago. Maxwell [83] in the year 1873 presented a theoretical 

model for predicting the enhanced thermal conductivity of liquids on dispersion of solids in 

them. However, till around year 1990, particle size was limited to micrometer or millimeter, 

and the solid particle concentrations used were low to avoid the immediate settlement of the 

particles upon dispersing them in the fluids. 

  Pioneering work in dispersing nano-sized particle in a base fluid had been carried out 

by Choi [15] at the Argonne National Laboratory, Chicago at 1995 and he named this 

colloidal solution as nanofluid.  In the last two decades, several researchers have carried out 

wide range of heat transfer studies with various oxides, carbon nanotubes, carbide and metal 

nanoparticles in water or Ethylene Glycol (EG). All these studies reported higher thermal 

performance for nanofluids as compared to the respective base fluids. 

2.2 Preparation and Characterization of Nanofluids 

 Enhanced heat transfer properties of nanofluids depend upon the stability and the 

respective method adopted for its preparation as indicated by many reviewers 

[8,19,27,40,109,126,129,138,148]. Two methods are used for the preparation of nanofluid. 

Out of the two techniques that are being used for the preparation of nanofluids, a single step 
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direct evaporation approach for producing nanofluids, referred to as the modified VEROS 

(Vacuum Evaporation onto a Running Oil Substrate) technique is successfully used by 

Eastman et al. [26]. The single-step method has been used with success to produce nanofluids 

containing dispersed high thermal conductivity metal nanoparticles [78,138]. One of the 

successful methods is called the direct evaporation technique, which is first developed by 

Yatsuya et al. [144]. During this process, nanoparticles are synthesized and dispersed into the 

fluid simultaneously. The single-step method can significantly reduce the agglomeration and 

improve the stability of nanofluids. However, the main limitation is the limited production of 

nanofluids as compared to the two-step techniques. 

 In the two step process, first the nanoparticles are either produced or procured.  

Although there exists a possibility for certain degree of agglomeration to occur during this 

process of nanoparticle preparation, storage and dispersion, it is well known that these 

agglomerates require only very little energy to be disbanded into smaller constituents. Thus it 

is possible that even agglomerated nanocrystalline powders can be successfully dispersed 

into fluids with the desirable properties. 

 Several researchers [18,40,57,101,110,111] successfully employed the two-step 

technique for preparation of the respective nanofluids. The method utilizes nanoparticles, 

which are initially produced as dry powders via chemical or physical methods. The method is 

extensively used in synthesizing nanofluids by mixing base fluids with commercially-

available nanopowders. Various techniques like stirring, ultrasonication and high pressure 

shearing are adopted to disperse the nanoparticles into the base fluid. Hwang et al. [57], have 

made nanofluids using a stirrer, ultrasonic bath, an ultrasonic disruptor and a high pressure 

homogenizer, and also examined the samples using Dynamic Light Scattering (DLS) and 

Transmission Electron Microscope (TEM). They observed that the two-step process yielded 
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better results for oxide particles as compared to the single step method. The only 

disadvantage in the two step method is the agglomeration of nanoparticles due to the Van der 

Waals forces. 

 The stability of nanofluid is a highly desirable property of the nanofluid to be used as 

a potential fluid for heat transfer applications. Research in the last few years has mainly 

focused on the preparation of stable nanofluids. The review paper of Ghadimi et al. [40] and 

Solangi et al. [109] provides an exhaustive commentary on the stability of the nanofluids.  

In the past, several researchers have used various surfactants for the preparation of 

stable nanofluids using steric stabilization technique. Some of the popular surfactants used by 

the researchers are sodium dodecyl sulfate (SDS) [57,101] sodium dodecyl benzene sulfonate 

(SDBS) [101,130], oleic acid [57,111,136], cetyltrimethyl ammonium bromide (CTAB) 

[101] and polyoxyethylene soribitan monolaurate [Tween 20 LR] [111]. Measurements are 

carried out to evaluate the particle size distribution with time, assess the visual stability of the 

nanofluids and also to determine the stability of various nanofluids prepared by different 

dispersion techniques.  

 The pH of the nanofluid is changed by adding either acid or base in the solution in the 

case of electrostatic stabilization. Xie et al. [136] have modified the surface characteristics of 

water-carbon nanotube (CNT) nanofluid by changing the pH and were able to prepare stable 

nanofluid.  Zhu et al. [155] have determined the dispersion behavior of water-alumina 

nanofluid by measuring zeta potential of nanofluids under different pH values and SDBS 

concentrations. They recommended the combined use of steric and electrostatic stabilization 

for water-alumina nanofluid for improved thermal conductivity. A systematic study was 

carried out by Raghu et al. [101] in which the effect of surface charge (pH), type of 



20 
 

nanoparticle and dispersion method on thermal conductivity of oxide nanofluids are 

examined. They concluded that high surface charge (low pH) of nanofluids improves 

dispersion stability, results in lower viscosity and high thermal conductivity for nanofluids.  

2.3 Measurement of Thermal Conductivity 

  In the past twenty years the nanofluids prepared with water, ethylene glycol (EG) and 

oil as the base fluids have been of great research interest to heat transfer community due to 

higher thermal conductivity observed. Choi [15] is the first to theoretically demonstrate the 

possibility of obtaining exceptionally high thermal conductivity with water-Cu nanofluid as 

compared to the respective base fluid. Subsequently, many researchers have carried out wide 

range of experimental studies with various oxides [2,52,111], carbon nanotubes [130,133], 

carbide [115,134] and metal nanoparticles [78,138] in water or ethylene glycol. All these 

studies reported higher thermal conductivity for nanofluids as compared to the respective 

base fluids. 

2.3.1 Effect of particle concentration 

 Eastman et al. [28] measured the thermal conductivity of water based nanofluids, and 

reported enhancement of 60% and 40% in thermal conductivity for 5vol% CuO and alumina 

nanofluid respectively. Subsequently, many authors have reported data for wide variety of 

nanofluids. Choi et al. [17] measured 150% thermal conductivity enhancement of poly (�-

olefin) oil with the addition of multiwalled carbon nanotubes (MWCNT) at 1vol% 

concentration. Yang et al. [143] reported 200% thermal conductivity enhancement for poly 

(�-olefin) oil containing 0.35 vol% MWCNT.  
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 Eastman et al. [29] found 40% thermal conductivity enhancement for 0.3vol% copper 

nanoparticles dispersed in EG. The authors however added about 1vol% thioglycolic acid as a 

surfactant in their nanofluid and noted higher thermal conductivity with surfactant as 

compared to the case without using surfactant. Jana et al. [61] measured the thermal 

conductivity of a similar nanofluid, with water containing copper nanoparticles.  They used 

laurate salt as the surfactant and observed 70% enhancement in thermal conductivity.  

  Zhang et al. [153] reported 15% enhancement in thermal conductivity of water-

alumina nanofluid at 5vol% whereas Timofeeva et al. [114] reported only 7% enhancement 

in thermal conductivity of water-alumina nanofluid for the same volume fraction and 

nanoparticle size. Both these research groups have used the transient hot wire (THW) method 

for thermal conductivity measurement. In another study by Li and Peterson [77], where the 

thermal conductivity of nanofluids are measured with steady state method, enhancement of 

10-12% is noticed for 6vol% for water-alumina nanofluid. The disagreement between these 

reported values may be attributed to the different techniques used for realizing the 

nanoparticles, and also the different methods involved in preparation of the nanofluid. A 

benchmark study conducted by International Nanofluid Property Benchmark Exercise 

(INPBE) for thermal conductivity of nanofluids, and presented by Buongiomo et al. [13] also 

reports an increase in thermal conductivity of nanofluids with particle concentration 

irrespective of the measurement technique used. 

2.3.2 Effect of Particle Size 

 The effect of particle size on the thermal conductivity of nanofluids is determined by 

many researchers. Anoop et al. [2] observed higher thermal conductivity for 45 nm alumina 

particle water nanofluid as compared to the 150 nm case. However, Kim et al. [70] measured 
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thermal conductivity of nanofluids containing different sizes of Al2O3, TiO2, and ZnO in 

water and in ethylene glycol (EG). They observed higher thermal conductivity for nanofluids 

containing the smaller nanoparticles. For nanofluids containing 3vol% TiO2 in ethylene 

glycol, the thermal conductivity enhancement for the 10 nm nanoparticle size sample is 

approximately double as compared with those obtained for the 70 nm sample. The study of 

Kim et al. [70] with metal-oxide nanofluid shows linear increase in thermal conductivity of 

nanofluid with decreasing particle size for identical volume concentration. Li and Peterson 

[77] have determined thermal conductivity of water-alumina nanofluid for two particle sizes 

at various volume concentrations and temperatures. Though, in most of their studies, higher 

thermal conductivity of nanofluid with 47 nm nanoparticles is observed, as compared to 36 

nm case. However for some combinations of volume concentration and temperature, reverse 

trend is also observed. Based on this, it is concluded that an optimum particle size and base 

fluid combination exists, which yields the maximum thermal conductivity; the phenomenon 

is currently neither predicted nor explainable using theoretical models.  

Xie et al. [137,156] measured the thermal conductivity of nanofluids containing 

different sizes of alumina nanoparticles with diameters between 12nm and 304nm. The 

thermal conductivity was found to decrease as particle size decreases, except in the case of 

large sized particles. They concluded that there exists optimal particle size for which the 

enhancement in thermal conductivity is highest. The experimental study of Beck et al. [10] 

with varying particle size of 8 to 282 nm for water-alumina nanofluid shows a decreasing 

trend in thermal conductivity of nanofluid for particle size lower than 50 nm. Timofeeva et al. 

[115] investigated the effect of particle size on water/�-SiC nanofluid by varying �-SiC 

particle size from 16 to 90 nm, and reported higher thermal conductivity for nanofluids made 

up of  larger particle size as compared to the lower size. 
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2.3.3 Effect of fluid temperature 

  The effect of temperature on thermal conductivity is first reported by Das et al. [18]. 

The authors have used temperature oscillation method, and observed 2 to 4 fold increase in 

thermal conductivity as the temperature is increased from 21ºC to 51ºC. Subsequently, Wen 

and Ding [130], Li and Peterson [77] and Mintsa et al. [86] have used different methods viz.; 

transient hot wire method (THW), steady state "cut bar method" and KD2 pro respectively 

for the measurement of thermal conductivity. Irrespective of different measurement 

techniques, all of them observed significant increase in thermal conductivity with increase in 

temperature. In the recent study of Sonawane et al. [111] with Aviation Turbine Fuel (ATF)-

alumina nanofluid the significant effect of temperature on the thermal conductivity of 

nanofluids is reported. They have used transient hot wire method and observed an increase of 

13% to 41%  in thermal conductivity of nanofluid at 1% particle volume concentration over a 

temperature range of 30ºC to 50ºC.  

  Though many of the researchers have observed significantly high thermal 

conductivity for nanofluids at elevated temperature, the experimental study carried out by Ju 

et al. [63] reported only weak temperature dependence of thermal conductivity for water-

alumina nanofluid. Similar finding is reported by Zhang et al. [153] and Timofeeva et al. 

[114] the thermal conductivity of nanofluids is found to have negligible dependence on fluid 

temperature. Xie et al. [134] carried out a detailed experimental study with oxide and Cu 

nanofluids. Eventhough they found a rapid increase in thermal conductivity of ethylene 

glycol (EG)-Cu nanofluid with temperature, they did not observe any temperature 

dependency for EG based nanofluids containing MgO, ZnO, SiO and Graphene 

nanoparticles. These studies indicate that the temperature dependence is largely be influenced 

by the nanoparticle and base fluid combination. 
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 The other parameters that could also influence the thermal conductivity of nanofluids 

include pH value, different base fluid materials, shape of nanoparticles and additives. Zhu et 

al. [155] showed that the pH of the nanofluid strongly affects the thermal conductivity of the 

suspensions.  

 Different particle shapes can also influence the thermal conductivity of nanofluids 

[17,147]. Nanoparticles with high aspect ratio are found to enhance the thermal conductivity. 

For example, the enhancement in thermal conductivity associated with spherical particles will 

be relatively low as compared to those associated with nanorods [88]. 

2.4 Measurement of Dynamic Viscosity  

 Viscosity of nanofluids has been less investigated than thermal conductivity; 

however, the rheological properties of liquid suspensions have been investigated since the 

period of Einstein [31]. The viscosity of a liquid suspension of hard spheres can be predicted 

according to the Einstein [31] as, 

�nf = � bf (1+ 2.5�)                                            (2.1) 

where, � is the viscosity of base fluids and � is the volume fraction of solid dispersed 

particles. This equation is valid only when the interactions between solid particles are 

negligible, ie; for very dilute suspension ( �< 0.03). With increasing particle concentration, 

the flow around one particle tends to be affected by other particles in the neighborhood, and 

assumption of negligible interaction between solid particles could lead to large errors.  

 Pak and Cho [96] are the first to measure the viscosity of water-alumina nanofluids 

with particle concentration up to 10 vol% and observed maximum viscosity up to 300% 
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higher than that of the base fluid.  Wang et al. [125] observed only 90% increase in viscosity 

for water-alumina nanofluids with similar concentrations and particle dimensions.  

  Lee et al. [75] measured thermal conductivity and viscosity for water-alumina 

nanofluids at very low concentration (0.01vol% to 0.3vol%) and observed nonlinear 

enhancement in viscosity with concentration. In the recent works, Li et al. [78] and 

Sonawane et al. [110,111] have carried out detailed studies respectively with the kerosene 

and ATF based nanofluids. Li et al. [78] have prepared kerosene-Cu nanofluids by surface 

modification of nanoparticles and revealed the effect of surface modification on the thermal 

conductivity and viscosity of nanofluids. In the study of Sonawane et al. [111] with ATF-

alumina nanofluid, thermo physical properties and heat transfer coefficient are determined at 

various volume concentrations.  

  Wang et al. [125] have prepared water-alumina and EG-alumina nanofluid and 

measured the dynamic viscosity at various volume fractions. Similar to other research 

groups, they also observed higher viscosity for nanofluids as compared to base fluid; 

however the increase in viscosity is relatively low for better dispersed nanofluids. Nguyen et 

al. [91] have experimentally investigated the effect of temperature and particle concentration 

on viscosity for water-alumina nanofluids, and reported significant increase in viscosity with 

particle loading and as expected, there is a decreasing trend with temperature. They also 

found that the viscosity is altered only on temperatures beyond a certain value of the 

temperature. Sonawane et al. [111] observed higher percentage increase in viscosity as 

compared to thermal conductivity, and reported 55% increase in viscosity in comparison with 

only 17% increase in thermal conductivity for 0.3vol% particle concentration in nanofluid at 

50ºC. Benchmark study on the measurement of nanofluid viscosity, conducted by INPBE is 
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compiled in the research paper by Venerus et al. [123]. This study also shows significant 

increase in viscosity of nanofluids with particle concentration.  

2.5 Convective Heat Transfer 

Many experimental and theoretical studies carried out in by the researchers clearly 

indicate higher thermal conductivity and viscosity for nanofluids as compared to the base 

fluid. Although increase in effective thermal conductivity of fluid is important for its heat 

transfer performance augmentation, viscosity, specific heat and density are the other factors 

that affect the heat transfer performance of a fluid in a flowing system. 

2.5.1 Effect of particle concentration and comparison methods 

Over the last two decades, several researchers have investigated the convective heat 

transfer performance of nanofluids in turbulent flow regime. Initially researchers have used 

identical Reynolds number as criteria to compare the convective heat transfer performance of 

nanofluid with base fluid; subsequently, some researchers [96] have argued that since higher 

viscosity of nanofluids requires higher velocity to achieve the same Reynolds number, an 

identical velocity based comparison rather than identical Reynolds number based assessment 

is more appropriate for determining the heat transfer performance of nanofluids. Peclet 

number based criterion is also used by many researchers [52,90,138] for the comparison of 

heat transfer performance of nanofluids. The Peclet number describes the effect of thermal 

dispersion induced by micro-convection and micro-diffusion of nanoparticles. 

The heat transfer performance of water- alumina and water-TiO2 nanofluid is first 

experimentally investigated by Pak and Cho [96]. They observed 12% decrease in heat 

transfer coefficient for 3vol% particle concentration of water- alumina nanofluid as compared 
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to the performance of pure water at identical velocity condition. Xuan and Li [139] have 

theoretically shown that the enhanced convective performance of nanofluid results not only 

from its enhanced thermal conductivity but also from the random movement of particle inside 

the base fluid and its dispersion effects. Further, Xuan and Li [138] examined the heat 

transfer performance of water-Cu nanofluid at turbulent flow regime, and observed 40% 

increase in heat transfer coefficient of nanofluid as compared to the case with water at the 

same velocity. They suggested that the relatively low heat transfer performance observed by 

Pak and Cho [96] might be due to the higher viscosity of their nanofluid as compared to 

water. They measured the pressure drop during convective experiments for various particle 

volume fractions and showed that the presence of nanoparticles in base fluid does not result 

in significant pressure drop.   

Heris et al. [52] have carried out convective heat transfer experiments using water- 

alumina nanofluid at laminar flow regime and observed an increase in heat transfer 

coefficient of nanofluid with Peclet number and nanoparticle concentrations. The convective 

heat transfer experiments carried out by He et al. [50] on water- TiO2 nanofluid with three 

different particle size showed increased convective heat transfer coefficient with particle 

concentration in both laminar and turbulent flow regimes. They concluded that the effect of 

particle concentration is more evident in turbulent flow regime. They did not observe any 

particle size dependency on convective heat transfer performance. The measured pressure 

drop of the nanofluid is observed to be very similar to that of the base fluid at a given 

Reynolds number.  

Contrary to many research findings, experimental study of Ko et. al. [71] to evaluate 

the pressure drop of water-carbon nano-tube nanofluid indicated lower friction factors for 

nanofluids as compared to pure water for certain ranges of flow rates.  Yu et al. [150] 
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observed 50-60% enhancement in heat transfer coefficient of 3.7% volume concentration 

water-silicon carbide nanofluid as compared to water for identical Reynolds numbers. 

However, the heat transfer coefficient of the nanofluid is found to be lower than the base 

fluid at identical fluid velocity condition. They used Mouromtseff number (Mo) to compare 

the relative performance of water- SiC and water- alumina nanofluid, and found the 

convective heat transfer performance of water- SiC nanofluid is higher as compared to water- 

alumina nanofluid. Experimental study by Williams et al. [131] with water- alumina and 

water-ZrO2 nanofluid to evaluate the temperature and loading depended thermo-physical 

properties indicated that conventional correlation of pure fluids would accurately reproduce 

heat transfer performance in nanofluids. The authors opined that the nanofluids do not exhibit 

any additional heat transfer performance enhancement other than those due to thermo 

physical property in static condition. Rea at al. [102] also observed that the convective heat 

transfer property and pressure drop characteristics of nanofluids can be correctly predicted by 

means of the traditional correlations provided the effective nanofluid properties are 

appropriately incorporated in the calculations.  

Even though Hwang et al. [56] found good agreement between nanofluid friction 

factor calculated through an analytical method, and those obtained through experiments, the 

experimental convective heat transfer performance of the nanofluid is found to be 

significantly higher as compared to the one calculated through analytical models. Based on 

their scaling analysis, the enhanced convection property of nanofluid is not only influenced 

by the increase in thermal conductivity but also due to the flattening of velocity profile near 

the surface, which results in large temperature gradient near the wall. The flattening of the 

velocity profile is due to large gradients in bulk properties like particle concentration, thermal 

conductivity and viscosity. Based on the experimental study on convective heat transfer using 

Polyalphalefin (PAO) - alumina and PAO-Multi Wall Carbon Nano Tube (MWCNT) 
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nanofluid, Yu et al. [147] showed that for laminar flow regime, the theoretical correlation 

works very well for nanofluid spherical particles whereas it is not effective for the case with  

nanofluids containing rod-like nanoparticles.  

Experimental investigation carried out by Heyhat et al. [53] at laminar regime 

revealed that the single phase correlation is not effective in predicting the convective 

performance and pressure drop characteristics of water-alumina  nanofluid and the measured 

pressure drop is about 5.7 times higher than the pure fluid at 2% volume concentration of 

nanoparticle. The research article of Haghigghi et al. [46] reported significant enhancement in 

nanofluid heat transfer at laminar flow regime for identical Reynolds numbers, whereas only 

marginal improvement in heat transfer is noticed when the same is compared against identical 

velocity. 

Yu et al. [147] have experimentally investigated the heat transfer performance of 

water based nanofluid and compared the heat transfer coefficient of nanofluid to the base 

fluid on the basis of identical Reynolds number, velocity and pumping power. Further, based 

on a theoretical study, Yu et al. [147] concluded that the identical Reynolds number based 

comparison should not be employed for analyzing the performance of nanofluid  as this 

approach might not represent the true flow physics. Timofeeva et al. [118] used Mouromtseff 

number for comparing the relative importance of various parameters in nanofluid. Nasiri et 

al. [90] investigated the heat transfer performance of water based alumina and TiO2 

nanofluids in a square channel and found high heat transfer performance for both the 

nanofluids at identical Peclet number. 
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2.5.2 Effect of particle size 

Timofeeva et al. [115] investigated the effect of particle size on convective heat 

transfer coefficient of water-SiC nanofluid. The heat transfer coefficient for nanofluids with 

16 and 29 nm particle sizes is found to be lower than that of pure water for identical velocity 

conditions; however for 66 and 90 nm particle nanofluid, the heat transfer coefficient is 

slightly higher as compared to the case with water. The study also indicated that the heat 

transfer performance of nanofluid is independent of the inlet fluid temperature. In another 

study by Timafeeva et al. [116] with SiC in Ethylene glycol + water nanofluid, significant 

improvement in heat transfer characteristics of nanofluid with particle size and temperature is 

observed.  

Recent study of Sonawane et al. [111] with Aviation Turbine fuel (ATF) - alumina 

nanofluid also showed increased heat transfer coefficient of nanofluid as compared to the 

ATF alone. An enhancement of 28% in heat transfer coefficient is observed for nanofluid 

with 1% alumina particle concentration over the base fluid for the same value of pressure 

drop in both the fluids.  In a further study conducted by  Sonawane et al. [110] with ATF 

based alumina, TiO2, CuO nanofluids in turbulent flow regime, it is found that the nanofluids 

exhibit higher heat transfer performance at elevated temperature. They experimentally 

analysed the effect of particle size on heat transfer coefficient for ATF- alumina nanofluid 

and found that the heat transfer performance of nanofluid with 150 nm size alumina particles 

is higher as compared to the case with 50 nm particle size nanofluid.  

Many researchers [8,9,27,64,109,126] have clearly reported higher heat transfer 

performance for nanofluid as compared to the base fluid alone. The degree of enhancement 
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depends not only on the nanoparticle size and its combination with base fluid but also on the 

different methodologies adopted for comparing the performance.  

2.6 Studies on Graphene based Nanofluid 

 As already discussed, in past wide range of experimental studies using spherical 

particles made of oxides, carbide and metal nanoparticles in water or ethylene glycol are 

carried out by various research groups all over the globe. Most of the studies clearly indicate 

higher heat transfer performance for nanofluids as compared to the respective base fluid. The 

enhanced thermal conductivity of nanofluid that consists of non-spherical particles, viz; 

multiwalled carbon nanotube (MWCNT) is first reported by Choi et al. [17]. An increase of 

160% in thermal conductivity for 1 vol% MWCNTs dispersed in poly-(�olefin) oil is noticed. 

The main reason for the selection of carbon nanotubes (CNT) is due to its very high thermal 

conductivity. Assael et al. [4] systematically introduced the definition of MWNT, methods to 

make homogeneous stable CNT suspensions without large agglomerates, and reported the 

effective thermal conductivities for CNT nanofluids with SDS surfactant. He concluded that 

the relative variation on the effective thermal conductivity due to the addition SDS is 

negligible. Again, by using THW method, Liu et al. [82] reported up to 30% enhancement in 

effective thermal conductivity for CNT nanofluids with different base fluids. Many other 

studies are carried out using MWCNT [3,17,104] and single walled carbon nanotube SWCNT 

[16,49,54], and most of the studies reported significantly higher heat transfer properties for 

these nanofluids in comparison to spherical particle nanofluids. 

Graphene, a single atomic layer of graphite has two-dimensional form of carbon and 

is found to exhibit high crystal quality as it has ballistic electronic transport at room 

temperature. Graphene attracted much attention since it is discovered by Novoselov et al. 
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[94] in the year 2004.  Graphene has superior thermal conductivity and therefore it is 

expected to exhibit higher heat transfer performance as a nanofluid. According to Hamilton 

and Crosser [47], as the particle to liquid thermal conductivity ratio of a suspension is above 

100, the particle shape can play substantial role in altering the effective thermal conductivity. 

More recently Balandin et al. [9] reported very high value of thermal conductivity of 5000 

W/mk for single-layer graphene. This has generated increased interest among the scientific 

community to utilise this novel material as suspension in base fluid to be employed as a heat 

transfer fluid.  

2.6.1 Effect of particle concentration 

The first study on graphene based nanofluid is simultaneously reported in the year 

2010 by two researcher groups, Yu et al. [152], and Baby and Ramaprabhu [5]. Yu et al. 

[152] experimentally determined the thermal conductivity of Graphene Oxide based 

nanofluid and reported 30.2%, 62.3% and 76.8% enhancement in thermal conductivity for 5 

vol% Graphene oxide nanosheets in water, propyl glycol and liquid paraffin respectively. 

Baby and Ramaprabhu [5] used functionalized thermal exfoliated graphene oxide (f-TEG) in 

Deionized (DI) water and Ethylene glycol (EG) as nanofluid. They found significant increase 

in thermal conductivity of water based nanofluid as compared to those with EG. The reported 

value for 0.056vol% f-TEG water nanofluid is 14% at 25⁰C and 64% at 50⁰C. Further, in 

their study [6], the authors found 76% enhancement in heat transfer coefficient at 0.01 vol%

f-TEG water nanofluid for a Reynolds number of 4500. In their subsequent work [7] the 

thermal performance of Ag/HEG nanofluid are determined and the nanofluid is found to be 

stable for a period of more than 3 month.  
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Mehrali et al. [85] prepared water-Graphene Nano Platelets (GNP) nanofluids without 

using surfactant and observed maximum enhancement of 27.64% in thermal conductivity for 

0.1wt% GNP. They determined the rate of sedimentation of GNPs with time and reported the 

effect of specific surface area (SSA) and concentration of sedimentation rate. They also 

observed increased viscosity for higher SSA nanofluids. 

2.6.2 Effect of fluid temperature 

As reported earlier, Das et al. [18] determined the effect of temperature on thermal 

conductivity on metal oxide based nanofluids. The authors observed 2 to 4 fold increase in 

thermal conductivity of nanofluid as the temperature is increased from 21⁰C to 51⁰C. 

Subsequently, many researchers carried out detailed study in this area and some of them 

reported significant enhancement of thermal conductivities with temperature [58,81,111,128] 

whereas some have reported no enhancement [63,72,114,152].  

Baby and Ramaprabhu [5] observed significant effect of temperature on thermal 

conductivity for water- graphene nanofluid. Ijam et al. [58] prepared GNP - glycerol + water 

nanofluids and monitored the stability of nanofluids with time. It is found that their 

nanofluids are stable for more than 5 months. The study also showed significant effect of 

temperature on the thermal conductivity of nanofluids. Wang et al. [128] prepared stable 

graphene based nanofluid in ionic liquid without surfactant and reported 15.5% and 18.6% 

increase in thermal conductivity at 25 ⁰C and 65 ⁰C respectively for 0.06 wt% of graphene. 

They found reduction in viscosity for graphene based nanofluid as compared to the base 

fluid. Thermal conductivity of nanofluid at very high temperature is measured by Liu et al. 

[81] for 1-hexyl-3-methylimidazolium tetrafluoroborate [HMIMM] BF4- graphene nanofluid. 
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Increase in thermal conductivity from 15.2% at 20 ⁰C to 22.9% at 200⁰C for 0.06 wt% GNP 

nanofluid is observed.  

Contrary to above mentioned findings, Yu et al. [152] did not observe any increase in 

thermal conductivity for graphene oxide nanofluids with temperature. Kole and Dey [72] 

determined the thermal conductivity and viscosity at various volume fractions of graphene 

nanosheets in water + EG fluid and also reported the insignificant effect of temperature on 

thermal conductivity of the nanofluids. The increase in viscosity reported for their nanofluid 

is up to 100% for 0.395 vol% loading. 

Gupta et al. [44] noticed different behaviour of temperature dependency on thermal 

conductivity of graphene based nanofluids in comparison with spherical particles nanofluid. 

Based on the experimental observations they proposed a possible mechanism of Brownian 

motion-percolation hybrid to exist in graphene based nanofluid. The phenomenon of 

Brownian motion of nanosheets depends upon the fluid temperature whereas the percolation 

of nanosheet is temperature independent phenomenon. This hybrid mechanism explains the 

trend in GNP behaviour, and it is observed to exist between the respective trends of metal 

oxides and carbon nanotubes. Also the role of percolation and sheet dynamics in graphene 

nanofluid is reported by Dhar et al. [23]. 

A study carried out by Sabourin et al. [105] on combustion characteristics of graphene 

based fuels indicates higher combustion performance of graphene based nanofuels. They 

studied the linear burning rates of nitro-methane in presence of aluminium, silicon oxide and 

graphene sheets, and reported highest increase in burning rate with graphene sheets. The 

authors attributed it to the enhanced burning rate of graphene-nitromethane, due to its 

increased thermal conductivity. Pure aluminium particles are used as additive in solid rocket 
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motor to enhance combustion characteristics. The handling of pure aluminium is very 

difficult as it spontaneously gets oxidized in the presence of atmosphere and catches fire. As 

the heat of combustion of carbon and aluminium is 31.1 kJ/g and 32.8 kJ/g respectively, 

graphene could be considered as an alternate option to be used as fuel additive in rocket 

engine. Kerosene is an aviation fuel and is also used as a fuel in semi cryogenic engine. 

Moreover the use of graphene in fuel will not contribute to any particulate matter of plume 

“signature”. It will undergo complete combustion and will result in CO2. 

2.7 Potential Mechanisms of Heat transport 

 Various mechanisms of heat transports in nanofluids are proposed by researchers. 

Keblinski et al. [66] and Eastman et al. [30] proposed four possible heat conduction 

mechanisms. They are: Brownian motion of the nanoparticles, molecular level layering of the 

liquid at the liquid/solid interface, nature of heat transport (diffusive or ballistic), and the 

influence of nanoparticle aggregation. Lee et al. [74]  showed that the particle charge state 

also influences the thermal conductivity enhancement. Recently, Gao et al. [38] performed 

thermal measurements and structural analysis of phase reversible materials. From their 

investigations, it is identified that particle aggregation is mainly responsible for improvement 

in thermal conductivity. Biercuk et al. [11] suggested the formation of three dimensional 

percolating networks as the primary reason for the conductivity enhancement from their 

investigation on CNT composites. Wen and Ding [130] argued that the formation of ordered 

nano layer was not possible, especially in the case of surfactant-encapsulated CNTs. Due to 

the large diameter of CNTs they also ruled out the possibility of Brownian motion playing a 

significant role in heat conduction. However, the authors are not able to explain the 

conductivity enhancement at higher temperatures. All these mechanisms and the views of 

various researchers on the mechanisms are discussed in detail in the following sections. 
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2.7.1 Brownian motion and micro convection 

 Brownian motion is the random motion of the particles suspended in a fluid. In 

nanofluids the random motion of nanoparticles can directly transport energy from one place 

to another. In addition, a micro-convection effect, which is due to fluid mixing around the 

particles, is also proposed to be important. Various researchers have studied the nanofluid 

behaviour with respect to Brownian motion mechanism. The Brownian motion and micro 

convection models attempts to rationalize the temperature and size dependency by 

postulating the mechanism of diffusion dependent thermal conductivity of nanofluids. This 

theory assumes that the nanofluid thermal conductivity is dependent on the self diffusion 

coefficient (Df) of the nanoparticle which can be defined using well known Stokes-Einstein 

relationship as; 

ࢌࡰ 					=
ࢀ࢈࢑

૜ࢊࣁ࣊
                                                                                                  (2.2) 

where kb is the Boltzmann constant, T is the temperature of the fluid, � is the fluid viscosity 

and d is the diameter of the particle. 

 Tsai et al. [119,120] performed systematic experiments on fluids with different 

viscosities seeded with Fe3O4 particles. From their experiments, they showed that Brownian 

motion could play an important role in the thermal conductivity enhancement. Koo and 

Kleinstreuer [73] considered the kinetic energy of nanoparticles due to the Brownian motion 

in their thermal conductivity model and demonstrated the significant effect of Brownian 

motion on nanofluid thermal conductivity. However, Keblinski et al. [66] revealed that the 

contribution of Brownian motion alone in heat transport is insignificant as the effect of 

thermal diffusion is much higher than the effect due to Brownian motion.  
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 Further, model developed by Jang and Choi [62] showed the significant role of micro 

convection caused by Brownian motion on thermal conductivity of nanofluids. Parsher et al. 

[100] compared the effect of translational Brownian motion and convection induced by 

Brownian motion. By making an-order-of magnitude analysis, they concluded that the 

convection due to Brownian motion of the particles in the nanofluid is mainly responsible for 

significantly high thermal conductivity of the nanofluids. A model focusing on the effect of 

Brownian motion to predict effective thermal conductivity of nanofluids is developed by 

Shukla and Dhir [107]. It clearly indicated the effect of particle size and fluid temperature on 

nanofluid thermal conductivity. Further a numerical study conducted by Li and Peterson [80] 

to understand the effect of mixing due to Brownian motion of nanoparticles on thermal 

conductivity of nanofluids also indicate significant effect of Brownian motion induced 

mixing on heat transport in nanofluids. A thermal conductivity model developed by Yang 

[142] using kinetic theory of particles under relaxation time approximations also reveals the 

significant role of Brownian motion induced micro convection on nanofluid thermal 

conductivity. 

2.7.2 Aggregation of nanoparticles (Clustering) 

 Clustering or aggregation is an inherent property of the nanoparticles whether they are 

in liquid or dry powder form due to Van der Waals force. Clustering of nanoparticles into 

particular patterns may influence the effective thermal conductivity. Percolating pattern with 

higher interaction will lower down the thermal resistance in heat flow path. Although large 

clusters would most likely settle down in the fluid, local clustering is also possible and has 

been observed experimentally by Eastman et al. [30]. The effective volume of a cluster could 

be much larger than the physical volume of the particles. Since within such clusters, heat can 

move very rapidly, the volume fraction of highly-conductive solid phase is larger than the 
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 Parsher et al. [99] studied the effects of aggregation on the thermal conductivity of 

nanofluids and reported rapid reduction in aggregation time constant with decreasing 

nanoparticle size; also the thermal conductivity enhancement increases with increasing level 

of aggregation and remains constant once the optimum level of aggregation is attained. 

However, Xuan et al. [139] simulated Brownian motion and aggregation of nanoparticles and 

reported that the nanoparticles aggregation reduces the thermal conductivity of nanofluid due 

to their smaller velocity as compared to single nanoparticles. 

 Evans et al. [33] developed three-level homogenization theory and validated it by 

Monte Carlo simulation of heat conduction on model fractal aggregates. This was done to 

understand the role of aggregates on nanofluid thermal conductivity. They have demonstrated 

the significant enhancement in nanofluid thermal conductivity as a result of aggregation of 

the nanoparticles. Feng et al. [36] modeled the effect of clustering by accounting for the 

effect of particle size. They reported improvement in thermal conductivity of nanofluids with 

cluster and found it more pronounced in nanofluid with smaller nanoparticles. This is due to 

smaller interparticle distance in the case of smaller size nanofluid that results in increased 

Van der Waals forces among the particles. 

2.7.3 Liquid layering at liquid - particle interface 

 The atomic structure of the liquid layer at the solid-liquid interface is much more 

ordered than that of the bulk liquid. It is well known that materials with ordered structure like 

crystalline solids exhibit much higher thermal conductivity than liquids [66]. The liquid 

layering at the interface is therefore expected to result in higher thermal conductivity. 

The fact that there is scarcity of experimental data that addresses the thickness and 

thermal conductivity of these nanolayers is an important drawback of the proposed 
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mechanism. Some researchers developed a theoretical model, as shown in Fig. 2.2, by 

considering liquid layering around nanoparticles, and illustrated the predictions of their 

model by assuming preliminary values for the thermal conductivity and thickness of the 

nanolayer [149]. In certain other models the thermal conductivity of the nanolayer is assumed 

to linearly vary along the radial direction [135], and there are models where the effect of the 

temperature dependence of the thermal conductivity of these layers is also taken into account 

[108]. By choosing the parameters of the nanolayer accordingly, it is possible to produce 

results which are consistent with experimental data; however this does not prove the validity 

of the proposed mechanism. 

 

Figure 2.2: Presence of liquid layer around nanoparticle in nanofluid 

 Keblinski et al. [66] calculated the thermal conductivity enhancement induced by the 

particle-layered-liquid structure. To estimate the upper limit for this effect, the thermal 

conductivity of the interfacial liquid layer is set to be the same as that of the solid particle. 

Based on simple calculations, it is observed that 2.5 nm thickness of liquid layer required 

doubling the effective volume of a particle with 10 nm diameter. However, results from 

experiments and simulations done by Henderson et al. [124] have shown that a typical 

LIQUID NANOLAYER, kl > kf

NANOPARTICLE, kp >> kf
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interfacial layer thickness is only of the order of 1nm. Thus, although the liquid layer at the 

interface may influence thermal transport, it is not significant enough to account for the 

increase in thermal conductivity of nanofluids. Xue et al. [135] examined the effect of 

nanolayer by molecular dynamics simulations and reported the ineffectiveness of nanolayers 

on thermal transport. For performing the simulations, a simple monoatomic liquid is 

considered and the authors noted the results might be different in the case of water and other 

base fluid. 

2.7.4 Ballistic heat transport in nanoparticles 

 In crystalline solids such as nanoparticles used in nanofluids, heat transfer occurs 

through phonons; that is, by the propagation of lattice vibrations. Such phonons are created at 

random, propagate in random directions, and are scattered by each other or by defects and 

thus justify the use of the macroscopic description of thermal transport. In solids, diffusive 

heat transport is valid if the mean-free path of phonons is smaller than the characteristic size 

of the particle in consideration.  

 Keblinski et al. [66] estimated the phonon mean-free path of alumina nanoparticles at 

room temperature according to the theory developed by Debye [39]. In a particle with a 

diameter smaller than 35 nm, the heat transport is not diffusive, but heat is transported 

ballistically. Although this fact prevents the application of conventional theories for the 

modelling of thermal conductivity of nanofluids, Keblinski et al. [66] noted that ballistic heat 

transport still cannot explain the anomalous thermal conductivity enhancements, because the 

temperature inside the nanoparticles is nearly constant and is also  independent of the mode 

of heat transport, whether by diffusion or ballistic. Therefore the boundary conditions for the 

base fluid are the same in both cases, and the result is identical thermal conductivity values 
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for the nanofluid. Alternately they indicated the significant effect of ballistic heat transport on 

thermal conductivity of nanofluids, provided it enables efficient heat transport between 

nanoparticles. This is only possible if the nanoparticles are very close to each other (a few 

nanometers separated) and they opined that this could be the case for nanofluids with very 

small nanoparticles. Furthermore, the authors stress on the fact that the particles may become 

closer to each other due to the Brownian motion and ballistic heat transport can happen in the 

nanofluid. 

 Nie et al. [93] theoretically investigated the possibility of a change in the phonon 

mean-free path of the liquid phase of nanofluids due to the presence of nanoparticles. The 

authors found that the layering structure, in which there is significant change in phonon 

mean-free path, is confined to a distance of around 1.0 nm. As a result, it is concluded that 

the highly localized effect may be responsible for the anomalous thermal conductivity 

enhancement of nanofluids. Furthermore, change of phonon transport speed in the liquid 

phase due to the presence of nanoparticles is also investigated and the associated effect is also 

found to be negligible. 

 Keblinski et al. [66] and Eastman et al. [30] discussed the nature of thermal transport 

in nanoparticles. Although it is difficult to envision how ballistic phonon transport could be 

more effective than very-fast-diffusion phonon transport, particularly to the extent of 

explaining the order of magnitude larger increase of thermal conductivity in Cu nanofluids, 

the other ballistic phonon effects could lead to  significant increase in thermal conductivity. 

As can be shown, the nanoparticles in a nanofluid are surprisingly close to each other even at 

very low volume fractions. For example, the surfaces of 10 nm particles are only separated by 

5nm at 5% volume fraction. Therefore the ballistic phonons initiated in one particle can 

persist in the liquid and reach a nearby particle even though the phonon mean free path in 
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liquid is very short (~1-2 nm). This process continues to propagate even further due to the 

increased agitation of the random Brownian motion of nanoparticles. Therefore this particular 

thermal transport process in nanofluids is expected to be responsible for the major increase in 

effective thermal conductivity. 

2.8 Summary of the Literature Survey 

Nanofluid, with fuel as a base fluid could make significant contribution in enhancing 

the cooling capacity of the rocket nozzles. It is notable however that many of the nanofluid 

enhanced heat transfer rates reported in the literature are beyond the effect of increased 

thermal conductivity alone. Heat transfer is a surface phenomenon and the increased surface 

area also enhances the heat conduction in nanofluids. The effect of particle size and fluid 

temperature on the thermal conductivity of nanofluids is determined by many researchers. 

Literature reviews [8,109,122,126,138,148] indicate large disparity among the researchers on 

the percentage enhancement in thermal conductivity with respect to its temperature 

dependency even for the same nanofluid. The disagreement between these reported values 

may be attributed to the different techniques used for the production of nanoparticles and the 

method of preparing the nanofluid itself. Heat transfer performance at turbulent flow regime 

is also well documented in the literature for oxide, carbide and carbon nanotube in water and 

EG based nanofluids. While some of the studies show very high convective heat transfer 

performance of nanofluids that could not be predicted using the pure fluid correlation with 

incorporation of modified thermo-physical properties of nanofluids, the others indicate that 

the conventional correlation can accurately predict the heat transfer behavior of nanofluids.  

Due to ultra-high thermal conductivity of graphene sheets compared to other type of 

nanoparticles, researchers have started investigating graphene based nanofluid for heat 
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transfer application. Though many experimental studies on thermal conductivity of graphene 

based nanofluids are available in the literature, the studies on convective heat transfer 

performance are limited. 

It is also evident from the collection of literatures, that very few studies are available 

on kerosene-alumina nanofluid. No study has been carried out so far for kerosene-graphene 

nanofluid. A study close to the kerosene based nanofluid is carried out by Sonawane et al. 

[111], where the authors have used ATF based nanofluid and determined the heat transfer 

properties. Thus a systematic study with the standardization of experimental method starting 

from nanofluid preparation till measurement to assess heat transfer augmentation is essential 

to evaluate the true potential of nanofluids in heat transfer applications. 

2.9 Scope and Objective of the Present Study 

Prior to exploring the potential use of kerosene based nanofluid for rocket nozzle 

cooling application, significant knowledge of the thermo-physical properties  along with the 

convective heat transfer properties of the fuel based nanofluid is essential. The present study 

aims for the preparation and characterization of stable kerosene based nanofluids for heat 

transfer applications. Following are the major goals of current work 

1. Synthesis of stable kerosene-alumina and kerosene-GNP nanofluids at low particle 

concentration. 

2. Identification of suitable surfactant and ultrasonication method for greater stability of 

kerosene- alumina and kerosene-GNP nanofluid. 

3. Determination of nanofluids stability using particle size measurement and distribution 

in nanofluid along with the thermal conductivity measurements with time. 
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4. To determine the effect of particle size, particle concentration and fluid temperature on 

thermal conductivity and viscosity of nanofluids and to identify the reason for the 

observed trends. 

5. Detailed convective heat transfer experiments to evaluate the heat transfer performance 

of nanofluids at turbulent flow regime. 

6. Study of pressure drop characteristics of nanofluids at turbulent flow regime and 

determination of effective heat transfer performance for the utility of these nanofluids 

as a heat transfer fluid. 

7. Develop correlations for convective heat transfer and friction factor of kerosene based 

nanofluids. 
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CHAPTER 3 

3 EXPERIMENTAL METHOD 

 In the present work, kerosene based nanofluids are prepared and characterized for its 

thermal performance. In this chapter details of the instruments, test setups and test procedure 

used for the synthesis and characterization of kerosene-alumina and kerosene-graphene 

nanofluids are briefly discussed.  

3.1 Materials 

 Current study deals with the preparation of kerosene based nanofluids using two-step 

techniques. Rocket grade kerosene is used as a base fluid. Alumina and Graphene Nano 

Platelets (GNPs) are used as nanoparticles and are purchased from M/s Sigma Aldrich and 

M/s XG Sciences respectively. 

3.1.1 Base fluid  

 Base fluid used in the present study is Rocket grade kerosene, a highly refined form of 

kerosene that is used as a fuel in semi cryogenic engine. Kerosene is burnt inside the 

combustion chamber with oxygen and produces high temperature combustion gas to propel 

the launch vehicle. Kerosene is a mixture of various long chain hydrocarbons with paraffins, 

olefins, nepthenes and aromatics as major constituents. Long chain aromatic hydrocarbons 

present in the kerosene forms complex carbon structure (coke), if heated to a particular 

temperature (coking temperature � 570K). In the regenerative channel, when kerosene 

temperature reaches its coking temperature, coke starts depositing on the heat transfer surface 

and the heat transfer resistance of the wall increases significantly. The increased heat 
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resistance on the surface further enhances the surface temperature and leads to additional 

coke deposition on wall to occur. Due to the adverse thermal effect of coking in the 

regenerative cooling passage, the metal wall burns out and thereby leading to puncturing of 

hot gas-coolant surface. Rocket grade kerosene contains very low sulphur (<10ppm) and 

aromatic contents (<5%) to reduce tendency of coking during its flow in hot regenerative 

coolant channel. Thermodynamic properties of the kerosene used in the present study are 

detailed in Table 3.1 

Table 3.1: Thermodynamic properties of rocket grade kerosene 

Density 809 kg/m
3 

Viscosity 1.39 cP 

Specific heat 2093 kJ/kg.K 

Thermal conductivity 0.104 W/m.K 

3.1.2 Nanoparticle  

 Nanoparticles used in the current study are procured from commercial vendor. 

Alumina nanopowders with part no 71475 and part no 544833 are procured from M/s Sigma 

Aldrich, USA. The surface area and size is of the alumina powder by the manufacturer is 

provided in Table 3.2. 

Table 3.2: Size and surface area of alumina powder 

Part no 718475 544833 

Average particle size 13nm 50nm 

Average particle surface area 85-115 m
2
/g >40 m

2
/g 
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Graphene Nano Platelets (GNPs) are procured from M/s XG Sciences, USA. Three 

“C-grade” materials with different surface areas of 300 m
2
/g, 500 m

2
/g and 750 m

2
/g are used 

in the study. As defined in the catalogue, all these GNPs have “small flake” morphology, 

with particle sizes that are larger in the lower surface area GNPs and smaller in the highest 

surface area GNPs. The size of a typical Grade C sample has a distribution that ranges from 

very small flakes (below 10 nm) up to relatively large flakes (1-2 µm). Grade C-750 has the 

smallest average size, followed by C-500 while C- 300 has the largest average size. Thermal 

properties of alumina and GNP used in the current study are provided in Table 3.3. 

Table 3.3: Nano material properties 

 

 

3.2 Synthesis  

As mentioned earlier, the present study used two-step technique to prepare the 

kerosene-based nanofluids. Nanoparticles procured from the vender are dispersed into the 

kerosene using different ultrasonication techniques. Out of the various stabilization 

techniques that are tried, steric stabilization technique is found suitable.

3.2.1 Ultrasonication method: 

Ultrasonication process plays a major role in breaking down the agglomerates in 

nanofluids. The sound waves propagate into the fluid with alternating high pressure and low 

pressure cycles, creating small bubbles or voids during the low pressure cycles. During the 

 � (kg/m
3

) Cp (J/kgK) k(W/mK) 

Alumina 3920 773 40 

GNP 2300 420 2000 
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high pressure cycle, the bubbles attain a threshold volume at which no more absorption of 

energy is possible, they collapse violently and create mixing of nanoparticle in the base fluid. 

Particle dispersion occurs by the action of a collapsing cavitation bubble at the agglomerate 

interface. At the collapsing bubble interface, high energy is released in a localized region that 

overcomes the interparticle attractive forces in agglomerate structures.  In the current study 

various ultrasonication methods with bath and disruptors of varying frequency and power are 

used, as shown in Table 3.4.  

Table 3.4: Type of ultrasonication methods 

Type Frequency Power Make 

Bath 25 kHz 500W CREST 

Bath 68kHz 500W CREST 

Bath 1 MHz 500W CREST 

Dual frequency bath 58 kHz, 132 kHz 500W CREST 

Bath 470 kHz 250W CREST 

Disruptor 20 kHz 750W COLE PARMER 

Disruptor with flow cell type 20 kHz 100W COLE PARMER 

Figures 3.1 and 3.2 show bath type and disruptor flow cell type ultrasonication system 

used in the present study. In bath type ultrasonicator, ultrasonic transducers are placed at the 

bottom of the tank, which converts electrical energy into ultrasound waves. Nanofluid of 

required quantity is filled and the ultrasonication of complete nanofluid takes place. In 

disruptor type ultrasonic process, an electronic generator transforms AC power to 20 kHz 

signal that drives a piezoelectric convertor and produces mechanical vibrations. Here, the 

required quantity of nanofluid is filled inside a container and with the help of peristallitic 
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pump, in a closed loop circuit, fluid is passed through the horn where ultrasonic mixing of 

nanoparticles with the fluid takes place. 

 

Figure 3.1: Ultrasonic disruptor and bath (25KHz 500W) 

 

Figure 3.2: Ultrasonic disruptor with flow cell 
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3.2.2 Stabilization method: 

Kerosene based nanofluids are stabilized using steric stabilization technique. Various 

surfactants as shown in Table 3.5, procured from M/s Sigma Aldrich, are used based on their 

affinity towards kerosene to stabilize the nanofluid. Suitable surfactant is selected for each 

combination depending upon the stability of the nanofluids. Anionic surfactants with lower 

Hydrophilic - Lipophilic Balance (HLB) number are found to be suitable for the preparation 

of stable kerosene based nanofluid. 

Table 3.5: Surfactants used for preparation of kerosene based nanofluids  

3.3 Characterization 

3.3.1 Particle surface area measurement 

 In the current study nanoparticles are purchased from commercial venders. Before 

using the nanoparticles for the preparation of nanofluids, specific surface area of dry 

Sl no Surfactant HLB 
Charge 

type 

1 Oleic acid 1 Anionic 

2 TritonX100 13.51 Anionic 

3 Tween20 16 Non-ionic 

4 MERPOL 6 Non-ionic 

5 Hexadecyltrimethyl ammonium bromide 10 Cationic 

6 Cetylpyridinium chloride 26.0 Cationic 

7 Kolliphor 14 Non-ionic 

8 Oleylamine 4.7 Anionic
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nanopowder is measured using Quantachrome Nova 1200e surface area analyzer using 

Brunauer–Emmett–Teller (BET) theory [12] of gas adsorption on solids. 

 Figure 3.3 shows the Quantachrome Nova 1200e equipment used for the present 

study. In this method, prior to the gas adsorption experiments, solid surfaces are freed from 

contaminants such as water and oils. The surface cleaning (degassing) of soild samples is 

carried out by placing the solid in a glass cell and heating it under vacuum conditions. Then 

the sample is brought to a constant temperature by means of an external bath. A small amount 

of nitrogen gas (the adsorbate) is admitted in steps into the chamber. Gas molecules that stick 

to the surface of the solid (adsorbent) are considered to be adsorbed and tend to form a thin 

layer that covers the entire adsorbent surface. Subsequently, BET expression as in Eq. (3.1) is 

used to determine the specific surface area of the particle. 

૚

૙࢖ቂ࢜ ൗ࢖ ି૚ቃ
= 	

૚ିࢉ

ࢉ࢓࢜
ቀ
࢖

࢕࢖
ቁ+

૚

࢓࢜	ࢉ
                                                                                              (3.1) 

where p and po are the equilibrium and the saturation pressure of the adsorbents at the 

temperature of adsorption respectively, ݒ is the adsorbed gas quantity, and ݒ௠ is the 

monolayer adsorbed gas quantity and “c’ is the BET constant. 

ࢉ = ቀ࢖࢞ࢋ
ࡸࡱ૚ିࡱ
ࢀࡾ

ቁ                                                                                                                  (3.2) 

here, E1 is the heat of adsorption for the first layer and correspondingly, EL is for the second 

and higher layers and is equal to the heat of liquefaction. 

 Equation (3.1) is an adsorption isotherm and is plotted as a straight line (BET plot) 

with 
ଵ

௩ቂ௣బ ௣ൗ ିଵቃ
 on the y-axis and 

௣

௣೚
on the x-axis in accordance with the experimental results. 
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The linear relationship of this equation is maintained for the range of pressure values of 

following	0.05 <
௣

௣೚
< 0.35. 

Specific surface area (SSA),  	ܵܵܣ =
݉ݒ	ܵ	ܰ
ܸܽ

                                                                                  (3.3) 

where, N is Avogadro’s number; ’S’ the adsorption cross section of the adsorbing species.  

 

Figure 3.3:  Instrument for particle specific surface area measurement 

3.3.2 Particle size measurement 

 The particle size of the nanofluids is measured using Malvern Zetasizer. Many 

researchers [107,153,155] have successfully used this instrument in their studies for 

measuring the particle size distribution in nanofluids. Dynamic Light Scattering (DLS) 
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 Analysis of the intensity fluctuations allows for the determination of diffusion 

coefficient of the particles in the liquid and the particle size distribution can be further 

calculated using the Stokes-Einstein equation. 

 In a DLS experiment, to quantify the intensity decay time, an auto-correlation 

function is used to measure the intensity at time t, and at a time	ݐ + ߬, thereby yielding the 

correlation as a function of 	߬. For the case of mono-disperse, non-interacting spherical 

particles, the correlation is given by, 

ሺ߬ሻܩ = +ሻ߬߁ሺ−2݌ݔ݁ܣ  (3.4)                                                                                                   ܤ

where ‘A’ and ‘B’ are instrument constants, ߁ = D୤	ݍଶ	is the intensity decay rate where ‘Df’ 

is the diffusion coefficient which can be determined from Stokes – Einstein equation and ‘q’ 

is the scattering vector. The diffusion coefficient is represented as follows [135]: 

D୤ =
௞್்

ଷగఎ஽
                           (3.5) 

where ݇௕is the Boltzmann constant, T is the temperature of the fluid, ߟ	is the fluid viscosity 

and D is the diameter of the particle. The scattering vector q is expressed as: 

ࢗ = 	
૝࢔࣊

ࣅ
ሺ࢔࢏ࡿ	

ࣂ

૛
ሻ                         (3.6) 

where, ‘n’ is the refractive index of the fluid, � is the wavelength of the light and ᆈ	is the 

angle at which the scattered light is measured. The size distribution of nanoparticles in this 

work is determined by using a Zetasizer-Nano (Malvern Instruments) as shown in Fig 3.5. It 

uses a He-Ne laser (4 mW, �= 633 nm) and avalanche photodiode detector.  
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Figure 3.5: Zetasizer-Nano for particle size measurement using DLS technique 

3.3.3 Thermal conductivity measurements 

 Researchers have used various techniques to measure the thermal conductivity of 

nanofluids viz: transient hot wire method [2,86,110,111,115,130,133,153], transient plane 

source method [81,128], steady-state parallel plate method [97] oscillation method [17] and 

the 3-� method [16]. Some research groups make use of nonintrusive optical measurement 

techniques such as forced Rayleigh scattering [122] and infrared microscopy [41] for thermal 

measurements.  A recent benchmark study [13] carried out by 32 research groups worldwide 

concluded that the measurement technique have insignificant impact in the enhancement of 

thermal conductivity of nanofluids reported in the literature and any method can be chosen 

for the comparative study of nanofluid to the base fluid. In the present work, thermal 

conductivity of nanofluids is measured in static condition using transient hot wire method and 

confirmatory study for few cases is made using transient plane source method.  
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3.3.3.1 Transient Hot Wire method (THW)  

The aforementioned methods utilized in the current study are also used by various 

other researchers [2,86,110,111,115,130,133,153] for measurement of the thermal 

conductivity of nanofluids. Many of them [86,115,130,1453] have employed the commercial 

apparatus KD2 Pro, which works based on the principle of THW method.  

In the present work, thermal conductivity of nanofluid samples is measured using the 

commercial apparatus KD2 Pro. In the benchmark exercise [13] conducted by INPBE in 

2009, as many as 8 out of 32 researchers have used KD2 Pro for thermal conductivity 

measurement. The study clearly concludes that eventhough the absolute values of thermal 

conductivity depends upon the methods and device used, the relative comparison in thermal 

conductivity carried out between the base fluid and nanofluids is not affected, and percentage 

enhancement in thermal conductivity of nanofluids can be accurately predicted using KD2-

Pro as long as the same technique and environment conditions are maintained. 

 Figure 3.6 shows the details of the experimental setup with KD2 probe inside a 

constant temperature bath. In this method, a probe made up of thin platinum wire is used as a 

line heat source, as well as a temperature sensor. This method is based on the principle of 

measurement of temperature and time response of the wire subjected to an abrupt electrical 

pulse. The probe is placed in the fluid for which thermal conductivity needs to be determined. 

A pulse mode of electrical current is supplied to the wire for its heating. The heat dissipated 

in the wire increases the temperature of the wire as well as that of the fluid. The rate of 

temperature rise depends on the thermal conductivity of the surrounding fluid.  



 

Figure 3.6: THW Se

Carslaw and Jaeger [1

heat source with zero mass 

response of an infinite thin and

by the equation 

ࢀࢤ =
ࢗ

૝࢑࣊
࢏ࡱ ቂ

૛࢘ି

૝۲࢚܎
ቃ      0 < t � t

where ‘q’ is the heat rate, ‘k’ i

of the medium, ‘r’ is the dista

heating time and ‘Ei’ is the ex

Temperature rise after the heat

ࢀࢤ =
ࢗ

૝࢑࣊
൤−࢏ࡱ ൬

૛࢘ି

૝࢚ࢌࡰ
൰+ ൬

ି

૝ࢌࡰ

59 

etup for nanofluid thermal conductivity meas

14] modelled the rise in temperature surround

in an infinite medium. According to them

nd infinite long heater, for a constant heat inpu

t1       

is the thermal conductivity of the medium, ‘D

ance from the line at which temperature is m

xponential integral. 

at input is turned off is represented by  

૛࢘ି

૚ሻ࢚ି࢚ሺࢌ
൰൨								t � t1     

 

surements 

ding an infinite line 

m, the temperature 

ut can be computed 

           (3.7) 

Df’ is the diffusivity 

measured, ‘t1’ is the 

                     (3.8) 



60 
 

 Equations 3.7 and 3.8 are solved to determine the diffusivity and thermal conductivity 

of the fluid. Initially, it must be ensured that fluid, probe, and the surroundings are in 

equilibrium. A full measurement cycle includes a 15 minutes time period for attaining 

temperature equilibrium, and a subsequent time period of 60s for measurement. Fluid sample 

is heated for 30s using the probe through electrical power, and the same probe is also utilized 

to monitor the cooling rate. In order to eliminate errors that could arise due to temperature 

induced fluid convection, temperature rise is restricted to around 0.5°C. To avoid convection 

due to outer vibrations, a special holding stand is made with heavy copper slab. Due to small 

temperature gradients, the probe is found to be very sensitive to minor fluctuation of ± 0.1 

°C, at the room temperature. The probe temperature during heating and cooling cycle is used 

to compute thermal conductivity of the fluid with an accuracy of 5%.  

3.3.3.2 Transient Plane Source (TPS) Method:  

 Hot Disk Thermal Constant Analyser, which works on the principle of TPS method, is 

also used in the current study for thermal conductivity measurement of nanofluids. This 

apparatus is used by many researchers [81,128] for nanofluid thermal conductivity 

measurements. In this method, TPS element behaves both as the temperature sensor and the 

heat source. This method uses the Fourier law of heat conduction as its fundamental principle 

for measuring the thermal conductivity. The TPS element is made up of a 10 µm thick 

Nickel-metal double spiral that is embedded in an insulating layer made of Kapton or Mica 

(70 �m). A constant electric power is supplied to the sensor which is dipped into the fluid, 

and the increase in temperature �T (�) is calculated from the variation in the sensor resistance 

with time R (t) by using the equation: 

ઢ܂ሺૌሻ =
૚

હ
ቀ
ሻܜሺ܀

૙܀
− ૚ቁ                              (3.9) 
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where R0 is the resistance of the disk before heating (initial resistance), � is the temperature 

coefficient of resistance of the nickel foil, and �T (�) is the temperature increase of the sensor 

that is expressed in terms of the variable �, defined as 

ૌ = 	ට
܌۲ܜ
૛܉

                             (3.10) 

here ‘t’ is the measurement time, ‘Dd’ is the thermal diffusivity of the sample and ‘a’ is the 

sensor radius. 

According to the Fourier Law of heat conduction, the temperature rise in absence of 

convection in the fluid can be expressed as 

ઢ܂ሺૌሻ = 	
܅

ૈ૚.૞ܓ܉
۸ሺૌሻ                           (3.11) 

where, Jሺτሻ is the geometrical function and ‘W’ is the electric power to the probe. By fitting 

the experimental data to the straight line as in Eq. 3.11, the thermal conductivity of the fluid 

can be obtained from the slope of the line (W/πଵ.ହak ). 

 The experimental setup is represented in Fig. 3.7. The setup comprises of Hot disk 

unit, a constant temperature bath, and a sample holder with TPS sensor. To avoid natural 

convection during the measurement, a special sample holder is used for the measurement as 

shown in Fig.3.5. The sample holder is made of high thermal conductivity Al metal and TPS 

sensor is placed in between the two halves of the holder. Small quantity of nanofluid (<5 ml) 

is filled in the sample holder. The sample holder is placed in the constant temperature bath.  

During a pre-set time, 200 recordings are acquired and the thermal conductivity of the 

nanofluid is determined with an accuracy of ±5%.  



62 
 

 

Figure 3.7: TPS System used for thermal conductivity measurement 

 Before using both the apparatus for nanofluids, thermal conductivity of water and 

glycerin are measured and compared with the reference values at different temperature for 

accurately calibrating the setup. The measured thermal conductivity data varies only by 

±2.6% and 2.2% for KD2 Pro and Hot Disk TPS measurement system respectively. These 

values are well within the instrument accuracy limits as specified by the respective 

manufacturers.   

3.3.4 Dynamic viscosity measurement 

 The dynamic viscosity of the nanofluids is measured using Brookfield LVDV-II 

digital viscometer (shown in Fig. 3.8), and is used by many researchers [1,72,81] for carrying 

out viscosity measurements in nanofluids. The operation of this viscometer involves the 

driving of a spindle, which is immersed in the test fluid through a calibrated spring and the 

corresponding torque on the rotating cylinder in the sample is determined to calculate the 

viscosity. The viscous resistance of the sample against the cylinder is measured by the spring 

deflection and the same is converted to the measurement using a rotary transducer. The 
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viscometer consists of two concentric cylinders, namely a bob (spindle) and a crucible 

(cylinder). At constant rotational speed the viscosity of fluid is obtained using the expression 

given in Eq. 3.12:  

ૄ = ൬
૚

૚ܚ
૛ −	

૚

૙ܚ
૛൰

ۻ

ૡૈܚ૝܍ܐܖ
                                     (3.12) 

where  ‘M’ is the torque, ‘n’ is the number of revolutions per second, ‘r1’ is the radius of 

spindle, ‘r0’ is the radius of spindle crucible, and ‘he’ is the height of spindle. 

 

Figure 3.8:  Brookfield LVDV-II for viscosity measurments 
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The Brookfield viscometer with cone type spindle is capable of measuring viscosity 

as low as 0.1 cP. The sample volume used in this apparatus is 0.5 ml. Water from constant 

temperature bath is used in the apparatus for the measurement of viscosity at constant 

temperature. The rotation of the spindle is maintained at 100rpm and it corresponds to the 

maximum viscosity measurement range of 3.04 Cp. Instrument accuracy specified by the 

manufacturer is ±1% of the maximum value. Thus the error associated with all the 

measurements is less than 0.03 cP.  Apparatus is calibrated using silicone oil with viscosity of 

5 cP at 60 rpm and the ±1% accuracy in the measurement of the maximum value is also 

verified. 

3.4 Convective Heat Transfer Setup 

3.4.1 Experimental setup description 

 The schematic of the closed loop convective heat transfer experimental setup 

is shown in Fig. 3.9. The experimental setup consists of a test section, which is resistively 

heated by a DC power source, flow cell type nanofluid ultrasonication unit with peristaltic 

pump, variable flow gear pump, turbine flow meter, heat exchanger, a differential pressure 

gauge, data acquisition system and heat exchanger. Turbine type flow meter used in the 

experiments measures the flow rate with an accuracy of ±0.25%. A variable high current DC 

power source of 20 KW (1000A, 20W) is used for resistive heating of test section. Water 

cooled heat exchanger with cooling capacity upto 25 kW is used to cool the fluid after it 

passes through the test section. The differential pressure indicator with a range of 200/700 

mbar is connected to the test section for pressure drop measurement. A 30 channel data 

acquisition system is used to record the surface temperatures as well as the inlet and outlet 

fluid temperature during the test. Test section is made up of 1.2 m long stainless steel tube 
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with 9.5 mm outer diameter and 0.9 mm thickness. Twelve T-type thermocouples are welded 

on to the test section for measuring the surface temperatures and two T-type thermocouples, 

each of which are positioned at the inlet and outlet of the test section respectively are utilized 

for measuring the corresponding fluid temperatures. The accuracy of T-type thermocouple 

used in the setup is ±0.5⁰C. Accuracy of various instruments used in the closed test setup is 

provided in Table 3.6. 

 

 

Figure 3.9: Schematic of closed loop setup for convective heat transfer experiments 
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Table 3.6: Accuracy of various instruments used in the study 

Parameter Instrument Accuracy 

Temperature T type thermocouple 0.5 % +0.5 (℃) 

Pressure Druck DPI (Strain Gauge type) 0.3% (FS) 

Flow Rate Turbine Flow meter 0.25% 

Current 

DC power source (20KW) 

0.5% 

Voltage 0.1% 

k THW method (TKD2 Pro) 5% 

µ Cup and Cone Viscometer (Brookfield Viscometer) 1% (FS) 

 

In the current study convective heat transfer experiments are carried out in turbulent 

flow regime. In a pipe flow, transition from laminar to turbulent occurs at Re 2300-3600 [59]. 

Various researchers [110,111,112] have carried out the experiments in turbulent flow regime 

with Re > 5000. In the present work the convective heat transfer experiments are carried out 

for Re >6000. The entrance length (X) for fully developed flow [59] in turbulent regime is 

defined as: 

X � 10Di                 (3.13) 

where ‘Di’ is the inner diameter of the test section.  

The minimum entrance length for a fully developed flow is estimated for the current 

setup as 0.077 m. The tube diameter in the setup is constant throughout and also remains 

same upstream of the test section; hence a length of 0.2 m is provided for the flow to become 
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hydrodynamically fully developed.  The test section is insulated with glass wool to ensure 

negligible heat loss to the ambient.  

3.4.2 Experimental procedure 

 Figure 3.10 presents the realised test setup for carrying out the convective heat transfer 

study. Nanofluid of desired particle mass concentration and quantity is prepared using the 

suitable surfactant. Thermal conductivity and viscosity of nanofluid is measured using KD2 

pro and Brookfield viscometer respectively. Thermo-physical properties are determined at 

various temperatures from 20⁰C to 70⁰C for each weight percentage and particle size. 

Samples are kept at constant temperature during the measurement using a constant 

temperature bath. 

 

Figure 3.10: Convective heat transfer setup 
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 Nanofluid is filled in the reservoir and is continuously ultrasonicated with the help of 

ultrasonic probe, flow cell and peristaltic pump. A variable speed gear pump delivers the 

desired volume flow of nanofluid to the test section. The test section is resistively heated with 

DC power source. The heated nanofluid after its passes through the test section is cooled to 

near room temperature using water cooled heat exchanger and is emptied into the reservoir. 

The process is continued till the flow reaches the steady state condition. The inlet fluid 

temperature to the test section is maintained constant during the test. The experiments are 

carried out for different Reynolds number by varying the flow rate, and each test is repeated 

for four times to ensure repeatability. 

  After each test the fluid lines are purged initially with nitrogen gas to clear nanofluid 

in the test section. Subsequently purging is also carried out with isopropyl alcohol to remove 

traces of kerosene on the walls. 

3.5 Data Reduction 

  A series of convective heat transfer experiments are carried out to investigate the heat 

transfer characteristics of nanofluid in turbulent flow regime. Steady state fluid temperature, 

surface temperature, current (I) and voltage (V) from DC power source and flow rate are 

measured during the experiment for determining the heat transfer coefficient and Nusselt 

number at various particle mass concentrations and Reynolds numbers. Measured thermal 

conductivity and viscosity at various temperatures are curve-fitted to estimate the values at 

any intermediate temperature point. The effective density and specific heat of nanofluid are 

estimated based on the physical principle of the mixture rules as follows; 

�nf = � �np + (1- �) �bf                     (3.14) 
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where, �nf , �np and �bf  is the density of nanofluid, nanoparticle and base fluid respectively 

and � is the volume fraction of nanoparticle. 

Cpnf = (� �npCpnp + (1- �) �bfCpbf)/�nf              (3.15) 

where, Cpnf ,Cpnp  and Cpbf is the specific heat of nanofluid, nanoparticle and base fluid 

respectively. 

Heat absorbed by the nanofluid in test section is calculated by  

Qf = mCpnf (Tout-Tin)                                                                   (3.16) 

where, m, Tin , Tout are fluid mass flow rate, temperature at inlet and outlet of the test section 

respectively  

Electrical heat supplied to the test section Qe is given as,  

Qe = V I                  (3.17) 

where, V is the input voltage and I is input current to the test section. 

As the value of specific heat of nanofluid is calculated by mixing rule, the correctness 

of specific heat is ensured by comparing the heat absorbed by the nanofluid, Qf in test section 

to the electrical heat supplied to the test section, Qe.  In all the experiments (Qe - Qf) is found 

to be positive and the value is less than 5.9% and this also indicated the effectiveness of the 

insulation provided on the test section. Reynolds number (Re) and Prandtl number (Pr) of 

nanofluid is determined using the expressions 

Renf =4mnf / �Di µnf                     (3.18) 
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Prnf = µnfCpnf / knf                   (3.19) 

Where, mnf, kn, µnf is the mass flow rate and measured thermal conductivity and dynamic 

viscosity of the nanofluid. 

The outside tube wall temperature (ܶݏo) is measured by means of thermocouples. 

Furthermore, the inside tube wall temperature (ܶݏ) is calculated from the measured outside 

tube wall temperature, by using the Fourier’s heat conduction equation with internal heat 

generation (electrical resistance heating, Qe). As the outer test section is perfectly insulated, 

the assumptions of no heat loss to the ambient from the outer surface ( (dT/dr)D0 = 0)  is 

considered. The solution of Fourier’s heat conduction equation is determined using 

convective boundary at the inner surface of the tube as given below.  

ܛ܂ = ܗܛ܂ +
܎ۿ

૝ૈܜܓۺ
ቂ
૆ሺ૚ିܖܔ૆ሻି૚

૆ି૚
ቃ                                                                                               

(3.20)  

here kt is thermal conductivity of the material used for test section (steel) and � =ቀ
ୈ୭

ୈ୧
ቁ
ଶ
 

Local heat transfer coefficient is estimated using, electrical heat supplied to the test 

section (Qe), tube inner wall temperature (Ts) and the local fluid temperature (Tf). Local heat 

transfer coefficient is estimated as,  

hxnf = Qe/ (�Di L (Ts -Tf))                (3.21) 

where,   

Tf  = Tin + x/L(Tout -Tin)                                          (3.22) 
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The average heat transfer coefficient (hnf) is calculated as the length–weighted 

averages of the local heat transfer coefficients (hxnf). Similarly, the average Nusselt numbers 

(Nu) are calculated from the average heat transfer coefficient. 

Nusselt Number Nunf = hnfDi/knf                        (3.23) 

The Peclet number (Pe) and the friction factor (f) are obtained as follows; 

Penf = RenfPrnf                                                               (3.24) 

Friction factor, f = 2�pDi/(�nfLu
2

nf)
                    

(3.25) 

where, �p is the measured pressure drop and unf = mnf/( �Di
2�nf) is the nanofluid velocity at 

test section. 

The merit number is calculated using estimated heat transfer coefficient and measured 

pressure drop for nanofluid and pure kerosene and is defined as 

Merit Number = (hnf/hbf)/(�Pnf/�Pbf)               (3.26) 

Blasius and McAdams correlation [59] for the friction factor in turbulent flow is used for the 

validation of test setup using pure kerosene and is given in Eq 3.27 and 3.28 respectively. 

f = 0.316Reି
భ
ర                      (3.27) 

f = 0.184Reି
భ
ఱ                     (3.28) 
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The Dittus–Boelter equation [59] is used for test setup validation using pure kerosene in 

turbulent flow regime with constant heat flux boundary condition (0.7�ܲ160�ݎ, and 10�݀/ܮ) 

and is shown in Eq 3.29. 

                2/5ݎ0.023ܴ݁4/5ܲ=ݑܰ
(3.29) 

3.6 Uncertainty Analysis 

 Detailed uncertainty analysis is carried out prior to analysing the result and outcome 

of the study. Overall uncertainty is determined using Root sum square (RSS) method

(absolute & random error). 

3.6.1 Absolute error 

 Analysis is carried out to estimate errors in both measured and derived quantities. 

Basic equations are used for deriving absolute error during the experiments due to test setup.  

Uncertainties in derived parameters are calculated as given below. 

Let A = f (x, y, z), then uncertainty in A can be determined using uncertainty in x, y, z as 

UA = ± ටሺ
૒ۯ

૒ܠ
ሻ૛܆܃ + ሺ

૒ۯ

૒ܡ
ሻ૛ܡ܃ + ሺ

૒ۯ

૒ܢ
 ሻ૛                                        (3.30)ܢ܃

 Error in length and diameter is considered to be 0.5%. Accuracy of various 

instruments as given in table 3.6 is used for error estimation. 
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3.6.1.1 Temperature measurement 

 In the current study maximum surface temperature is limited to 100℃ and the 

minimum surface temperature measured in all the experiments is 70℃. The error in 

measurement of temperature due to thermocouple (T type) and data acquisition system is 

within 0.5%+0.5℃. Hence maximum error in surface temperature measurement will be  

Maximum error =  0.5%+ 
଴.ହ

଻଴
× 100% 

=  1.2% 

 Similarly fluid temperature measured is between 29-46℃. Hence maximum error in 

fluid temperature measurement is  

Maximum error = 0.5%+ 
଴.ହ

ଶଽ
× 100% 

=  2.2% 

3.6.1.2 Pressure measurement 

 The pressure drop across the test section is measured using Druck DPI 800 

instrument. The accuracy of differential pressure measurement system is 0.1% of full scale. 

Pressure drop measured during the test range from 20 mbar to 300 mbar. Two different 

maximum measurement setting is used in the study. Maximum pressure setting upto 200 

mbar is used for the experiment whereas the measured pressure drop is 20 to 90 mbar and 

pressure transducer capable of measuring 700 mbar is also used for high flow rate 

experiments. Hence, maximum error in pressure measurement is  
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Maximum error  =  Max (
଴.ଵ×ଶ଴଴

ଶ଴
%,

଴.ଵ×଻଴଴

ଽ଴
%) 

=  Max (1%, 0.8%) 

= 1.0% 

Table 3.7 lists the maximum uncertainty in various measured parameters. The maximum 

uncertainty in density and specific heat of the nanofluid is taken as 2%. Equation 3.16-3.26 in 

conjunction with the aforementioned values are used for determining the uncertainty in 

various derived parameters like those in, heat transfer coefficient, Nusselt number, friction 

factor, merit number etc, and the details are provided in Table 3.8. 

Table 3.7: Maximum uncertainty in various measured parameters 

Parameter Accuracy 

Length, diameter 0.5% 

Fluid Temperature 2.2% 

Surface temperature 1.2% 

Pressure 1.0% 

Flow Rate 0.25% 

Current 0.5% 

Voltage 0.1% 

Thermal Conductivity, k 5% 

Dynamic Viscosity, µ 4% 
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Table 3.8: Uncertainty in various derived parameters 

Parameter Uncertainty 

Reynolds number, Re 4% 

Prandtl Number, Pr 6.7% 

Heat Transfer Coefficient, h 4.5% 

Nusselt number, Nu 6.8% 

Fluid velocity, u 2.1% 

Peclet Number, Pe 7.8% 

Friction factor, f 3.8% 

Merit number 8.3% 

3.6.2 Random experimental uncertainty 

 Experiments are repeated four times for a test condition and the mean value is 

reported. Two times the standard deviation from the mean value is considered as a random 

experimental error for the analysis assuming 95% confidence level. Total uncertainty (UT) in 

each parameter is determined by using both fixed uncertainty (Uf) and random experimental 

uncertainty (Ur) and shown in Eq. 3.31. 

UT = ± ට܎܃
૛ +  ૛                                                         (3.31)ܚ܃

Table  3.9 and Table  3.10 shows the maximum uncertainty in various derived parameters for 

kerosene-aluminium and kerosene-GNP nanofluid respectively. 
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Table  3.9: Maximum uncertainty in various derived parameters for kerosene-aluminium 

nanofluid 

Parameter 
% Standard 

deviation (�) 

Total uncertainty 

(UT) % 

Thermal Conductivity, k 2.3% 6.0% 

Dynamic Viscosity, µ 0.8% 4.2% 

Heat Transfer Coefficient, h 4.9% 8.2% 

Nusselt number, Nu 5.2% 9.9% 

Friction factor, f 4.1% 6.9% 

Merit number 9.0% 15.2% 

Table  3.10: Maximum uncertainty in various derived parameters for kerosene-GNP 

nanofluid 

Parameter 
% Standard 

deviation (�) 

Total uncertainty 

(UT) % 

Thermal Conductivity, k 1.8% 5.6% 

Dynamic Viscosity, µ 1.1% 4.3% 

Heat Transfer Coefficient, h 4.3% 7.5% 

Nusselt number, Nu 4.9% 9.7% 

Friction factor, f 4.3% 7.1% 

Merit number 8.6% 14.7% 
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CHAPTER 4 

4 RESULTS AND DISCUSSION 

 Kerosene-alumina and kerosene-GNP nanofluids are prepared using the two-step 

technique as explained earlier. The thermo physical properties and the heat transfer 

performance of the nanofluids in the turbulent flow regime are experimentally investigated. 

The effect of particle size, particle concentration and fluid temperature on the thermal 

conductivity and the viscosity of the nanofluids is also evaluated. In this chapter, the analysis 

pertinent to the synthesis and characterization, and those associated with the performance of 

convective heat transfer in the turbulent flow regime is discussed in details for kerosene-

alumina and kerosene-GNP nanofluids respectively. The matrix of experiments carried out in 

the present study describing the parametric variations is shown in Table 4. 1. 

4.1 Kerosene-Alumina Nanofluid 

The experimental investigation involved the preparation of kerosene-alumina 

nanofluids at different particle volume fraction followed by stabilization using various 

ultrasonic techniques. Different surfactants are employed to enhance the stability of the 

nanofluids and subsequently, the detailed characterization of the nanofluids is carried out. 

Thermo-physical properties of kerosene-alumina nanofluids are determined for two particle 

sizes at various volume fractions. Detailed discussion related to synthesis, characterization 

and the heat transfer performance of kerosene-alumina nanofluid is presented in this section.  
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Table 4.1: Matrix of Experimental study 

Nanofluid Parameters 
Particle 

concentration 

Sample 

Particle 

size 

Temperature 

range (ºC) 

Re 

number 

K
er

o
se

n
e-

A
lu

m
in

a k 
0.05, 0.1, 0.2,0.3,0.5, 

1vol% 
13nm,  

50 nm 

25  - 70 --- 
µ 

h 
0.05, 0.1, 0.2, 0.3, 

0.5vol% 
--- 

6700-

28000 
f 

K
er

o
se

n
e-

G
N

P
 k 

0.005, 

0.02,0.05,0.1,0.2wt% 
750, 500, 

300 m
2
/g 

(SSA) 

20 -70 ---- 
µ 

h 
0.005, 0.05, 0.2wt% ---- 

6700-

28000 
f 

4.1.1 Synthesis  

4.1.1.1 Nanofluid preparation 

A colloidal solution of uniformly dispersed nanoparticle in the base fluid is an 

important requirement for any nanofluid to be effectively used for potential heat transfer 

application. This has been analyzed in detail in the present work wherein nanofluids are 

prepared using a two-step technique. Alumina nanoparticles of two catalogue specified 

average particle sizes, 50 nm and 13 nm are used in the current investigation. Two different

ultrasonication methods, namely bath type and disruptor type with different power and 

frequency levels, are employed in the preparation of nanofluid. Initially, water and kerosene 

based nanofluids with alumina nanoparticles are prepared with different ultrasonication time. 

The stability of nanofluids is visually inspected with time and it is observed that, irrespective 

of ultrasonication time and method, alumina nanoparticles are found to settle immediately 
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(within few minutes) in kerosene. However, water based nanofluids are visually stable for 

few hours after ultrasonication. Based on visual observation, it is found that the disruptor type 

ultrasonication is more efficient in the preparation of stable water based nanofluids. However, 

these experimental investigations also revealed that the stability of the nanofluids depends on 

other factors, and the different methods of ultrasonication are necessary but not sufficient. 

4.1.1.2 Nanofluid stabilization 

The stability of any colloidal system depends on the balance of repulsive and 

attractive forces existing between the particles. The repulsive force must be larger as 

compared to the attractive force between the particles for obtaining stable nanofluids. The 

forces between the particles depends upon the ionic concentration near the particle, and it can 

be varied by either electrostatic or steric stabilization techniques as used by many researchers 

[57,101,110,111,130,134,136] to stabilize nanofluids. 

Initially, the electrostatic stabilization technique is employed for 0.05% volume 

fraction kerosene-alumina nanofluid. The pH of the nanofluid thus prepared is 5.6 and it is 

progressively reduced to 3 by adding few drops of Hydrochloric acid (HCl), and increased 

upto 8 using NaOH. On visual inspection, it is found that a stable solution is not achievable 

for any value of pH ranging from 3 up to 8. Kerosene being a non-polar fluid is less 

responsive to charged particles and thus electrostatic stabilization is not found to be effective 

in kerosene based nanofluids. In the case of steric stabilization the method is effective in non-

polar medium like kerosene, where the surfactant effectively separates the nanoparticles due 

to the higher osmotic pressure build-up between the hydrocarbon chains of surfactant. 
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major particle settling is noted. The kerosene-alumina nanofluid prepared at various particle 

concentrations is presented in Fig. 4.1. 

Nanofluids of different particle concentration at constant oleic acid to particle volume 

ratio of 0.3 are prepared. Different ultrasonication time of 30 minutes for 0.05 % to 3 hrs for 

1% is used. The stability of the nanofluids is found to be directly related to the concentration 

of the nanoparticles. Nanofluids at lower volume fraction of less than 0.2% are very stable 

(more than 10 days) as compared to those at higher particle concentration. As the 

ultrasonication time is increased beyond 2 hours, the change in color of the nanofluids from 

white to gray is observed for nanofluid of 0.2% volume concentration (as shown in Fig. 4.2).  

 

Figure 4.2: Kerosene-alumina nanofluid sample - A) after 1 hour of ultrasonication B) after 2 

hours of ultrasonication 

Similar observation is noted for all the cases that involved ultrasonication for a time 

period in excess of 2 hours. The nanofluids subjected to ultrasonication for larger duration is 

found to undergo thermal heating and the temperature of nanofluid was found to increase 
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above 70ºC. Similar observation is reported by Hosseini et al. [55]. They have observed the 

change in color of water-alumina nanofluid from white to grey during the ultrasonication and 

the temperature of the nanofluid is also found to increase beyond 70ºC due to ultrasonication. 

Subsequently, in all the further studies carried out the nanofluids are prepared in a special 

vessel with provision for circulation of water to maintain the nanofluid temperature at 

30±2ºC. 

4.1.2 Particle size measurement 

Prior to the measurement of surface area of kerosene alumina nanofluid, the particle 

size of dry alumina particles are determined. Surface area is measured by Quantachrome 

Nova 1200e surface area analyzer. First, the sample is heated under vacuum for three hours to 

remove any adsorbed gas or volatiles and this is referred to as degassing. After degassing, 

BET isotherm is recorded at LN2 temp and the P/P0 range is 0.05 to 0.3. Surface area is 

calculated from the slope and intercept of the BET isotherm. The surface area is found to be 

58 m
2
/g and 98 m

2
/g for 50 nm and 13 nm alumina sample size particles respectively. The 

measured values are in good agreement with the values specified by the manufacturer as 

given in section 3.1.2. 

Nanofluids with 0.1vol%, 0.2vol% and 0.3vol% of nanoparticles are prepared with 50 

nm particle size, and with a surfactant to particle volume ratio of 0.3. All the samples are 

prepared in 100 ml kerosene with the addition of oleic acid as the surfactant. The particle size 

distribution in the samples is measured using Zetasizer. All the size measurements are 

performed at 25ºC with a scattering angle of 173º.  Each sample is tested three times and the 

mean value is reported here.  
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Figure 4.3 represents the particle size distribution with percentage particle count as 

measured using DLS technique for the nanofluid of 50nm particle size sample. The peak 

count of the particle size is found to shift towards the higher particle size as the volume 

concentration of the nanoparticle increases indicating slight agglomeration of particles at 

higher concentrations. The size of most of the particles in the nanofluids is 78nm for the 

0.1vol% as compared to 95 nm for 0.2vol% and 0.3vol% nanofluid. The results clearly 

indicate to marginal increase in agglomeration of nanoparticles with increase in particle 

volume concentration in nanofluid. 

 

Figure 4.3.: Particle size distribution of the kerosene-alumina nanofluid at different particle 

volume concentration for 50 nm nanofluid sample 

Particle size distribution for the two different sizes of nanopowder at 0.2vol% particle 

concentration is shown in Fig. 4.4. The average particle diameter in 13 nm sample particle 

nanofluid is found to be 59 nm as compared to 110 nm for 50 nm sample particle nanofluid. 
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During the measurements, it is noted that the minimum particle size measured for 13 nm and 

50 nm sample particles is 21 nm and 44 nm respectively. Table 4.2 presents the mean of 

minimum and average size measured by DLS with standard deviation (�) from 4 sets of 

readings. 

 

Figure 4.4: Particle size distribution for two sample sizes of alumina nanoparticle at 0.2vol% 

Table 4.2: Minimum and average particle size measured for kerosene-alumina nanofluid 

Sample 

particle size 

Minimum size 

 

Average size 

(mean ± �) 

13 nm 21.5  59±2.5nm 

50 nm 44 110±4.25 nm 
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It is to be noted that though the measured values of particle size are marginally higher 

than the nominal particle size reported by the manufacturer, the increase is lower than the 

value reported by Ju et al. [63], wherein the authors used the colloids of alumina with 

nominal particle diameter of <20 nm and correlated the measured particle size against the 

corresponding  ultrasonication time. The minimum average particle diameter reported by 

them is around 120 nm. The lower value of particle diameter obtained in the present 

investigation indicates that the alumina nanoparticles are well dispersed in kerosene.  

 

Figure 4.5: Particle size distribution of 50 nm nanofluid sample with time for 0.2vol% 

particle concentration 

The stability of 0.2vol%, 50 nm kerosene-alumina nanofluid sample, prepared using 

oleic acid as a surfactant is determined with time (descried in days) using particle size 

measurement. Nanofluid sampled from the top layers in the bottle after 2, 5 and 10 days are 

analyzed, and their particle size is measured. Figure 4.5 shows the particle size distribution at 
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different intervals for 50nm nanofluid sample, 0.2vol% nanofluid. It is observed from the 

figure that after 2 days of nanofluid preparation, the peak value of average particle diameter 

marginally increased from 95 nm to 102 nm. The slight increase in the particle diameter 

could be due to the clustering of nanoparticles with time. Subsequently, with time, the bigger 

particle would start settling at the bottom and the average diameter of nanoparticles in fluid in 

the top layers start decreasing. It may however be noted that the nanofluid is significantly 

stable as the average peak of the particle size is not varying much with time.  

4.1.3 Thermal conductivity 

The major factors that influence thermal conductivity of nanofluid are the particle 

loading, particle size and the temperature. Kerosene-alumina nanofluid at 0.01vol%, 

0.05vol%, 0.1vol%, 0.2vol%, 0.3vol%, 0.5vol% and 1.0vol% particle loadings are prepared 

for the catalogue specified 13nm and 50nm sample particle size using oleic acid to particle 

volume ratio of 0.3, and subjected to ultrasonication to de-agglomerate the nanoparticles. As 

mentioned earlier, the current study uses THW technique for the measurement of thermal 

conductivity of the nanofluids. The samples prepared for measurements are maintained at 

constant temperature using a constant temperature bath. For each volume fraction, particle 

size and temperature, the measurements are repeated six times, and the values are found to lie 

within ±0.003 W/mK. Mean value of these measurements is presented in the results and is 

further utilized in the subsequent analysis carried out.  

4.1.3.1 Effect of particle loading 

 Thermal conductivity of kerosene-alumina nanofluid is determined at various particle 

loading conditions. Measurements are repeated six times for each concentration. Figure 4.6 



87 
 

presents the value of thermal conductivity obtained for each measurement for 13 nm sample 

kerosene-alumina nanofluid.  

 

Figure 4.6: Thermal conductivity of 13nm kerosene-alumina nanofluid sample at various 

particle volume concentrations at 25 ºC 

It can be noted that the measured thermal conductivity of nanofluid for a particular 

particle loading condition is nearly the same for all the measurements. Mean and standard 

deviation of thermal conductivity values are estimated from the test data and the mean 

thermal conductivity thus arrived at is used in the heat transfer analysis carried out as part of 

the current study.  The maximum standard deviation associated with the data presented in 

Fig. 4.6 is 0.00175 W/mK. The maximum percentage standard deviation obtained for this 

data set is 1.26%. Similar data analysis is carried out for each measured parameter and their 

mean value is utilized for subsequent heat transfer analysis.   
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 The effect of particle loading on the thermal conductivity ratio of 13nm and 50 nm 

nanofluid samples is presented in Fig. 4.7. Figure 4.8 shows the relative change in thermal 

conductivity ratio with volume concentration (�(knf/kbf)/ ��).  

 

Figure 4.7: Effect of particle size on thermal conductivity of kerosene-alumina nanofluid at 

various particle volume concentrations at 25 ºC 

1

1.05

1.1

1.15

1.2

1.25

1.3

1.35

1.4

0 0.2 0.4 0.6 0.8 1 1.2

T
h

er
m

a
l 

C
o

n
d

u
ct

iv
it

y
 R

a
ti

o
 (

k
n

f/
k

b
f)

Particle Volume Concentration, � (%)

13nm

50nm



89 
 

 

Figure 4.8: Relative increase in thermal conductivity ratio with particle concentration  

It can be clearly seen from the above figures that the rate of increase in thermal 

conductivity of nanofluids is significant at lower particle loading of up to 0.1% for both the 

samples and the enhancement is observed to be sluggish beyond this point. Similar behavior 

at very low particle concentration is also reported by Lee et al. [76]. They have reported a 

linear increase in the thermal conductivity of water-alumina nanofluids up to 0.1vol% 

particle concentration. The linear behavior of nanofluid thermal conductivity at lower 

particle concentration could be attributed to the various factors like improved homogeneity 

and stability of the nanofluid and partially due to the increased number of agglomeration 

sites that are beneficial till an optimum concentration is attained. The sluggish behavior 

beyond 0.1% particle concentration could be attributed to the higher number of 
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higher concentration. 
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4.1.3.2 Effect of particle size 

The effect of particle size on the thermal conductivity is determined for two different 

catalogue specified particle sizes of 13 nm and 50 nm is shown in Fig.4.7. The enhancement 

in thermal conductivity of nanofluid is found to be higher for smaller sized particle as 

compared to bigger size at identical volume concentration. This observation is in line with 

those reported by many other researchers [2,70,111]. The higher enhancement is observed for 

smaller particle size nanofluid due to higher specific surface area per unit mass in the case of 

smaller size. The enhancement ratio in thermal conductivity for 50 nm nanofluid sample is 

only 1.05 as compared to 1.06 for the case of 13 nm nanofluid sample at 0.05vol% particle 

concentration. At 1.0vol% particle concentration, the enhancement ratio is found to be 1.33 

and 1.26 for 50 nm and 13 nm nanofluid samples respectively.  

4.1.3.3 Effect of temperature 

The temperature dependency on the thermal conductivity of nanofluid is investigated 

for the two sample particle sizes of 13 nm and 50 nm at 0.2% particle volume concentration. 

Thermal conductivity of pure kerosene and nanofluids are measured in the temperature range 

of 25ºC to 65ºC. The measured value of thermal conductivity of pure kerosene increases 

linearly with the temperature as in Eq 4.1. 

k = 2×10
08

*T
2
+0.00003*T+0.103                             (4.1) 

with R
2
 =0.986 

here, ‘k’ is the thermal conductivity of pure kerosene in W/mK and ‘T’ is the temperature in 

ºC. 
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Figure 4.9: Thermal conductivity of 13 nm kerosene- alumina nanofluid sample at various 

temperatures 

 Figures 4.9 and 4.10 represents the thermal conductivity of various particle 

concentrations of kerosene-alumina nanofluids for 13nm and 50 nm sample particle size 

respectively. It is evident from the figures that thermal conductivity of nanofluid increases 

with temperature for both the particle sizes and it can be attributed to the higher Brownian 

motion induced particle interaction at elevated temperature. It can also be seen that the 

increase in the thermal conductivity of nanofluid with temperature is non linear and higher 

increase in thermal conductivity is noticed at elevated temperature. 
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Figure 4.10: Thermal conductivity of 50 nm kerosene- alumina nanofluid sample at various 

temperatures 

 Figure 4.11 presents the enhancement ratio in thermal conductivity of the nanofluid to 

pure kerosene across a temperature range of 25ºC to 65ºC for both the particle sizes at 

0.2vol%, 0.5vol% and 1vol% particle concentration. The thermal conductivity ratio increases 

from 1.12 to 1.25  for 13 nm  sample size, and 1.09 to 1.18 for 50 nm sample size in the 25 ºC 

to 65 ºC temperature range for 0.2 vol% kerosene-alumina nanofluid. For 1 vol% 

concentration, thermal conductivity ratio increases from 1.26 to 1.41 for 50 nm sample size 

and 1.33 to 1.50 for 13nm sample size kerosene-alumina nanofluid respectively. The strong 

dependency of temperature on thermal conductivity as observed in the present work is in 

good agreement with those observed in other reported works [77,86,111,130] and is 

attributed to the enhanced Brownian motion of nanoparticles in base fluid at higher 

temperature.  
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Figure 4.11: Effect of temperature on thermal conductivity ratio of 13 nm and 50 nm 

kerosene-alumina nanofluid samples 

In the current work, the increase in thermal conductivity with temperature is around 

1.5 to 2 times for both the particle size. The studies on ATF-alumina nanofluids carried out 

by Sonawane et al. [111] also indicate considerable effect of temperature on the nanofluid 

thermal conductivity, and reported a three-fold increase in thermal conductivity for ATF 

based nanofluid in the temperature range of 30ºC to 50ºC. The current experimental results 

also indicate higher percentage enhancement in thermal conductivity for lower particle size 

nanofluids at higher temperatures as compared to bigger particle size nanofluid. This is 

further attributed to the relatively high degree of Brownian motion at lower particle size as 

compared to the larger particle size nanofluid.  
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Figure 4.12: Comparison of measured thermal conductivity of kerosene-alumina nanofluid 

with literature data 

It may be noted that the nanoparticle-base fluid combination used in the present 

investigation is not investigated till date. The only study that investigated a similar nanofluid-

base fluid combination is by Sonawane et al. [111] where the authors have used 30 nm 

sample alumina particles in ATF base fluid. As aforementioned, they reported thermal 

conductivity augmentation in the range of 5% to 41% for various conditions. Figure 4.12 

shows comparison of the present measurements with the experimental results of Sonawane et 

al. [111] for ATF-alumina nanofluid. Though at few data points the thermal conductivity 

measured by Sonawane et al. [111] is in good agreement with the present results, the 
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size, method of preparation of nanofluid and measurement techniques adopted in the 

respective investigations. 

4.1.4 Dynamic viscosity 

Dynamic viscosity of nanofluids is measured for two sizes of alumina particles in 

kerosene at various volume fractions and temperature ranges. Prior to the measurement of the 

viscosity of nanofluids, viscosity of pure kerosene is measured at different temperatures. As 

expected, the decrease in viscosity is noticed for pure kerosene with an increase in 

temperature and is expressed as 

µ = 0.000146*T
2
 - 0.0296*T + 2.06                     (4.2) 

with R
2
 =0.979 

where, µ is the dynamic viscosity in cP and ‘T’ is the fluid temperature in ºC. 

4.1.4.1 Effect of particle loading 

Nanofluids of particle concentrations of 0.05vol%, 0.1vol%, 0.2vol%, 0.3vol%, 

0.5vol% and 1.0vol% are prepared and their dynamic viscosity at 25ºC temperature is 

measured. Figure 4.13 represents the ratio of dynamic viscosity of nanofluids to the pure 

kerosene at various particle concentrations for 13 nm and 50 nm catalogue particle sizes. An 

enhancement in dynamic viscosity is observed for the 13 nm sample particle nanofluid from 

1.015 to 1.223 over a particle loading range of 0.05vol% to 1.0vol%. The non-linear 

dependency of particle loading on dynamic viscosity indicates the presence of particle-

particle interaction as observed by Lee et al. [76] with water-alumina nanofluid at low 

particle volume concentrations. 
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Figure 4.13: Effect of particle size on dynamic viscosity of kerosene-alumina nanofluid 

samples at various particle volume concentrations at 25 ºC 

4.1.4.2 Effect of particle size 

 The effect of particle size on viscosity is also ascertained by measuring the viscosity 

of nanofluids for two different sizes of nanoparticles. It is observed from Fig. 4.13 that the 

increase in dynamic viscosity for smaller particle size nanofluid is larger as compared to the 

case with bigger sized particles. This is due to the increased surface area available in the case 

of the smaller particle as compared to the case with bigger particle size at same volume 

concentration. The increased surface area leads to higher interface resistance, with the fluid 
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particle concentration of 1vol%, the percentage ratio of dynamic viscosity of nanofluid to 

base fluid is 1.194 and 1.223 for 50 nm and 13 nm catalogue particle sizes respectively. 

 

Figure 4.14: Comparison of measured dynamic viscosity of kerosene-alumina nanofluid with 

literature data and various theoretical models 

Figure 4.14 presents the comparison of current results with the experimental data 

obtained by Sonawane et al. [111] and those obtained through other theoretical models. It is 

to be noted that the theoretical models of Einstein [31] and Batchelor [37] include the 

hydrodynamic contribution while the correlation factor applied by Khanafer [69] and Eilers 

[121] is derived based on the experimental study using water-alumina nanofluid. Though 

none of the theoretical models predict the enhancement of dynamic viscosity as observed in 

the current study, the measurements by Sonawane et al. [111] for ATF-alumina nanofluid 

indicate good agreement with the current results. The under-prediction of dynamic viscosity 
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account for the particle size and particle-particle interactions (ii) the  correlation factors are 

derived for water-alumina [69,121] nanofluid and (iii) the difference in the particle size and 

base fluid combination used by Sonawane et al [111] as compared to the current nanofluid 

under investigation. It is to be however noted that the nanoparticle-base fluid combination 

used in the present investigation is not investigated till date. 

4.1.4.3 Effect of temperature 

 The effect of temperature on the viscosity of nanofluids is investigated by measuring 

the dynamic viscosity of nanofluid at various temperatures ranging from 25ºC to 65ºC. 

Figures 4.15 and 4.16 depict the effect of temperature on dynamic viscosity at various 

concentrations of kerosene-alumina nanofluid for 13 and 50 nm sample size nanofluids 

respectively.  

 

Figure 4.15: Dynamic Viscosity of 13 nm kerosene- alumina nanofluid sample at various 

fluid temperatures 
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Figure 4.16: Dynamic Viscosity of 50 nm kerosene- alumina nanofluid at various 

temperatures 

The dynamic viscosity of nanofluid decreases with temperature as expected and as 

observed by Nguyen et al. [91]. It can be noted that the similar to the base fluid, nanofluids 

also show significant reduction in viscosity at elevated temperature. Nguyen et al. [91] have 

reported similar behavior for water-alumina nanofluid. However they reported hysteresis in 

their measurements at high temperature. Such phenomenon is not observed in current 

nanofluid and temperature range. 
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high temperature. In nanofluids, thermal expansion of base fluid at high temperature results 

in higher Brownian motion of nanoparticles and this could result in the increase of internal 

resistance and leads to higher percentage enhancement in viscosity at high temperatures. 

 

Figure 4.17: Effect of temperature on viscosity ratio for 13 and 50 nm nanofluid samples at   

� = 0.2vol%  
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nanofluids. Measurement of thermal conductivity of nanofluids with time is an effective 

indication for assessing the degree of settlement. 

Figure 4.18: Variation in thermal conductivity of kerosene-alumina nanofluid with time at   

� = 0.2vol%, 0.5vol%  

Thermal conductivity of 0.2vol% and 0.5vol% particle concentration nanofluids 

prepared with 13nm catalogue particle size is measured with time. Thermal conductivity of 

the nanofluids is measured after 1, 5, 10, 15, 20 days of preparation. Figure 4.18 represents 

the variation in the ratio of thermal conductivity of nanofluid to pure kerosene with time for 

0.2vol% and 0.5vol% particle concentration nanofluids. Thermal conductivity measured after 

one day of preparation (after 22-24 hrs) indicates marginal increase in the thermal 

conductivity for the 0.2vol% particle concentration nanofluid and it is due to the possible 

formation of clustered structures of nanoparticles in the fluid. In general thermal conductivity 

of both the samples decreases with time, thereby indicating an unstable nanofluid.  
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As expected, the nanofluid prepared with lower particle concentration exhibits 

improved stability with time. Visual inspection also revealed significant settling of 

nanoparticles at the bottom of the sample tube with time for higher concentration nanofluid as 

compared to that at lower concentration. Nanofluid of 0.2vol% particle concentration is stable 

for almost 10 days and the value of thermal conductivity is only slightly decreased during this 

time period.  Marginal amount of settling is noticed after the first day in the case of the 

nanofluid with 0.5vol% particle concentration and the settling of particles is found to increase 

with time.  

 

Figure 4.19: Thermal conductivity of 13 nm and 50 nm kerosene-alumina nanofluid samples 

with time at � = 0.2vol%  

Measurements are repeated for nanofluid prepared using 50 nm catalogue particle 

size. Figure 4.19 shows change in thermal conductivity as a ratio of the two samples with 

time. Slight increase in thermal conductivity of both nanofluids is observed after 1 day of 

1

1.02

1.04

1.06

1.08

1.1

1.12

1.14

0 2 4 6 8 10 12 14 16 18 20 22

Th
er

m
al

 C
o

n
d

u
ct

iv
it

y 
R

at
io

 (
k n

f 
/k

b
f)

Time (days)

13 nm nanofluid sample

50 nm nanofluid sample



103 
 

preparation and this could be attributed to the possible particle agglomeration and clustering 

in the nanofluid. Figure 4.5 also confirms this argument as the number average particle 

diameter increased from 95 nm to 102 nm after two days of preparation, and similar behavior 

is noticed in thermal conductivity as well. 

 The percentage settling is inferred by comparing the value of thermal conductivity 

that is determined with time to the thermal conductivity obtained at different particle volume 

concentration as in Fig.4.6. The piecewise linear curve fitting is carried out on thermal 

conductivity data at different volume concentrations. The percentage settling is defined as: 

% settling = (� i  - � c)/ �i× 100                                                    (4.3) 

where, �i is the initial volume concentration and �c is the current volume concentration.  

�c is determined by comparing the current thermal conductivity with the thermal conductivity 

values plotted in Fig. 4.7 and identifying the equivalent volume fraction. The linear 

interpolation is carried out to determine the volume fraction that lies in between the measured 

thermal conductivity data points. 

Figure 4.20 represents the percentage settling of nanoparticle based on Eq. (4.3) with 

time for the 0.2vol% and 0.5vol% particle concentration case. The percentage settling is very 

fast for higher concentration nanofluid as compared to the lower concentration case. After 5 

days of nanofluid preparation, more than 38% nanoparticles are found to settle in the case of 

0.5vol% particle concentration whereas for 0.2vol% particle concentration, the percentage 

settlement is only 8%. 
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Figure 4.20: Estimated percentage particle settling of kerosene-alumina nanofluid with time 

 Although, the current methodology used for assessing the nanoparticle settlement is 

not an explicit method, it gives an indication of the nature of settlement of nanoparticles with 

time, and ascertains the relatively low stability of nanofluids with higher concentration of 

nanoparticles as compared to fluids at lower particle concentrations. 

4.1.6 Convective heat transfer 

 The convective heat transfer performance of any fluid depends on various physical 

and thermo-physical properties. Though the enhanced thermal conductivity of nanofluid will 

result in reduced resistance to thermal diffusion in the laminar sub layer, increased viscosity 

of nanofluid could increase the thickness of the sub layer and in turn increase the thermal 

resistance to heat transfer.  
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In the current work, detailed experimental study is carried out to determine the convective 

heat transfer performance of kerosene-alumina nanofluid under turbulent flow regime. The 

effect of particle size is also determined for two sizes of alumina particles. The results 

obtained in the study are discussed below. 

4.1.6.1 Test setup validation 

Prior to carrying out the convective heat transfer experiments with nanofluid, the 

experimental test setup and the operational procedure is validated by experimentally 

evaluating the convective heat transfer data and comparing it with the available correlations 

from the literature for pure kerosene. Figure 4.21 shows the comparison of heat transfer 

coefficient determined from the current experiments and those calculated based on the Dittus-

Bolter correlation [59] as given in Eq. 3.29. 

 

Figure 4.21: Nusselt numbers vrs Reynolds numbers for pure kerosene 

0

50

100

150

200

250

300

350

400

0 10000 20000 30000 40000 50000

N
u

ss
el

et
 N

u
m

b
er

 (
N

u
)

Reynolds Number (Re)

Experiment

Dittus-Boelter equation



106 
 

4.1.6.2 Validation of pressure drop characteristics 

 Though the current investigation on thermal conductivity indicates enhanced thermal 

performance of the kerosene-alumina nanofluid, it is expected that the system of flowing 

nanofluid will have higher pressure drop due to the increased viscosity of nanofluids. Higher 

pressure drop may limit nanofluid applicability in thrust chamber cooling as it will 

necessitate increased pump power to push the fluid through the regenerative passage in thrust 

chamber.  

 

Figure 4.22: Pressure drop characteristic of pure kerosene  

The pressure drop in the flow of pure kerosene in the test section is measured using 
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current study are in good agreement with the values determined using the correlation [59]. 

This confirms the reliability of the experimental data obtained from the current test setup. 

4.1.6.3 Mouromtseff number (Mo) 

To compare the fluid property related to heat transfer performance of the nanofluid to that of 

the base fluid for the given geometry at  fixed velocity, Mouromtseff number (Mo)) is used. It 

is a figure of merit and the fluid with larger value of Mo is considered to exhibit improved 

performance as a coolant than the others [115,149,150]. The estimation of Mo number with 

the thermo physical properties can indicate the expected relative heat transfer performance of 

the two fluids without actually conducting the heat transfer experiments.

 

Figure 4.23: Mouromtseff number for kerosene- alumina nanofluid 
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Mo = (hnf/hbf) = (�nf/�bf)
4/5

(Cpnf/Cpbf)
2/5

(�nf/�bf)
-2/5

(knf/kbf)
3/5

                                               (4.4) 

Figure 4.23 represents the Mouromtseff number calculated for 13 nm and 50 nm 

kerosene-alumina nanofluid samples at various particle concentrations. It can be observed 

that at all particle concentrations and for both particle size nanofluids, the Mo number is 

greater than unity and this clearly indicates the higher heat transfer performance expected for 

the current kerosene- alumina nanofluids over pure kerosene. 

4.1.6.4 Convective heat transfer coefficient (h) 

 Subsequent to the validation of the experimental setup, detailed convective heat 

transfer study of nanofluid is carried out for 0.05vol%, 0.2vol%, 0.3vol% and 0.5vol% 

particle concentrations of the nanofluid. Effect of particle size on heat transfer is also studied 

experimentally for 13nm and 50nm catalogue particle size nanofluids. 

Figure 4.24 represents the steady state surface temperature measured along the pipe 

length for 13nm 0.5vol% kerosene-alumina nanofluid for two Reynolds number conditions. 

The inlet fluid temperature is kept constant at 30℃ during the test. The heating power in this 

experiment is 5.9 kW.  Subsequently, Heat transfer coefficient is obtained from the measured 

fluid and surface temperature data using Eq. 3.21. Thermo-physical properties at average film 

temperature ((Ts+Tf)/2) is used for the computation of heat transfer coefficient from the 

experimental data.  
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Figure 4.24: Surface temperature along the test section at various X/D locations 

 

Figure 4.25: Heat transfer coefficient for 13nm, 0.5vol% kerosene-alumina nanofluid sample 

at various X/D locations. 
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Figure 4.25 shows the heat transfer coefficients obtained for the measurement data 

(shown in Fig. 4.24) for 13 nm-0.5vol% kerosene-alumina nanofluid sample at Reynolds 

number of 30279 and 26521 respectively. The average heat transfer coefficient determined 

for 0.5vol% kerosene-alumina nanofluid at Reynolds number of 30279 and 26521 is 5562 

W/m
2
K and 4899 W/m

2
K, respectively. The percentage maximum standard deviation from 

the average value for the above data is 2.03%. It is to be noted that as the flow is in turbulent 

regime, the heat transfer coefficient is nearly constant along X/D = 55 to 152.    

 

Figure 4.26: Heat transfer coefficient vrs Reynolds number for kerosene-alumina nanofluid 
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transfer coefficient for 13 nm and 50 nm particle nanofluids derived from the experimental 

data at various particle concentrations and Reynolds number is presented in Fig. 4.26.  

It is evident from the figure that kerosene-alumina nanofluid exhibits enhanced heat 

transfer characteristics as compared to pure kerosene at complete Reynolds number range. As 

expected, the heat transfer coefficient of kerosene- alumina nanofluid is found to increase 

with Reynolds number and particle volume concentrations. In contrast to lower value of 

thermal conductivity of bigger size particle nanofluid, the measured heat transfer coefficient 

is observed to be higher for bigger sized particle nanofluid as compared to the smaller sized 

particle nanofluids. As already discussed, higher thermal conductivity observed for smaller 

sized particle nanofluid could be attributed to the higher Brownian motion as compared to the 

bigger particle in a stagnant fluid; however this need not be true for the nanofluid in a 

turbulent flow regime. In the turbulent flow regime, the effect of Brownian motion will be 

dominated by the effect caused due to the very high flow velocity of the fluid. One of the 

possible reasons for the enhanced thermal conductivity of nanofluid due to mechanisms other 

than Brownian motion can be attributed to the reduction in the resistance of thermal diffusion 

in the laminar sub layer of the boundary layer and can result in higher heat transfer 

performance of the nanofluid as compared to the base fluid.  The higher viscosity observed 

for smaller sized particle nanofluid leads to increased thickness of laminar sub layer of the 

momentum boundary layer, and in turn increases its resistance to heat transfer. This 

combined effect of thermo physical properties along with the effect of higher disruption in 

the sub layer by bigger sized particles can result in higher heat transfer performance. Heat 

transfer coefficient at 0.3vol%, 50nm nanofluid sample is compared with those reported by 

Sonawane et al. [111], as shown in Fig. 4.27 because of the surrogate nature of ATF to 

kerosene. Figure 4.27 shows good agreement between the results obtained from the current 
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experiments and those due to Sonawane et al. [111] both indicating enhanced convective 

property of kerosene based nanofluid compared to kerosene alone. 

 

Figure 4.27: Comparison of convective heat transfer coefficient with Sonawane et al. [111] 
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with Reynolds number based comparison. However, the magnitude of the enhancement in 

heat transfer coefficient is found to be lower in the case of velocity based analysis as 

compared to those based on identical Reynolds number. 

 

Figure 4.28: Heat transfer coefficient vrs fluid velocity for kerosene-alumina nanofluid 
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Figure 4.29: Heat transfer coefficient vrs Peclet number for kerosene-alumina nanofluid 

Figures 4.30 to 4.32 represent the ratio of heat transfer coefficient of nanofluid to its 

base fluid at various particle concentrations and sizes showing variation based on change in 

Reynolds number, flow velocity and Peclet number respectively. The maximum enhancement 

observed in the present investigation is 1.64, 1.41 and 1.56 respectively based on identical 

Reynolds number, velocity and Peclet number based criteria for 50 nm, 0.5% volume 

concentration nanofluid, respectively.  
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(a) 

 

(b) 

Figure 4.30: Ratio of heat transfer coefficient of kerosene-alumina nanofluid to base fluid 

with Reynolds number (A) 13 nm nanofluid sample, (B) 50 nm nanofluid sample 

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

0 10000 20000 30000 40000

H
ea

t 
T

ra
n

sf
er

 C
o

ef
ic

ie
n

t 
R

a
ti

o
 (

h
n

f
/ 

h
b

f)

Reynolds Number (Re)

0.5vol%, 13nm nanofluid sample

0.2vol%,13nm nanofluid sample

0.05vol%,13nm nanofluid sample

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

0 10000 20000 30000 40000

H
ea

t 
T

ra
n

sf
er

 C
o

ef
ic

ie
n

t 
R

a
ti

o
 (

h
n

f
/ 

h
b

f)

Reynolds Number (Re)

0.5% 50nm 0.2% 50nm 0.05% 50nm



116 
 

 

(a) 

  

(b) 

Figure 4.31: Ratio of heat transfer coefficient of kerosene-alumina nanofluid to base fluid 

with fluid velocity (a) 13 nm nanofluid sample, (b) 50 nm nanofluid sample 
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(a) 

 

(b) 

Figure 4.32: Ratio of heat transfer coefficient of kerosene-alumina nanofluid to base fluid 

with Peclet number (a) 13 nm nanofluid sample, (b) 50 nm nanofluid sample 
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The maximum convective heat transfer enhancement ratio observed for kerosene-

alumina nanofluid based on various criteria is listed in Table 4.3.  The enhancement ratio 

obtained based on the velocity criteria is found to be the lowest as compared to the other 

criteria. Contrary to the results of Pak and Cho [96] and Yu et al. [150], the current 

investigation reveals that the enhancement ratio exceeds unity in all the cases employing 

velocity based criteria. This could be attributed to the very marginal increase in viscosity 

observed in the current investigation as compared to the significant increase in viscosity 

observed by Pak and Cho [96] and Yu et al. [150] in their nanofluid wherein the authors 

observed a decrease in heat transfer coefficient for identical flow velocity magnitudes. 

Table 4.3: Convective heat transfer enhancement ratio for kerosene-alumina nanofluid 

 

Particle 

concentration 
Convective heat transfer enhancement ratio 

 

Identical 

Reynolds 

number based 

Identical Peclet 

number based 

Identical flow 

velocity based 

13 nm kerosene-

alumina 

nanofluid sample 

0.5vol% 1.54 1.52 1.35 

0.2vol% 1.23 1,21 1.14 

0.05vol% 1.1 1.1 1.08 

50 nm kerosene-

alumina 

nanofluid Sample 

0.5vol% 1.64 1.56 1.41 

0.2vol% 1.35 1.32 1.23 

0.05vol% 1.15 1.13 1.11 

4.1.6.5 Pressure drop and friction factor 

 The friction factor for kerosene- alumina nanofluid at various particle concentration 

and sizes is computed from the measured pressure drop. Figure 4.33 shows the variation of 
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friction factor calculated in the present study, along with the correlation provided by 

Sonawane et al. [111] for ATF+ alumina nanofluid, from Blasius correlation and the 

correlation developed using the measured test data. 

 

Figure 4.33: Friction factor with Reynolds number for kerosene-alumina nanofluid 

 Correlation for friction factor is obtained in present study by curve fitting all the data 

points (sample size >70) and is expressed as; 

f = 0.255Re
-0.22

                                                   (4.5) 
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2 
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maximum dispersion in the friction factor from the above correlation is found to be within 

12% and it can be used for the determination of pressure drop in a flowing system of 

kerosene- alumina nanofluid in liquid rocket engines. 

4.1.6.6 Total heat transfer performance 

 The total heat transfer performance of kerosene- alumina nanofluid is determined by 

comparing the heat transfer augmentation of nanofluid against the pressure drop due to 

increased density and the viscosity of nanofluid.  Ratio of heat transfer enhancement to the 

increase in pressure drop, i.e. (hnf/hbf)/(�Pnf/�Pbf) is used as a parameter to define total heat 

transfer performance of kerosene- alumina nanofluid. This parameter is named as Merit 

number and is used by Yu et al. [150] for evaluating the total heat transfer performance of 

water- SiC and water- alumina nanofluid. 

Figures 4.34 and 4.35 indicate the heat transfer performance of 13nm and 50nm 

kerosene-alumina nanofluid samples based on merit number with respect to Reynolds number 

and Peclet number respectively. The maximum merit number for 50nm 0.5vol% particle 

concentration nanofluid is found to be 1.46 and 1.36 respectively for identical Reynolds 

number and Peclet number. It is also to be seen that in most of the cases the Merit number is 

found to be higher than unity and this indicates that the nanofluid has the potential to 

substitute the base fluid as an effective coolant in various heat transfer applications. In very 

few cases of nanofluid with particle concentration of 0.05vol%, Merit number is found to be 

lower than one indicating that these nanofluids will not be optimally useful for the heat 

transfer system.  
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(a) 

 

(b) 

Figure 4.34: Variation in Merit number with Reynolds number for kerosene-alumina 

nanofluid (a) 13 nm nanofluid sample, (b) 50 nm nanofluid sample 
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(a) 

 

(b) 

Figure 4.35: Variation in Merit number with Peclet number for kerosene-alumina nanofluid 

(a) 13 nm nanofluid sample, (b) 50 nm nanofluid sample 
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(a) 

 

(b) 

Figure 4.36: Variation in Merit number with flow velocity for various particle concentrations 

of kerosene-alumina nanofluids. (a) 13 nm, (b) 50 nm 
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The merit number distribution for identical velocity conditions is presented for 13nm 

and 50 nm kerosene-alumina nanofluid samples in Fig.4.36. It can be observed that while 

using the identical velocity for comparing the total heat transfer performance of nanofluid to 

the base fluid, the Merit number is lower as compared to the other two criteria. Also the 

nanofluid with particle concentration of 0.2vol% and above yields Merit number greater  than 

unity, thereby suggesting that the total heat transfer performance of these nanofluids is higher 

than that of pure kerosene, and can be used as a better coolant in regenerative passage of 

semi-cryo thrust chamber.  

4.1.6.7 Nusselt number 

The variation in Nusselt number of kerosene-alumina nanofluid at various particle 

volume fractions with Reynolds number is shown in Fig. 4.37. The computed Nusselt number 

is compared with those obtained through single phase correlation of Dittus-Boelter [59], and 

also with the correlation developed by Sonawane et al. [111] for ATF-alumina nanofluid. It is 

to be noted that the fluid properties used in Dittus-Boelter correlation are for the nanofluid at 

0.5vol% particle concentration and 50nm particle size. A regression analysis of the test data 

(sample size > 70) is carried out to derive the following modified correlation as: 

Nu = 0.005Re
0.8

Pr                                                   (4.6) 

valid over a range of  Reynolds number from  6000 to 30000, Prandtl number from  14 to 17 

and particle size of 13nm and 50nm with R
2
 = 0.8707 and RMSE = 13.56. The equation 4.6 is 

aimed at predicting the heat transfer performance of a nanofluid, provided all the relevant 

thermo physical properties are known ‘apriori’. The effect of particle concentration and size 

will be implicitly reflected in the properties. However, in the current study, the aim of 
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presenting the correlation is to highlight the effectiveness of the homogeneous fluid 

correlation in determining the heat transfer performance of nanofluid. 

 

Figure 4.37: Nusselt number with Reynolds number for kerosene-alumina nanofluid 
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number indicates the significant role of Prandtl number in nanofluid convective heat transfer 
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transfer process. However, the aim of presenting the correlation is to highlight the 

effectiveness of the homogeneous fluid correlation in determining the heat transfer 

performance of nanofluid in the current investigation. 

 

Figure 4.38: Ratio of Nusselt number of kerosene-alumina nanofluid to pure kerosene at 

identical velocity condition 

 Figure 4.38 shows the ratio of Nusselt number of kerosene-alumina nanofluid to that 

for pure kerosene at identical velocity condition. It can be clearly seen that the ratio of 

Nusselt number 0.2vol% 13nm nanofluid sample to pure kerosene is lower than one and for 

all other cases it is greater than one. The ratio of Nusselt number of nanofluid to the base 

fluid over unity encourages potential utility of such nanofluids as a heat transfer fluid in 

cooling system. 
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4.2 Kerosene-GNP Nanofluid 

 In this section detailed study carried out for the synthesis and characterization of 

kerosene-GNP nanofluid are discussed.  Kerosene-GNP nanofluids are prepared for three 

particle size at various particle concentrations. Measurement of thermal conductivity and 

viscosity is carried out and the effect of fluid temperature is also determined on thermo-

physical properties. Detailed convective heat transfer experiments are carried out at turbulent 

flow regime. Outcome of all these studies are discussed below.  

4.2.1 Synthesis 

4.2.1.1 Nanofluid preparation 

  In the present investigation, kerosene-GNP nanofluids are prepared with three 

nominal particle sizes 750, 500 and 300 SSA. The disruptor type ultrasonication as used for 

the preparation of kerosene-alumina nanofluid is used here. As kerosene is a nonpolar 

solvent, the dispersion of graphene becomes difficult in kerosene as it forms a large bulk in 

organic solvents. During the initial experiments without surfactant it is ascertained that a 

stable kerosene-GNP nanofluid cannot be prepared without the addition of surfactant. 

  In the present work various surfactants are chosen based on their affinity towards the 

base fluid and are used to stabilize the kerosene-GNP nanofluid. Initially, based on the 

previous research experience with kerosene-alumina nanofluid, oleic acid is employed for 

stabilizing 0.05 wt% kerosene-GNP nanofluid. The attempt to stabilize the nanofluid is 

unsuccessful and GNPs started settling after few hours.  
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Surfactant 

Oleic acid 

TritonX100, Tween20, 

MERPOL 

Hexadecyltrimethyl 

ammonium bromide 

Cetylpyridinium 

chloride, 
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Oleyalmine 
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nanofluids are visually monitored. Table 4.4 reports the outcome of the stability study using 

various surfactants.  The kerosene-GNP nanofluids prepared using oleylamine, oleic acid and 

Tween-20 surfactants are shown in Figure 4.39. It is perceived that the nanofluid prepared 

using oleic acid and Tween-20 is not stable. Oleylamine provides good colloidal stability of 

GNP in kerosene and is found to be suitable for longer stability of kerosene-GNP nanofluids. 

Further, oleylamine is added to the nanofluid using a syringe. The nanofluid is continuously 

ultrasonicated during the addition process. The surfactant to particle mass ratio is varied from 

0.3 to 1.2 in small steps. The stability of nanofluid is found to be poor for the mass ratio of 

less than 0.3. An optimum quantity of oleylamine of 0.1 ml in 1 kg of kerosene for 0.05% 

mass concentration with surfactant to particle mass ratio of 0.3 is found to yield the 

maximum visual stability. 

  Subsequently, nanofluids of different concentration at constant oleylamine to particle 

mass ratio of 0.3 are prepared. Different ultrasonication time periods of 40 min for 0.005 wt% 

to 3 hrs for 0.2wt% are employed. The stability of nanofluids is found to be directly related to 

the concentration of the GNPs. This observation is similar to the kerosene-alumina nanofluid. 

Nanofluids at lower mass fraction up to 0.05wt%  are very stable (> 4 months) as compared 

to those with higher particle mass concentration of 0.1wt% and 0.2wt% nanofluids for which 

the stability persists around 20-30 days. 

4.2.2 Particle size measurement 

  Before carrying out the particle size measurement in kerosene- GNP nanofluid surface 

area of dry GNPs is determined using Quantachrome Nova 1200e surface area analyser. The 

values obtained are  638  m
2
/g, 399 m

2
/g  and 245 m

2
/g  for the manufacturer specified 

surface area of 750 m
2
/g, 500 m

2
/g and 300 m

2
/g respectively. It can be clearly seen that the 

measured values are not significantly deviating from the manufacturer specified surface area.  
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  Nanofluids at 0.05 wt % are prepared for 750 and 500 SSA GNPs. Particle sizing of 

the nanofluid are measured with time (days) to determine the stability of nanofluid. The 

particle size distribution for the samples is measured using Malvern Zetasizer. All the size 

measurement is performed at 25⁰C with a scattering angle of 173 ⁰.  Each sample is tested 

three times and the mean value is reported here. 

 

  Nanofluid from the top portion in the bottle is used as the sample for testing at the 

first day, 30
th

 day, and at 60
th

 day after preparation, and particle size measurement is 

conducted. Figures 4.40 and 4.41 represent the particle size distribution based on intensity 

measurement from DLS technique for 750 and 500 SSA kerosene-GNP nanofluids samples, 

respectively. It is perceived from the Figures 4.40 and 4.41 that intensity curve of 750 SSA 

nanofluid remains nearly unchanged even after 60 days of preparation. The Z-average value 

measured for 750 SSA GNP nanofluid is found to vary only from 184.6 to 192.4 in 60 days.  

Z-average value is a harmonic intensity averaged particle diameter reported by the 

measurement system and it is very sensitive to small changes in the colloidal behaviour of 

sample, viz. particle agglomeration or settling. A constant value of Z-average observed in the 

present study indicates the very high stability of nanofluid. The particle intensity plot for 500 

SSA GNPs nanofluid is slightly varied with time. The Z-average value for 500 SSA 

nanofluids varies from 442 to 463 in 60 days, and though both the nanofluids are stable up to 

60 days, stability of 750 SSA nanofluid is higher as compared to 500 SSA nanofluid. 
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Figure 4.40: Particle size distribution of 750 SSA 0.05 wt% kerosene-GNP nanofluid sample 

with time (days) 

 

Figure 4.41: Particle size distribution of 500 SSA 0.05 wt% kerosene- GNP nanofluid 

sample with time (days) 
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4.2.3 Thermal conductivity 

 Thermal conductivity of kerosene-GNP nanofluid is measured using THW technique. 

Prior to measurements, the instrument is calibrated with DI water and glycerine. During the 

measurement the sample is kept is kept at a constant temperature of 30⁰C ± 0.25⁰C using a 

constant temperature bath.  

 Thermal conductivity of kerosene-GNP nanofluids at particle concentration of 

0.005wt%, 0.02wt%, 0.05wt%, 0.1wt% and 0.2wt% is determined for three particle size of 

750, 500, 300 SSA. Ratios of thermal conductivity of kerosene-GNP nanofluid to pure 

kerosene at various particle mass concentrations for three different sizes of 750, 500 and 300 

SSA are presented in detail in Fig.4.42. The ratio of thermal conductivity of nanofluid to base 

fluid increases with particle loading for all sizes of GNPs. The enhancement ratio of thermal 

conductivity of nanofluid to base fluid is found to be higher for the higher SSA particles as 

compared to the lower SSA for a range of particle concentrations. The enhancement ratio at 

0.2 wt% concentration for 750, 500, 300 SSA GNPs nanofluid is found to be 1.23, 1.17 and 

1.13, respectively. 

 The effect of particle size on thermal conductivity can be attributed to following two 

main reasons, viz, specific surface area (SSA) and Brownian motion as discussed for 

kerosene-alumina nanofluid. The higher surface area per unit volume of GNPs will result in 

increased interaction between the solid particles to the base fluid and will also enhance the

possibility of Brownian motion due to lower mass of individual particles. The frequent 

interactions result in higher thermal conductivity and it also explains the reason for the higher 

enhancement in thermal conductivity for 750 SSA GNPs nanofluid as compared to the other 

particle size nanofluid. 
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Figure 4.42: Effect of particle size (SSA) on thermal conductivity of kerosene- GNP 

nanofluid at various mass concentrations at 30 ⁰C 

  To confirm the validity of experimental results on thermal conductivity, same set of 

measurements are also obtained using transient plane source method (TPS 2500s). It can be 

inferred from Fig. 4.43 that the results obtained using both the methods are identical, and the 

maximum dispersion noted in the measurement using two techniques is 2.9%, which is well 

within the uncertainty limit defined by the manufacturer for both the equipment (uncertainty= 

5%). 
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Figure 4.43: Effect of measurement techniques on thermal conductivity of kerosene- GNP 

nanofluids 

  In the current investigation thermal conductivity enhancement is found to be 23.2% 

for 0.2 wt%, 750 SSA kerosene-GNP nanofluids. It is to be noted that, similar enhancement 

in thermal conductivity was noticed for kerosene-alumina nanofluid at particle concentration 

of 0.5vol% (2.5wt%). The significantly higher enhancement in thermal conductivity noticed 

for kerosene-GNP nanofluid as compared to kerosene-alumina nanofluid, can be explained 

based on percolation model [23]. According to the percolation model, long chain present in 

CNT based nanofluid works as interconnecting thermal network acting as heat conducting 

path. Gupta et al. [44] reported similar networks for GNPs. Moreover, the thermal 

conductivity of GNP is higher as compared to CNT and is expected to have the enhanced 

thermal conductivity for GNP based nanofluids. Graphene, a two-dimensional structure with 
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nanoparticles. Due to the large interface area between the particle and fluid, it has lowest 

contact resistance that result in increased thermal conductivity for kerosene-GNP nanofluid. 

In addition, due to the shape of the GNPs as discussed by Hamilton and Crosser [47], higher 

effective thermal conductivity of nanofluids is expected. 

  A benchmark study carried out by the researchers [13], of various organizations have 

used Nan’s model [89] to compare their findings and reported a good agreement in the 

measured thermal conductivity to the model. According to Nan’s model, 

knf / kbf  = (3 + � [2�11 (1-L11 ) + �33 (1-L33 )])/(3 – � (2�11 L11 + 2�33 L33))                    (4.7) 

where, Lii and � are the geometrical factor and the volume fraction of particles respectively. 

�ii  is determined as 

�ii=(kp- kbf)/(kbf+ Lii (kp-kbf))                                                   (4.8) 

where, kp is in-plane thermal conductivity [72] of nanoparticle. As the aspect ratio of GNPs is 

very high, the values considered are L11=0 and L33 =1.  

  Subsequently, Zheng and Hong [154] reported a model by modifying the original 

Yamada-Ota model [141] with the inclusion of the effect of thermal boundary layer (TBR). 

The model is represented as; 

knf /kbf  = ( (kx/kbf ) + � - ��[ 1-(kx/kbf ) ] ) / ( (kx/kbf ) + � + �[ 1-(kx/kbf ) ] ) (4.9) 

where,  

kx=knp/(1+((2knpTBR)/Le))                                                            (4.10) 

and, �=�0.2 
Le/d.                (4.11) 
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  In Fig. 4.44 the comparison of thermal conductivity measurements from the current 

study with those calculated based on models by Nan et al. [89] and those due to Zheng and 

Hong [154] for three sizes of GNPs nanofluid are presented in detail. It is to be noted that the 

TBR value play significant role in the modified Yamda and Ota model [141] which is 

unknown for the current nanofluid under investigation. Therefore, TBR value for the present 

nanofluids are estimated using the measured thermal conductivity and is found to be 10
-7

 

m
2
KW

-1
 for 750 and 500 SSA nanofluid, and 0.7x10

-7
 m

2
KW

-1
 for 300SSA nanofluid.  The 

value of TBR estimated is comparable to the value used by other researchers [48,49]. In the 

current work, Le is taken as 1000 nm for 750 GNP nanofluids. In the case of 500 and 300 

GNP, Le is calculated in proportionate to its specific surface are per unit volume. Le/d is 

considered as 400 for all GNP sizes nanofluids. 

 

Figure 4.44: Comparison of measured thermal conductivity of kerosene-GNP nanofluid with 

theoretical models 
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  Figure 4.45 shows the ratio of thermal conductivity of nanofluid to the base fluid with 

change in temperature for various GNP sizes and particle concentrations. The ratio of thermal 

conductivity for 750 GNPs particle size increases from 1.23 to 1.30 over 20⁰C to 70⁰C 

temperature range.  It can be noted that for kerosene-alumina nanofluid thermal conductivity 

ratio increases from 1.12 to 1.25 (> 2 times) for 13nm, 0.2vol% particle size in the 25 ⁰C to 

65⁰C temperature range. Such large enhancement in thermal conductivity with temperature is 

not observed in the case of kerosene-GNP nanofluids and the lesser dependence of thermal 

conductivity on temperature for kerosene-GNP nanofluid is very similar to the observation 

made by other researchers [81,125,148] for CNT and GNP based nanofluids. It is to be noted 

that the significant effect of temperature on thermal conductivity reported by previous 

researchers is mainly for metallic and ceramic nanofluids, and is mainly attributed to the 

micro convection caused by Brownian motion of particles in nanofluids at higher 

temperature. It is expected that at high temperature, the random motion of nanoparticles 

along with the decrease in base fluid viscosity causes increased micro convection and results 

in enhanced thermal conductivity. The CNT based nanofluid does not show temperature 

dependency [106] due to the network structure as discussed earlier. GNPs used in the current 

study have minimum 2.5 nm thickness sheet with varying length from 100nm to 2000nm. 

The smaller GNPs would participate in Brownian motion, and result in enhanced thermal 

conductivity with temperature. However, the longer GNPs do not cause Brownian motion and 

the thermal conductivity increase in such case is mainly due to percolation theory [44,104]. It 

is to be noted that the percolation mechanism is independent of temperature and hence, 

thermal conductivity of these GNPs is not dependant on temperature.  
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Figure 4.45: Effect of temperature on thermal conductivity ratio of kerosene-GNP nanofluids 

to pure kerosene at various particle concentration and sizes 

  In the present study the ratio of thermal conductivity of kerosene-GNP nanofluids 
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the kerosene-GNP nanofluid. The smaller sized particle undergo random movement and 

thereby contribute to the Brownian motion, whereas in the bigger sized particle the network 

like chain structure as postulated in percolation model could be dominant.  Gupta et al. [44] 

also observed the similar hybrid behaviour of GNPs nanofluid and reported that the thermal 

conductivity of Graphene nanofluids lies in between CNT and metallic nanofluids.  

  Though the detailed measurement of thermal conductivity of kerosene-GNP 

nanofluids indicates similar trend as observed with kerosene-alumina nanofluids, the 

1

1.05

1.1

1.15

1.2

1.25

1.3

1.35

0 20 40 60 80 100 120 140

T
h

er
m

a
l 

C
o

n
d

u
ct

iv
it

y
 R

a
ti

o
 (

k
n

f/
 k

b
f)

Temperature (⁰⁰⁰⁰C)

SSA 750, 0.005wt%

SSA 750, 0.05wt%

SSA 750, 0.2wt%

SSA 500, 0.005wt%

SSA 500, 0.05wt%

SSA 500, 0.2wt%

SSA 300, 0.005wt%

SSA 300, 0.05wt%

SSA 300, 0.2wt%



139 
 

observed thermal conductivity for kerosene-GNP nanofluid are much higher as compared to 

kerosene-alumina nanofluid at same particle concentration. Thermal conductivity of 

kerosene-GNP nanofluid is compared with kerosene-alumina nanofluid for similar mass 

concentration. Figure 4.46 presents the comparison of thermal conductivity ratio of 0.2wt% 

kerosene-GNP nanofluid with the case of 0.25wt% kerosene-alumina nanofluid, for all the 

particle sizes at various fluid temperature conditions. It can be clearly noted that thermal 

conductivity ratio of kerosene-GNP nanofluid to the base fluid is much higher as compared to 

kerosene-alumina nanofluid at all particle sizes and fluid temperatures. Thermal conductivity 

ratio is found to be 1.12, 1.15 and 1.22 for 0.2wt% 300SSA, 500SSA and 750 SSA kerosene-

GNP nanofluids, respectively, at 20℃.  For similar mass concentration of 13 nm and 50nm 

nanofluid samples, the thermal conductivity ratio is found to be only 1.04 and 1.02 at 25℃. 

 

Figure 4.46: Effect of temperature on thermal conductivity of kerosene based nanofluids 
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thermal conductivity ratio is found to increase from 1.22 to 1.30 for 750SSA kerosene-GNP 

nanofluid for a temperature range of 20℃ to 70℃. Figure 4.47 presents the ratio of relative 

thermal conductivity of nanofluid to the base fluid at elevated temperature to the value at 

20℃ for both the type of nanofluids at similar particle concentration. It is to be noted that the 

thermal conductivity ratio increases by more than 2.5 times for kerosene-alumina nanofluid 

compared to only 1.3 times for kerosene-GNP nanofluid over a temperature range of 20℃ to 

70℃.  It can be clearly seen from the figure that the rate of thermal conductivity enhancement 

with temperature is much higher for kerosene-alumina nanofluid as compared to kerosene-

GNP nanofluid. The lesser effect of temperature observed in the thermal conductivity of 

kerosene-GNP nanofluid is similar to those observed by various previous researchers. As 

already explained, this observation is due to the combined mechanism of Brownian motion 

and percolation in kerosene-GNP nanofluid compared to Brownian motion in kerosene-

alumina nanofluid. 

 

Figure 4.47: Relative increase in thermal conductivity of kerosene-GNP nanofluid to     

kerosene-Alumina nanofluid over various temperature ranges. 
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4.2.4 Dynamic viscosity 

Though the increased particle loading enhances the thermal conductivity of the 

nanofluid, the increased viscosity due to addition of nanoparticles in the base fluid increases 

the pressure head requirement of the heat transfer system and thus, poses a constraint in using 

nanofluids in heat transfer systems.   

  Nanofluids of particle mass fraction 0.005%, 0.02%, 0.05%, 0.1% and 0.2% are 

subjected to the measurement of dynamic viscosity for three particle sizes along with pure 

kerosene. Ratio of dynamic viscosity of nanofluids to the base fluid at various fluid 

temperatures and particle concentrations for 300, 500 and 750 SSA particle size is presented 

in Fig. 4.48. It is observed that the dynamic viscosity of nanofluid is higher as compared to 

the base fluid and the enhancement in viscosity increases with particle loading and specific 

surface area (SSA).  

  The increase in viscosity with particle concentration is due to the formation of 

agglomeration and clustered structure at higher concentration and could result in increased 

internal shear stress for the nanofluid. The increase in dynamic viscosity for higher SSA 

GNPs is large as compared to the lower SSA GNPs nanofluids. Higher surface area leads to 

higher interfacial resistance in the fluid layer and results in increased viscosity for 750 SSA 

GNPs nanofluid as compared to others. The ratio of dynamic viscosity of nanofluid to the 

base fluid is 1.076, 1.068 and 1.06 for 750, 500 and 300 GNP nanofluids respectively at 

0.2wt % at30 ⁰C.  
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Figure 4.48: Effect of particle size on dynamic viscosity of kerosene-GNP nanofluid at 

various particle mass concentrations at 30⁰C 

  The effect of temperature on the viscosity of nanofluids is investigated by measuring 

the dynamic viscosity of 0.2 wt% nanofluid at various temperatures ranging from 20⁰C to 

70⁰C. Dynamic viscosity of nanofluid for three sizes of GNP nanofluids along with pure 

kerosene is plotted in Fig. 4.49. The viscosity of nanofluid decreases rapidly with rise in 

temperature and exhibits an asymptotic behaviour. This behaviour is similar to the one 

observed for kerosene-alumina nanofluid. For the base fluid, as the temperature increases, the 

viscous shear stress decreases due to thermal expansion, thereby resulting in lower viscosity 

at high temperature. The decrease in nanofluid viscosity with increase in temperature is 

expected due to the weakening of the interparticle and intermolecular adhesion forces and 

similar trends have also been observed in almost all type of nanofluids by other researchers 

[91] and well as the study carried out for kerosene-alumina nanofluid. 
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Figure 4.49: Effect of temperature on viscosity of kerosene-GNP nanofluid at 0.2wt% 
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described in section 3.1.1 for particle size distribution for 0.05 wt% kerosene- GNP 

nanofluid. 

 

Figure 4.50: Thermal conductivity of 750 SSA kerosene- GNP nanofluid with time (days) 

 

Figure 4.51: Dynamic Viscosity of 750 SSA kerosene- GNP nanofluid with time (days) 
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4.2.6 Convective heat transfer performance 

  While an increase in effective thermal conductivity is an indication of improved heat-

transfer behaviour of nanofluids, the effectiveness of nanofluid as heat transfer fluids is 

evaluated through the heat transfer coefficient. The convective heat transfer performance of 

any fluid depends upon various physical and thermo-physical properties. Though, the 

enhanced thermal conductivity of nanofluid will result in reduced resistance to thermal 

diffusion in the laminar sub layer, the increased viscosity of nanofluid could increase the 

thickness of sub layer and in turn, increase the thermal resistance to heat transfer. 

4.2.6.1 Mouromtseff number (Mo) 

  Before carrying out the heat transfer experiments using kerosene-GNP nanofluid, 

Mouromtseff number (Mo) is employed to compare the fluid property related to heat transfer 

performance of a kerosene-GNP nanofluid to that of the pure kerosene. Figure 4.52 shows the 

Mouromtseff number estimated for 750, 500 and 300 SSA kerosene- GNP nanofluids at 

various particle concentrations. It can be observed that at all particle concentrations and for 

all particle sizes, the Mo number is greater than unity and this clearly indicates higher heat 

transfer performance of kerosene- GNP nanofluids over pure kerosene. 
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Figure 4.52: Mouromtseff number for kerosene-GNP nanofluid 
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Reynolds numbers. It is evident that kerosene- GNP nanofluids indicate enhanced heat 

transfer properties as compared to the pure kerosene at all Reynolds numbers. As expected, 

the heat transfer coefficient of the kerosene-GNP nanofluid is found to increase with 

Reynolds number and particle concentrations. Higher increase in heat transfer coefficient is 

noticed for higher SSA nanofluids at higher concentration. Highest increase in heat transfer 

coefficient is noticed for 0.2wt% 750 SSA kerosene-GNP nanofluid. 

 

Figure 4.53: Heat transfer coefficient vrs Reynolds number for kerosene-GNP nanofluid 

  Ding et al. [24] proposed that a higher heat transfer coefficient observed using 
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trend represented by Ding et al. [24] is also further discussed by Aravind and Ramaprabhu 

[3], and it is found to be true in the current investigation too. The large enhancement 

observed in convective heat transfer is due to increased thermal conductivity, particle re-

arrangement; shear induced thermal conduction enhancement and the reduction in boundary 

layer thickness due to the presence of GNPs as discussed by Aravind and Ramaprabhu [3]. 

The possible reasons for boundary layer thickness reduction include particle migration in 

nanofluids due to shear action, viscosity gradient, and Brownian motion as discussed by 

Phillips et al. [98] and Ding et al. [24]. Further as suggested by Xuan and Li [139], the 

increase in effective thermal conductivity due to dynamic conditions could be another major 

factor for significant enhancement in convective heat transfer coefficient. It must be recalled 

that the thermal conductivity measurements carried out in the present study is at static 

conditions and significant effect of shear could exist in the flowing condition, which would 

improve the thermal conductivity of the nanofluid during convective experiments. 

  Figure 4.54 shows the ratio of convective heat transfer coefficient of nanofluid to base 

fluid at various values particle concentration and Reynolds numbers. Higher enhancement is 

noticed for higher SSA nanofluid for all particle mass fractions. The higher performance of 

lower sized particle (higher specific surface area) nanofluids is observed by many researchers 

in the past [123,141]. The maximum enhancement noticed is 49% for 750 SSA nanofluid and 

37% for 500 SSA nanofluid at 0.2 wt% of GNPs in kerosene at identical Reynolds number 

criteria. 
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Figure 4.54: Ratio of heat transfer coefficient of nanofluid to base fluid with Reynolds 

number for kerosene-GNP nanofluid 

  As discussed earlier that the true enhancement in heat transfer of nanofluid to base 

fluid can be determined only by comparing experimental data for identical velocity 

conditions. Figure 4.55 presents the ratio of convective heat transfer coefficient of kerosene-

GNP nanofluid to kerosene at various particle size and concentration values, for identical 

fluid velocity cases. It can be clearly seen from the figure that though, the enhancement ratio 

is found to be lesser for identical velocity based criteria in comparison to the identical 

Reynolds number based results, the heat transfer enhancement ratio is above unity for almost 

all the particle size and particle concentrations of kerosene-GNP nanofluids. Which clearly 

indicates higher thermal performance of these nanofluids as compared to pure kerosene alone 

The maximum enhancement ratio for 0.2wt% kerosene-GNP nanofluid is found to be 1.37, 
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1.28 and 1.18 for 750 SSA, 500 SSA and 300SSA particle sizes respectively for identical 

flow velocity conditions. 

 

Figure 4.55:  Ratio of heat transfer coefficient of kerosene-GNP nanofluid to base fluid with 

flow velocity  

  Figure 4.56 shows the comparison of convective heat transfer performance of 

kerosene-alumina and kerosene-GNP nanofluid at nearly identical particle concentrations. It 

is observed from Fig 4.56 that the ratio of convective heat transfer of 0.2wt% kerosene-GNP 

nanofluid to the base fluid is much higher as compared to the kerosene-alumina nanofluid. 

Convective heat transfer enhancement ratio is around 1.3 for kerosene-GNP nanofluid as 

compared to only 1.1 for kerosene-alumina nanofluid. It can be clearly observed from the 

figure that the heat transfer performance of kerosene-GNP nanofluid is significantly higher 

compared to kerosene-alumina nanofluid. 
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Figure 4.56: Comparison of heat transfer coefficient ratio for kerosene-alumina and 

kerosene-GNP nanofluid. 

4.2.6.3 Pressure drop and friction factor 

  Though the current investigation observed enhanced heat transfer coefficient of 

kerosene- GNP nanofluid, it is expected that the increased viscosity of nanofluids could also 

result in higher pressure drop. Higher pressure drop may limit nanofluid applicability in 

thrust chamber cooling as it may necessitate a bigger sized pump to push the fluid through the 

regenerative passage in thrust chamber. 

  The friction factor for kerosene- GNP nanofluid at various particle mass concentration 

and sizes is computed from the measured pressure drop. Figure 4.57 shows the variation of 

friction factor calculated in the present study along with the correlation developed using the 

measurements at various Reynolds number for kerosene-alumina nanofluid as presented in 

Eq. 4.6.  
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Figure 4.57: Friction factor with Reynolds number for kerosene-GNP nanofluid 

 It can be seen that the maximum dispersion in the friction factor developed for kerosene-

alumina nanofluid from the experimental data of kerosene-GNP nanofluid is within 15%. The 

correlation represented by Eq. (4.6) is very similar to Blasius correlation (f = 0.314 Re
-0.25

), 

and reveals that the homogeneous fluid correlation can be used to accurately predict pressure 

drop characteristics of the nanofluids as used in the current study. Though, the nanofluid 

friction factor obtained from the present study does not significantly differ from the pure 

fluid, the presence of higher friction factor is evident for higher SSA and also for higher 

concentration kerosene-GNP nanofluids. Maximum increase in friction factor is observed for 

0.2wt% 750 SSA kerosene-GNP nanofluid.  

 The pressure drop and friction factor depend upon the Reynolds number and the GNP 

concentration. As expected, similar to the pure fluid, the friction factor decreases with 
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increase in Reynolds number. Table 4.5 shows the increase in friction factor at various GNP 

sizes and concentrations for Reynolds number range of 6000-30000. It can be noted that the 

higher enhancement in friction factor is noticed for 750 GNP nanofluids and it increases with 

particle concentration. At higher particle concentration, the density of fluid changes and 

results in higher viscous drag thereby increasing the friction factor. The dynamic viscosity of 

750 SSA nanofluid is also noticed to be higher as compared to other particle sizes as 

discussed in section 4.2.4. The maximum enhancement in friction factor noticed in the 

present study is 21% for 0.2wt%, 750 SSA kerosene-GNP nanofluid. 

Table 4.5: Increase in friction factor for kerosene-GNP nanofluid at various particle sizes and 

concentrations  

GNP size 
Concentration 

(wt%) 

Percentage 

increment in 

friction factor 

300 

 

0.005 0-8 

0.05 8-12 

0.2 11-13 

500 

 

0.005 2-10 

0.05 10-15 

0.2 15-18 

750 

 

0.005 3-11 

0.05 14-18 

0.2 16-21 

 

4.2.6.4 Nusselt number 

 The variation in Nusselt number for kerosene- GNP nanofluid at various particle 

volume fractions with Reynolds number is shown in Fig. 4.58. The test data is compared with 

the Nusselt number correlation developed for kerosene-alumina nanofluid as presented in 
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section 4.1.6.7 (Nu = 0.005Re
0.8

Pr). It is evident that the data points are within ±12% of the 

Nu correlation.  

 It is to be again noted the exponent of Prandtl number is found to increase from 0.4 as 

in Dittus- Boelter correlation to 1 in the current study, which indicates the significant role of 

Prandtl number in nanofluid convective heat transfer process.  

 

Figure 4.58: Nusselt number at various Reynolds number for kerosene-GNP nanofluid 

  The ratio of Nusselt number of kerosene-GNP nanofluid to pure kerosene at various 

particle concentrations and sizes are presented in Fig 4.59 and Fig.4.60 for identical Reynolds 

number and velocity based criteria, respectively. The maximum Nusselt number enhancement 

ratio obtained in the present study is 1.23 and 1.12 for identical Reynolds number and 

identical velocity criteria, respectively for 750SSA 0.2wt% kerosene-GNP nanofluid. It can 

be noted from the figures that the Nusselt number of kerosene-GNP nanofluid is higher than 
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those for pure kerosene at all Reynolds numbers for the particle concentration above 0.05wt% 

GNP. These results again indicate utility of these nanofluids for heat transfer applications.  

 

Figure 4.59: Ratio of Nusselt number of kerosene-GNP nanofluid to pure kerosene at various 

Reynolds number 

Figure 4.60 show the ratio of Nusselt number of nanofluid to the base fluid at various 

particle concentrations and sizes for flow identical velocity conditions. It can be noted from 

the figure that in most of the cases the enhancement ratio is above one. The random 

experimental uncertainty observed for kerosene-GNP nanofluid in Nusselt number 

calculation is 4.9% which is lower than the Nusselt enhancement observed in the current 

study. The fixed error, which is common for both base fluid as well as nanofluid, can be 

excluded while evaluating the relative advantage of nanofluid over base fluid. Moreover, it 

can be seen from the figure that almost all the data points lie above 1 indicating a definite 

enhancement in Nusselt number using kerosene-GNP nanofluid. The study clearly indicates 
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improved heat transfer performance of 0.2wt% kerosene-GNP nanofluid compared to the 

pure kerosene even at identical velocity conditions. 

 

Figure 4.60: Ratio of Nusselt number of kerosene-GNP nanofluid to pure kerosene at various 

flow velocity conditions 

4.2.6.5 Total heat transfer performance 

  The total heat transfer performance of kerosene- GNP nanofluid is determined by 

Merit number. Merit number is used by Yu et al. [151] for evaluating the total heat transfer 

performance of kerosene- alumina and water- SiC nanofluid respectively. As explained 

earlier, it is defined as the ratio of heat transfer enhancement to the increase in pressure drop 

and the expression is provided in Eq. (3.2.7). 

  Figure 4.61 highlights the heat transfer performance of 750 and 500 SSA nanofluids 

based on merit number with respect to Reynolds number for 0.05% and 0.2% GNP mass 

concentrations. For nanofluid with particle mass fraction of 0.05%, Merit number is found to 
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be lower than one, and indicates lower performance of these nanofluids as a coolant. Merit 

Number is found to be above unity for 0.2% mass concentration nanofluid for both sizes of 

GNPs. 

 

Figure 4.61: Variation in Merit number with Reynolds number for various particle size and 

concentrations of kerosene-GNP nanofluid 

  Figure 4.62 presents the heat transfer coefficient of nanofluid with respect to the 

measured pressure drop and the solid line in the figure represents the heat transfer coefficient 

of pure kerosene with respect to pressure drop. It is to be noted that the data points that 

occupy the region above the solid line indicate higher heat transfer performance of nanofluid 

as compared to pure kerosene for an identical value of pressure drop. Higher heat transfer 

coefficient with minimum pressure drop is observed for 0.2wt% nanofluid for all sizes of 

GNPs. The study clearly suggests that the total heat transfer performance of 0.2wt% 
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kerosene-GNP nanofluids is higher than that of pure kerosene and can be used as an effective 

coolant in regenerative passage of semi-cryo thrust chamber. 

 

Figure 4.62: Heat transfer coefficient vrs pressure drop for kerosene-GNP nanofluid. 

The current study carried out for kerosene-alumina and kerosene-GNP nanofluid 

clearly indicates higher heat transfer performance of kerosene based nanofluid over pure 

kerosene. The study concluded the potential use of these nanofluids in heat transfer 

application.  
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CHAPTER 5 

5 CONCLUSIONS 

 The study aims at characterization and assessing the potential use of kerosene-based 

nanofluid for thrust chamber cooling in a semi-cryogenic rocket engine. In this regard, a 

comprehensive experimental study is carried out to prepare stable kerosene-alumina and 

kerosene-GNP nanofluid. Ultrasonic method, its duration and optimum quantity of surfactant 

is determined and finalized after series of experimental investigations for both the nanofluids. 

Precise measurements are made to determine thermal conductivity and viscosity of these 

nanofluids. Effect of particle loading, particle size and fluid temperature is determined based 

on the series of measurements performed on these fluids. A closed loop convective heat 

transfer setup is utilized to carryout convective flow experiments in turbulent flow regime. 

The heat transfer performance in conjunction with the pressure drop characteristics are used 

to determine the total heat transfer performance of these nanofluids. Following are the major 

outcomes of the study. 

5.1 Synthesis of Nanofluids 

Extensive studies with various ultrasonication methods are carried out to prepare stable 

kerosene-alumina and kerosene-GNP nanofluids. After a detailed study with various 

ultrasonication methods, disruptor flow cell type ultrasonic method is found to be more 

effective for preparing nanofluid. Various surfactants were investigated for the preparation of 

stable kerosene based nanofluid. Finally, Oleic acid and Oleylamine is found to be suitable 

surfactants for the preparation of stable kerosene-alumina and kerosene-GNP nanofluid 
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respectively. The optimum surfactant to particle mass ratio of 0.07 for kerosene-alumina and 

0.3 for kerosene-GNP nanofluid is determined. 

  Dynamic Light Scattering (DLS) method used for particle size measurements, 

determines uniformity and stability of the nanofluid. Average alumina particle size in 

kerosene-alumina nanofluid as measured by DLS is 59 nm and 110 nm for the catalogue 

specified nanoparticle sizes of 13 nm and 50 nm respectively. The measured particle size in 

nanofluid is close to the dry particle size reported by the manufacture, indicates well 

dispersed nanoparticles in nanofluid without much agglomeration. Particle size measurement 

carried out for kerosene-alumina and kerosene-GNP nanofluid for several days after the 

nanofluid synthesis, also suggest good stability of current nanofluids with time. However, the 

stability is found to be significantly higher for kerosene-GNP nanofluid compared to 

kerosene-alumina nanofluid. 

5.2 Thermal Conductivity and Dynamic Viscosity 

 Stable kerosene-alumina, kerosene- GNP nanofluids are prepared and investigated for 

thermo-physical properties through detailed measurements. The effect of particle 

concentration, particle size and fluid temperature on thermo-physical properties of kerosene- 

alumina and kerosene-GNP nanofluids are determined.  

The rate of increase in thermal conductivity of kerosene-alumina nanofluids is found 

to be significant at lower particle concentrations. For 13 nm kerosene alumina nanofluid 

sample the enhancement ratio in thermal conductivity of the nanofluid to pure kerosene 

increases from 1.01 to 1.09 over a particle loading of 0.01vol% to 0.1vol% and thereafter up 

to 1.33 for 1vol% for 13 nm kerosene-alumina nanofluid sample. Similar behavior of higher 

increase in thermal conductivity at lower particle concentration is reported in the literature by 
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Lee et al. [76] and it is attributed to factors like higher stability, homogeneity and the rate of 

agglomeration in nanofluids. 

  The thermal conductivity of nanofluid is found to be higher for smaller size particles 

nanofluids as compared to bigger particle size nanofluids for both the of nanofluids tested. 

The enhancement ratio observed in the present study is 1.33 and 1.26 for 1vol% kerosene-

alumina nanofluid at particle sizes of 13nm and 50nm samples respectively. For kerosene-

GNP nanofluid, the enhancement ratio is found to be 1.23, 1.16, 1.12 for 750SSA, 500SSA, 

300SSA GNP sheets, respectively, at 0.2wt% particle concentration. The higher enhancement 

in thermal conductivity observed for lower sized particles is attributed to the larger particle 

surface area available and higher Brownian motion in smaller particle size nanofluids. 

  It is to be noted that the higher enhancement in thermal conductivity is noticed for 

kerosene-GNP nanofluid compared to kerosene-alumina at similar particle concentrations. 

The observed enhancement ratio of nanofluid to pure kerosene is 1.12 to 1.23 for 300 and 

750SSA nanofluids respectively compared to only 1.02 to 1.04 for 50nm and 13nm particle 

size nanofluid samples, respectively for similar particle concentration. This is due to the 

thermal conduction in longer chain structure leading to percolation mechanism and higher 

thermal conductivity of GNPs compared to the alumina particles. 

  The role of temperature on the enhancement of thermal conductivity is found to be of 

a great significance for kerosene-alumina nanofluid. Higher increase in thermal conductivity 

for lower particle size and the existence of temperature dependency supports the hypothesis 

of Brownian motion/ nanolayer convection in kerosene-alumina nanofluids. 

  The enhancement in thermal conductivity ratio is found to be significant (1.5-3.0 

times) for kerosene-alumina nanofluid as compared to kerosene-GNP nanofluid (1.1-1.4 

times) over the temperature range of 20℃ -70℃.The lower temperature dependency observed 
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in kerosene-GNP nanofluids as compared to kerosene-alumina nanofluid, is due to the 

presence of various size sheets in the GNPs. Brownian motion in smaller size sheets and 

thermal conduction in longer chain structure plays an important role for enhanced thermal 

conductivity of kerosene-GNP nanofluids.  

  Dynamic viscosity of nanofluids is found to be higher as compared to base fluids and 

exhibits an increasing trend with particle loading. The maximum increase in dynamic 

viscosity of nanofluid is 22.2% for 1vol% 13 nm kerosene-alumina nanofluid. The 

corresponding highest increase observed is 7.6% for the 0.2wt% 750 SSA kerosene-GNP 

nanofluid. Significantly higher viscosity is noticed for kerosene-GNP nanofluid as compared 

to kerosene-alumina nanofluid at similar particle concentrations. An increase in viscosity of 

5.9%-7.6% for kerosene-GNP nanofluid at 0.2wt% particle concentration is noticed as 

compared to an insignificant increase (µnf/µbf < 1.02) for kerosene-alumina nanofluid at 

similar particle concentrations. Higher increase in viscosity noticed for smaller sized 

nanoparticle nanofluid as compared to bigger sized particle nanofluid is due to higher surface 

area available for the case of smaller sized particles, which creates more resistance to flow 

and hence increases dynamic viscosity. Though, the absolute value of viscosity of nanofluid 

is found to be lower at high temperature, relatively higher enhancement in viscosity of 

nanofluids is noticed at high temperature which is again corroborated to the Brownian motion 

induced internal resistance in nanofluids.  

5.3 Convective Heat transfer Performance 

  Experimental investigation of convective heat transfer performance of kerosene based 

nanofluids at turbulent flow regime is carried out to determine its utility as a coolant in 
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regenerative cooling channel of semi cryogenic engine. Detailed convective heat transfer 

study is carried out at Reynolds number values from of 6000 to 30000.  

  In the present study convective heat transfer performance of the nanofluids at 

identical Reynolds number, velocity and Peclet number are compared. Results indicate 

enhanced heat transfer performance of nanofluid for all these cases. The maximum 

enhancement ratio noticed for nanofluid to the base fluid, in convective heat transfer 

performance noticed is 1.56 and 1.64 for 13 nm and 50 nm kerosene-alumina nanofluid 

samples at identical Reynolds number values. It is to be noted that though higher 

enhancement in thermal conductivity is noticed for smaller sized nanoparticle fluid, the 

convective heat transfer experiments carried out for kerosene-alumina nanofluid indicates 

lower heat transfer performance for smaller size particle nanofluids compared to bigger 

particle sized nanofluids. The reason for such behavior could be attributed to the combined 

effect of enhanced thermo-physical properties and increased disruption in the sub layer by 

bigger sized particles in kerosene-alumina nanofluid, this results in higher convective heat 

transfer performance in the kerosene-alumina nanofluid. However, for kerosene-GNP 

nanofluid, the higher convective heat transfer coefficient is noticed in higher SSA particle 

nanofluid. The maximum increase in convective heat transfer ratios is 1.49, 1.37 and 1.26 for 

750SSA, 500SSA, 300SSA kerosene GNP nanofluids, respectively. The additional 

disturbance due to bigger sized particles as hypothesized for kerosene-alumina nanofluid will 

not be present in case of kerosene-GNP nanofluid. 

The maximum enhancement ratio observed for 50 nm and 0.5vol% kerosene-alumina 

nanofluid is 1.64, 1.41 and 1.59 for identical Reynolds number, velocity and Peclet number, 

respectively.The maximum convective heat transfer enhancement ratio for 0.2wt% kerosene-

GNP nanofluid is found to be 1.37, 1.28 and 1.18 for 750, 500 and 300 SSA respectively at 
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identical flow velocities. Though, the magnitude of increase in convective heat transfer 

coefficient is found to be lower for identical fluid velocities as compared to identical 

Reynolds number, the study clearly indicates significant improvement in convective heat 

transfer property of kerosene based nanofluids irrespective of the comparison method used 

for all the sizes. The lower heat transfer performance observed at velocity based criteria 

compared to others is due to increased dynamic viscosity of these nanofluids compared to 

pure fluids. Higher convective performance for kerosene-GNP nanofluids as compared to 

kerosene-alumina nanofluids at identical particle concentration is observed. Enhancement 

ratio for convective heat transfer performance is 1.37 for 750SSA kerosene-GNP nanofluid 

as compared to 1.1 for 50 nm kerosene-alumina nanofluid at similar particle concentrations. 

  Correlations for friction factor and Nusselt number is developed using the measured 

test data for Reynolds number varying from 6000 to 30000. All the measurements lie within 

±20% of the correlations for all the sizes and mass concentration of kerosene based 

nanofluids. Higher exponent of Prandtl number observed in Nusselt number correlations 

indicates the significant role of Prandtl number in convective heat transfer process in 

nanofluids as compared to pure fluids. 

  Merit number, which is a ratio of heat transfer enhancement to the increase in 

pressure drop, is used as a parameter to define total heat transfer performance of nanofluid 

and a value greater than unity indicates higher total heat transfer performance. Detailed 

analysis of convective heat transfer and measured pressure data shows Merit number to be 

above unity for nanofluids with particle mass concentration above 0.2wt% for kerosene-GNP 

nanofluids and above 1wt% for kerosene-alumina nanofluids, thereby encouraging the utility 

of these nanofluids for regenerative cooling of semi-cryogenic rocket engine. 
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  The present work clearly shows the significant improvement in convective heat 

transfer performance of kerosene based nanofluids as compared to pure kerosene. Higher heat 

transfer performance is noticed for the kerosene-GNP nanofluid as compared to the kerosene-

alumina nanofluid. The present study suggests the kerosene-GNP nanofluid as a potential 

candidate for thrust chamber cooling application. 

5.4 Future Scope 

The experimental study carried out in the present work aims to exploring the potential 

of kerosene based nanofluids in liquid rocket engines for augmenting regenerative cooling 

performance in thrust chamber. The present work clearly demonstrated the significant 

improvement in heat transfer performance of kerosene based nanofluids over pure kerosene, 

which can improve the thrust chamber regenerative cooling efficiency in semi-cryogenic 

engine. However, the study in the present work is limited in many aspects and if the kerosene 

is to be replaced as kerosene based nanofluid in semi cryogenic engine, the following studies 

need to be carried out. 

The effect of nanoparticle flow velocity on metal erosion is not well studied in the 

literature. Nguyun et al [92] have carried out the heat transfer study using jet impingement 

configuration for water-alumina nanofluid with 5vol% concentration and reported significant 

wear due to particle impingement. However it is to be noted that the particle concentration in 

the current study is much lower (0.5vol%) as compared to Nguyun et al [92] and in the 

current study the particles will not directly impinge on the tube surface. The erosion may not 

be significant at lower particle concentrations. However this needs to be further investigated.  

Yu et al. [145] studied the tribological effects of copper nanoparticles in lubricating oil. 

The conclusion drawn from the experiment was that the protective copper film of low 
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hardness provided both wear and friction reduction. Wang et al. [124] researched a method to 

suspend copper nanoparticles in oil for testing with regards to tribological performance. They 

concluded that a reduction of friction at low loadings of copper nanoparticles was possible 

with a nanofluid of good dispersion and stability characteristics. Moshkovith et al., [87] 

studied the effects of dispersion process as a precursor to tribological testing using 120 nm 

diameter, inorganic fullerene, tungsten disulfide particles. This study emphasized on the 

dispersion of nanofluid prior to experimental testing. Literature review clearly indicates 

significant reduction in friction for well dispersed and stable nanofluids. This aspect of 

kerosene based nanofluid must be addressed before employing it for regenerative cooling of 

LRE. 

It is to be noted that any oxide of aluminium particles will not participate in combustion 

processes in thrust chamber and hence will not improve energy generation resulting in 

insignificant change in specific impulse (ISP) of the rocket engine. Pure aluminium particles 

are widely used in solid motor rocket engine to improve combustion characteristics. Current 

study did not deal with pure aluminium nanoparticles due to the nature of sudden exothermic 

reaction of aluminium particles when it comes in contact with ambient air. 

However, as explained earlier graphene can be alternatively used due to its heat release 

characteristics similar to pure aluminium. The current study clearly demonstrated superior 

heat transfer performance of kerosene-GNP nanofluid compared to pure kerosene. As GNP 

participates in combustion phenomenon inside a rocket thrust chamber, the ISP of the system 

can also improve along with the cooling performance. However, before actually utilizing this 

novel nanofluid in rocketry, much more research has to be carried out. Few of the future 

research activities are listed below. 
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� As the pressure in the regenerative passage and the combustion chamber is very high 

(30-40 MPa), stability and thermo-physical properties of these nanofluids at high 

working pressure is to be assessed. 

� Coking temperature of kerosene is around 560K. Experiments need to be performed at 

elevated temperature (fluid temperature up to 600K) to address its effect on coking 

temperature. 

� High pressure pumps are used in LRE to supply propellant from tank to the thrust 

chamber. The pump performance with the use of a nanofluid is to be determined. 

Detailed study needs to be done for the rheological properties of these nanofluids in 

concern with appropriate operating conditions.  

� Detailed study needs to be carried out to understand the behaviour of spray 

characteristics and the combustion characteristics of these nanofluids.

� The effect of high velocity nanoparticle impingement on a surface needs to be studied 

in the turbulent flow regime to determine the surface erosion characteristics of coolant 

channels.  

� Tribological behaviour of these nanofluids needs to be determined to understand its 

behaviour in rotating parts of LRE. 

� All above study can also be carried out for kerosene-aluminium nanofluid. 
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