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Abstract- Nanofluids present a promising group of fluids comprising base fluids like water, ethylene glycol, 

or oil, mixed with solid particles at the nanoscale. These nanofluids exhibit exceptional physical properties that 

hold significant potential for revolutionizing heat transfer processes. The objective of this study is to 

extensively investigate the phenomenon of improved thermal conductivity in nanofluids, focusing on critical 

factors such as particle volume concentration, size, temperature, and base fluid characteristics. Through a 

meticulous comparison of experimental data and analytical thermal conductivity models, the primary aim of 

this research is to uncover the underlying mechanisms responsible for this transformative effect. A 

comprehensive analysis of existing literature reveals a lack of agreement and conflicting findings regarding 

the influence of particle size, shape, and surfactants on thermal conductivity in nanofluids. Building upon this 

knowledge gap, our investigation aims to address and reconcile the observed discrepancies through a 

comprehensive parametric study. This comprehensive approach not only enhances our current understanding 

but also holds significant potential for optimizing nanofluids in various heat exchange applications. The 

importance of this study extends beyond the domain of nanofluid properties. By shedding light on the intricate 

physical mechanisms driving the enhancement of thermal conductivity, it has the potential to redefine the limits 

of heat transfer capabilities. The findings of this research hold great promise for engineers, researchers, and 

industries looking to fully exploit the potential of nanofluids. Through its rigorous methodology and 

unwavering dedication to unraveling the mysteries surrounding nanofluids, this study paves the way for 

groundbreaking advancements in the field of heat exchange. 
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I. INTRODUCTION 

 

Nanofluids possess remarkable physical properties 

due to the suspension of nanometer-sized solid 

particles in base fluids like water, ethylene glycol, 

or oil. These fluids hold great potential for 

transforming heat transfer processes. The goal of 

this study is to gain a comprehensive understanding 

of how thermal conductivity is enhanced in 

nanofluids by examining important factors such as 

particle volume concentration, size, temperature, 

and base fluids. 

The research builds upon the pioneering work of 

Choi et al. [1], who introduced the concept of 

nanofluids and highlighted their potential for 

improving heat transfer efficiency and reducing 

pumping power in heat exchangers. Lee et al. [2] 

further confirmed this enhancement, reporting a 

remarkable 20% increase in thermal conductivity at 

a particle volume concentration of 4 vol%. 

In addition to general thermal conductivity 

enhancement, the study investigates the specific 

impact of nanoparticles like Cu and SiC on thermal 

conductivity. Eastman et al. [3] observed a 

significant 40% increase in thermal conductivity 

using Cu nanoparticles, while Timofeeva et al. [4] 

emphasized the importance of particle size and 

system temperature for efficient heat transfer. 

However, there are discrepancies among these 

findings that need to be addressed to establish a 

consensus. 

The study also explores the effect of particle shape, 

with Murshed et al. [5] comparing the thermal 

conductivity enhancement of spherical and 

cylindrical nanoparticles. Surprisingly, their results 

showed a higher enhancement with cylindrical 

nanoparticles, challenging conventional 

assumptions. Furthermore, Roy et al. [11] examined 

the impact of particle volume concentration, 

temperature, and size, highlighting the potential for 

greater enhancement at higher temperatures and 

with smaller particles. 

 

The role of particle size is also investigated, with 

Chopkar et al. [12] demonstrating a nonlinear 

increase in thermal conductivity enhancement as 

particle size decreases. Lin et al. [13] expanded the 

research to non-metal nanoparticles, specifically 

CuO in ethylene glycol, achieving a notable 22.4% 

enhancement at a volume concentration of 5 vol%, 

indicating the viability of non-metal nanoparticles 

in heat exchange applications. 

Despite previous studies, a significant discrepancy 

remains between experimental and analytical 

results, necessitating a comprehensive parametric 

study. This research aims to bridge this gap by 

elucidating the physical mechanisms underlying 

thermal conductivity enhancement in nanofluids. 

The study aims to develop accurate models for 

predicting nanofluid behavior by providing insights 

into the relationships between particle properties, 

system parameters, and thermal conductivity. 

The significance of this research lies in its potential 

to advance the field by providing a better 

understanding of the factors influencing thermal 

conductivity enhancement in nanofluids. The 

outcomes have practical implications, enabling 

researchers and engineers to optimize the design and 

performance of nanofluid-based heat transfer 

systems. Furthermore, addressing the discrepancies 

between experimental data and analytical models 

will establish reliable guidelines and standards for 

the implementation of nanofluids in real-world 

applications. 

Ultimately, this study seeks to unlock the full 

potential of nanofluids, facilitating the development 

of more efficient heat transfer systems, reduced 

energy consumption, and enhanced thermal 

management across various industries. From 

electronics cooling to automotive engineering and 

renewable energy systems, the impact of this 

research extends to numerous fields, shaping a 

future where nanofluids revolutionize heat transfer 

efficiency. 

II. MATERIALS AND METHOD 

 

Existing Analytical and Empirical Thermal 

Conductivity Models  

 

Maxwell [14] presented a theoretical model to 

estimate the thermal conductivity of solid-liquid 

mixtures, specifically focusing on highly diluted 

suspensions of spherical particles. However, it is 
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essential to recognize the limitations of this model, 

as it primarily applies to micro or millimeter-sized 

particles suspended in base fluids. The model 

specifically considers spherical-shaped 

nanoparticles with low particle volume 

concentrations and assumes no interaction between 

particles. Moreover, it overlooks the impact of 

particle size and shape, which are critical factors in 

accurately predicting thermal conductivity 

enhancement in nanofluids.   

                                          

( )
( )

2 2

2

p bf p bf

eff bf

p bf p bf

k k k k
k k

k k k k





+  +  −
=

+  − −         (1)                    

   

 where, effk  is the thermal conductivities of the 

solid-liquid mixture.  

The realm of nanofluid research, where nanometer-

sized solid particles disperse in base fluids, presents 

a fascinating landscape that defies the predictions of 

the conventional Maxwell model. Nanofluids 

exhibit unique physical properties at the nanoscale, 

characterized by particle-particle interactions, 

significant interfacial phenomena between particles 

and the fluid, and a remarkable surface-to-volume 

ratio. These factors play pivotal roles in governing 

the thermal conductivity enhancement observed in 

nanofluids. 

To transcend the limitations of the Maxwell model 

and gain a more accurate understanding of the 

thermal conductivity enhancement in nanofluids, it 

is essential to explore alternative models that 

account for nanoparticle size, shape, and 

interparticle interactions. Such advancements in 

modeling hold the promise of improved predictions 

regarding thermal conductivity behavior, ultimately 

aiding in the optimization and design of heat transfer 

systems utilizing nanofluids. 

In this context, Bruggeman [15] introduced an 

integration scheme that incorporates the 

concentration of dispersed particles surrounding a 

specific particle. Unlike the Maxwell model, which 

assumes a highly diluted suspension, the 

Bruggeman model proves applicable for higher 

volume concentrations of spherical particles. By 

considering the gradual increase in particle 

concentration through infinitesimal additions of the 

dispersed component, this model provides a more 

accurate representation of the complex dynamics at 

play in nanofluids. 

                       

(1 ) 0
2 2

p eff bf eff

p eff bf eff

k k k k

k k k k
 
   − −

+ − =      + +   
     (2)                                            

The Bruggeman model offers a valuable approach 

to estimating the thermal conductivity of solid-

liquid mixtures with higher volume fractions of 

particles. By taking into account the concentration 

of neighboring particles, this model considers the 

collective influence of particle interactions on the 

thermal behavior of nanofluids. It is worth noting 

that at low volume fractions, the Bruggeman model 

yields results that are similar to those obtained from 

the Maxwell model, indicating a convergence 

between the two models under certain conditions. 

To further enhance our understanding of the thermal 

conductivity enhancement in nanofluids, we will 

investigate the deviations between the Bruggeman 

and Maxwell models at different particle 

concentrations and explore the factors that 

contribute to these deviations. By gaining insights 

into the conditions where each model is most 

applicable, we can refine our comprehension of the 

underlying mechanisms driving the thermal 

conductivity enhancement in nanofluids. 

In addition to the Bruggeman model, Hamilton and 

Crosser [16] expanded upon the Maxwell model by 

considering the influence of particle shape on the 

thermal conductivity of two-component mixtures. 

Their modified model incorporated the thermal 

conductivities of both the solid and liquid phases, 

the volume concentration of particles, and the 

specific particle shape. Their focus was on non-

spherical particles, and they developed an equation 

to estimate the thermal conductivity of suspensions 

containing such particles. 

.For a thermal conductivity ratio of two phases 

larger than 100,  the thermal conductivity ( 100)
p

f

k

k

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of one nanoparticle and one base fluid suspension 

can be expressed as follow: 

 

                              

( )
( )

( 1) ( 1)

( 1)

p bf p bf

eff bf

p bf p bf

k n k n k k
k k

k n k k k





+ − + − −
=

+ − − −
      (3)         

 

where n is the empirical shape factor and it is 

defined as: 

                          (4)                                                                                         

 is the sphericity of the particle. It can be defined 

as the ratio of the surface area of a sphere with a 

volume equal to that of the particle, to the surface 

area of the particle. Thus, n = 3 for spheres, which 

reduces Eq. (3) to Maxwell’s equation for spherical 

particles (sphericity )   

The existing thermal conductivity models, such as 

Maxwell, Hamilton-Crosser, and Bruggeman, were 

primarily developed for solid-liquid mixtures 

containing larger-sized particles in the millimeter to 

micro-meter range. However, when it comes to 

nanofluids, which involve suspensions of 

nanometer-sized particles, these models fall short in 

accurately predicting the thermal conductivity 

behavior. Recognizing this limitation, extensive 

research efforts have been dedicated to developing 

new theoretical models specifically tailored for 

nanofluids. These models aim to provide more 

precise estimations by considering the unique 

characteristics and behaviors exhibited by 

nanoparticles at the nanoscale. 

In the pursuit of better understanding and predicting 

the thermal conductivity enhancement in 

nanofluids, numerous theoretical models have 

emerged in the literature. These models take into 

account various parameters, including particle size, 

concentration, shape, interfacial effects, and 

agglomeration phenomena. By incorporating these 

factors, the new models strive to capture the 

complex interactions occurring within nanofluids 

and their profound influence on thermal 

conductivity. 

One noteworthy contribution in nanofluid thermal 

conductivity modeling is the work of Xuan et al. 

[17]. They developed a theoretical framework that 

integrates the effects of Brownian motion and 

nanoparticle aggregation. Their model accounts for 

the random motion of nanoparticles, driven by 

Brownian motion, as well as the process of 

diffusion-limited aggregation, which plays a vital 

role in the behavior of nanofluids. By combining 

concepts from the theory of Brownian motion and 

the diffusion-limited aggregation model, Xuan et al. 

aimed to capture the intricate dynamics of 

nanoparticle dispersion and clustering within 

nanofluids. These phenomena are particularly 

significant in nanofluids due to the small size of 

nanoparticles and their propensity to form 

agglomerates or clusters. 

 

                            

( )
( )

,
2 2

2 32

p bf p bf p p p

nf bf

bf eff cp bf p bf

k k k k C T
k k

k rk k k k

   



+ + −
= +

+ − −
       (5)                                       

In Xuan et al.'s model, they introduced the mean 

radius of gyration of the cluster, denoted as , cr  and 

the effective viscosity of the nanofluid, denoted as 

eff
 . These parameters were used in their equation 

to describe the behavior of nanofluids. However, it 

should be noted that their explanation of 

determining the effective viscosity for nanofluids 

other than Cu-water nanofluids was not explicitly 

provided in their work. Upon analyzing Equation 

(5) in their model, it becomes apparent that the 

second term in the equation does not possess the 

units of thermal conductivity, (W/m K).  This lack 

of dimensional consistency is a concern as it affects 

the overall validity and applicability of the equation. 

To rectify this issue and ensure dimensional 

homogeneity, a unit of thermal conductivity, 

(m / )s , should be assigned to the right-hand side 

of the second term. This adjustment would render 

the entire term consistent with the units of thermal 

conductivity. 

Chebbi [18] employed the Einstein-Smolukovski 

and Stokes-Einstein equations [19] to develop a 

revised model for the thermal conductivity of 

3

ψ
n =

ψ

ψ 1=
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nanofluids. In Equation (6), the revised model was 

presented, indicating that the Brownian motion of 

the nanoparticles does not play a significant role in 

explaining the mechanism behind the thermal 

conductivity enhancement of nanofluids. 

Additionally, the model suggests that the clustering 

effect of nanoparticles has minimal impact on the 

thermal conductivity of nanofluids. However, it 

should be noted that the analysis presented in the 

study may not fully account for the influence of 

clustering on the observed enhancements of thermal 

conductivity in nanofluids. While the revised model 

provides insights into the behavior of nanofluids, it 

may not capture the complete picture regarding the 

effect of clustering. 

The revised model, expressed as follows [18]: 

                     

( )
( ) ,

2 2

62

p bf p bf

nf bf p p p

eff cp bf p bf

k k k k T
k k C

rk k k k

 
 



+ + −
= +

+ − −
    (6)                       

In their study, Vajjha and Das [20] aimed to enhance 

the existing model proposed by Koo and 

Kleinstreuer [21] through experimental 

investigations. The original model by Koo and 

Kleinstreuer incorporated 133 data points obtained 

from three specific nanofluids. However, Vajjha 

and Das focused solely on developing new 

empirical correlations for a specific type of 

nanofluid, such as , without modifying the thermal 

conductivity model derived by Koo and 

Kleinstreuer. Their objective was to improve the 

accuracy and applicability of the correlations for 

this specific nanofluid, rather than modifying the 

overall thermal conductivity model proposed by 

Koo and Kleinstreuer. 

The efforts of Vajjha and Das were primarily 

directed towards refining the understanding and 

predictive capability of the thermal conductivity 

behavior for this particular nanofluid. They sought 

to enhance the accuracy of predicting thermal 

conductivity within the scope of their experimental 

data by developing empirical correlations specific to 

the nanofluid they investigated. These correlations 

could provide improved estimations of thermal 

conductivity for that particular nanofluid. 

However, it is important to note that the 

contributions of Vajjha and Das's study are limited 

to the specific nanofluid they examined, and the 

empirical correlations they developed may not be 

directly applicable to other nanofluids. Further 

research and analysis are necessary to explore the 

generalizability of these correlations to different 

nanofluids and to assess their compatibility with the 

broader thermal conductivity models available in 

the field. 

In summary, Vajjha and Das's study focused on 

enhancing the accuracy of thermal conductivity 

predictions for a specific nanofluid through the 

development of empirical correlations. While their 

work contributes to the understanding of thermal 

conductivity behavior in that particular nanofluid, 

additional research is needed to evaluate the broader 

applicability of their correlations and their 

compatibility with other thermal conductivity 

models. 

 
 Table 1. Curve-fit relations proposed by Vajjha and Das 

[18] 

 

Type of 

Nanoparticles 

Concentration 

  Temperature 

2 3Al O                   

1% 10%   

1.073048.4407(100 )  −=

298 K T 363 K   

ZnO 

1% 7%   

1.073048.4407(100 )  −=

298 K T 363 K   

CuO 

1% 6%   

0.94469.881(100 )  −=  

298 K T 363 K   

 

    4
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2 2( ) ( 273.15)
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( 273.15)
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( 273.15)

p bf bf p
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p bf bf p p p

o

k k k k T
k k x C x f T

k k k k d

T
f T x x x x

T

 
 

 

  − − − −

 + − − +
= + 

+ + −  

+
= + + − −

+

 (7) 

Khanafer and Vafai [22] presented a more recent 

study for thermal conductivity of nanofluids, which 

applies to of 2 3Al O  and CuO nanofluids. They 

derived a statistical correlation without considering 

physical enhancement mechanisms for the effective 

thermal conductivity of 2 3Al O -water and CuO-

water nanofluids at ambient temperature using a 

linear form of the most important variables, volume 
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concentrations nanoparticle diameters based on the 

available experimental data in the literature. Their 

model can be expressed as: 

               

47
1.0 1.0112 2.4375 0.0248

( ) 0.613

nf p

p p p

bf p

k k

k d nm
  

   
= + + −    

  

    (8)                 

where bfk is the thermal conductivity of water. One 

significant drawback of the correlation developed 

by Khanafer and Vafai [22] is the adverse effect of 

the thermal conductivity of the nanoparticles on the 

overall conductivity of the suspension. This is 

indicated by the negative correlation coefficient (-

0.0248), which suggests a decrease in thermal 

conductivity with increasing nanoparticle thermal 

conductivity. It raises concerns about the accurate 

determination of nanoparticle size, especially for 

non-spherical nanoparticles like 2 3Al O and CuO. 

Furthermore, the determination of nanoparticle size 

for non-spherical nanoparticles is not explicitly 

addressed in the information provided. This lack of 

clarity regarding the characterization of 

nanoparticle size for non-spherical shapes may 

introduce uncertainties in the applicability and 

accuracy of the correlation.  

In addition, they also developed a general 

correlation for 2 3Al O -water, which accounts for 

nanoparticle’s diameter, volume concentration, 

dynamic viscosity of water, effective dynamic 

viscosity of the nanofluid, and temperature as 

follows: 

 

  
0.2246 0.0235

2

0.7383

3 2

( )1
0.9843 0.398 3.9517 34.034 32.509

( ) ( )

                        0 10% ,  11 nm 150 nm  , 20 70 
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p

bf p bf

o o

p p

k T

k d nm T T T T

d C T C
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





   
= + − + +      

   
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(9) 

where the dynamic viscosity (Pa s) of water ( bf ) 

and nanofluid ( eff ) at different temperatures can 

be described as: 
5 247.8/( 140)

2 2 3

2 3

2 3 2 2

( ) 2.414 10 10

28.837
0.4491 0.574 0.1634 23.053 0.0132 2354.735 23.498 3.0185

                                   1% 10% ,  13 nm 131 nm  , 

T

bf

p p p p

eff p p p

p p

p p

T

T T T d d

d



   
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

− −=  

= − + + − + + − + −

    20 70 o oC T C 

  (10) 

 

In the research conducted by M. Corcione [23], 

novel empirical correlations were introduced to 

estimate the effective thermal conductivity and 

dynamic viscosity of nanofluids. These correlations 

were formulated by analyzing numerous 

experimental datasets gathered from existing 

literature. By employing regression analysis 

techniques, a robust average empirical correlation 

was derived, demonstrating a remarkably low 

standard deviation of error (1.86%). The resulting 

correlation can be expressed as follows:                                       
10 0.03

0.4 0.66 0.661 4.4Re Pr
nf p

bf fr bf

k kT

k T k


   
= +       

   
 (11)                               

Where Re is the nanoparticle Reynolds number, Pr 

is the Prandtl number of the base liquid, T  is the 

nanofluid temperature, frT is the freezing point of 

the base fluid. Furthermore, the nanoparticle 

Reynolds number   and the Prandtl number for the 

base fluid are expressed as: 

                                              

,

2
Re     and   Pr=

3

bf p bf bf

bf bf bf

T c

l k

  


=       (12)                                      

The empirical correlation proposed by M. Corcione 

[23] was specifically developed for nanofluids 

composed of alumina, copper oxide, titania, and 

copper nanoparticles. These nanoparticles have 

diameters ranging from 10 nm to 150 nm. The 

nanofluids are suspended in either water or ethylene 

glycol base fluids. The correlation takes into 

account a range of nanoparticle volume 

concentrations, which typically vary from 

0.2% 9%  . The temperature conditions 

considered in the correlation analysis fall within the 

range of 294 K  and 324 K . 

It is important to note that the correlation is 

applicable to nanofluids consisting of these specific 

types of nanoparticles and base fluids within the 

given ranges. For nanofluids comprising different 

nanoparticles or base fluids, or outside the specified 

diameter and volume concentration ranges, the 

correlation may not accurately predict the effective 

thermal conductivity and dynamic viscosity. 

This empirical correlation provides a useful tool for 

estimating the thermal conductivity and dynamic 

viscosity of nanofluids containing the mentioned 

nanoparticles in water or ethylene glycol. It enables 

researchers and engineers to gain insights into the 
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thermal behavior of these nanofluids under various 

temperature and volume concentration conditions, 

aiding in the design and optimization of nanofluid-

based systems and applications. 

In their study, Xie et al. [24] put forward the 

hypothesis that interfacial structures formed by the 

layering of liquid molecules could significantly 

influence the effective thermal conductivity of 

nanofluids. To explore this phenomenon, they 

developed an analytical model that incorporates the 

effects of various factors, including nanolayer 

thickness, nanoparticle size, volume concentration, 

and the thermal conductivity ratio between the 

particles and the fluid. The analytical model 

proposed by Xie et al. successfully captured the 

observed trends in experimental data and 

demonstrated good agreement between the 

predicted and measured thermal conductivities of 

nanofluids. The model is expressed as follows: 
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3

                              

(13) 
Where T is the total volume concentration of 

nanoparticles and nanolayers.  

This equation provides a quantitative description of 

the effective thermal conductivity of nanofluids, 

taking into account the interfacial structures formed 

by liquid molecule layering. By considering the 

relevant parameters, such as nanolayer thickness, 

nanoparticle size, volume concentration, and 

thermal conductivity ratio, the model offers insights 

into the underlying mechanisms influencing 

thermal conductivity enhancement in nanofluids. 

In more detail, lrk is the thermal conductivity of the 

nanolayer that is expressed as follow: 
2

1 1

1 1 ln 1 1 1 1 1

p

bf

bf p

lr

p p p

bf p p bf p p bf p

k t
k

k r
k

k k kt t t t t

k r r k r r k r

  
+ −   

   =
                

+ − − + + − + + −                  
                     

    (14)  

The calculation of nanolayer thickness in 

nanofluids currently lacks an established 

methodology. As a result, researchers have 

typically relied on assuming a layer thickness that 

aligns with experimental observations. In light of 

this, Chao et al. [25] have developed a semi-

analytical model to estimate the enhanced thermal 

conductivity of nanofluids, incorporating the 

influences of nanoparticle size, interfacial 

nanolayer thickness, and particle volume 

concentration. 

Chao et al. [25]  model offers a significant 

advancement by considering the effect of interfacial 

nanolayer thickness, which plays a crucial role in 

the overall thermal conductivity of nanofluids. By 

taking into account factors such as nanoparticle size 

and particle volume concentration, the model 

allows for the estimation of the nanolayer thickness, 

which is not considered a constant value but 

exhibits variations dependent on nanoparticle size. 

The proposed semi-analytical model, expressed as 

Eq.(15), was developed through a combination of 

the presented model and available experimental 

data. The model provides a technique to estimate 

the nanolayer thickness, offering valuable insights 

into understanding and predicting the thermal 

conductivity enhancement observed in nanofluids. 

It is important to note that the nanolayer thickness 

is not universally fixed but varies depending on the 

specific type of nanofluid being considered. This 

variation can be characterized using the correlation 

provided in [23]. 

          
2

1

D

p

p

t
D r

r

−
=       (15)                                                                                                                                                                                                                                        
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where t is the thickness of the nanolayer and pr  is 

the radius of the nanoparticle. The parameters of 1D  

and 2D are explained in Table 2. 

Chon et al. [26] conducted a study aimed at 

determining the thermal conductivity of nanofluids 

by considering the influence of nanoparticle size 

and temperature. The research covered a wide range 

of nanoparticle sizes, varying from 11 nm to 150 

nm nominal diameters, and temperatures spanning 

a broad spectrum. (from
o o21 C to 71 C ). 

To establish the empirical correlation, the 

Buckingham-Pi theorem was employed in 

conjunction with a linear regression scheme. 

Through their analysis, the researchers concluded 

that the Brownian motion exhibited by the 

suspended nanoparticles plays a predominant role 

in influencing the thermal conductivity of 

nanofluids, surpassing the significance of other 

mechanisms. The correlation is given as: 

                          
0.3690 0.7476

0.7460 0.9955 1.23211 64.7 Pr Re
nf bf p

bf p bf

k d k

k d k


   
= +       

   
  (16)                              

Where bfd is the molecular diameter of the base 

fluid; 
,

 Pr=
p bf bf

bf

c

k


is the Prandtl number of the base 

fluid and 
2

Re
3

bf

bf bf

T

l

 


=  is the Reynolds number; bfl

is the mean-free path for the base fluid.  

 

In their study, Chon et al. [26] employed a constant 

value of 0.17 nm for the mean free path of water 

throughout the range of temperatures investigated. 

It is important to note that this choice of constant 

value is specific to their analysis and may not 

necessarily account for variations in the mean free 

path at different temperatures. 

The empirical correlation proposed by Chon et al. 

is primarily based on a statistical analysis approach. 

While this approach provides a useful tool for 

predicting the thermal conductivity of nanofluids, it 

is important to acknowledge that it does not 

explicitly incorporate or address other potential 

enhancement mechanisms influencing the thermal 

conductivity behavior of nanofluids. The thermal 

conductivity enhancement observed in nanofluids 

is a complex phenomenon, influenced by multiple 

factors such as nanoparticle size, concentration, and 

interfacial effects. While the Brownian motion of 

nanoparticles is identified as a significant 

mechanism in the studied correlation, it is essential 

to consider that other mechanisms, such as particle 

clustering, interfacial layering, and nanoparticle-

fluid interactions, may also contribute to the overall 

enhancement. 

Therefore, while the empirical correlation proposed 

by Chon et al. provides valuable insights into the 

thermal conductivity of nanofluids, it is important 

to recognize that further research and analysis are 

required to fully understand and account for all the 

underlying mechanisms responsible for the thermal 

conductivity enhancement observed in nanofluids. 

In this study, the thermophysical properties of water 

and the Ethylene glycol: Water (EG: W) mixture 

were obtained from the ASHRAE handbook [27]. 

The data obtained from the handbook was further 

analyzed and fitted to mathematical equations to 

describe their temperature dependence. The 

following equations [28] were used for curve 

fitting: 

-Thermophysical properties of water 
2-0.0036 1.9159 748.19bf T T = + + (17) 

3 2

, -0.00 01 0.1155 41.296 9017.8p bfc T T T=  + − +  (18) 
6 28 10 0.0062 0.5388bfk T T−= −  + −     (19) 

(247.8/ 140)0.00002414 10 T

bf −=      (20) 

Thermophysical properties of EG: W 
2-0.002475 0.9998 1002.5bf T T = + +  (21) 

, 4.248 1882.4p bfc T= +       (22) 
6 23.196 10 0.0025 0.1054bfk T T−= −  + −     (23) 

1
0.001 exp 3135.6 8.9367bf

T


 
=   − 

 
   (24) 

To determine the viscosity of 2 3Al O -Water  and 

2 3Al O -60:40 EG/W  nanofluids, Vajjha et al.’s [29] 

model has been implemented with two parameters 

A and B, which are determined based on the 

experimental data of Kim et al. [28]. 
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( ) exp( )eff bf T A B  =    (25)                                                

This correlation can be applied for 
o o20 C T 90 C  and 1% 10%     with A = 

0.9 and B = 10.0359.  

For the viscosity of the CuO-water and 

CuO-60:40 EG/W  nanofluids, Eq. (25) is also 

employed, while constants 

0.9197 and 22.8536A B= =  are obtained 

following Vajjha et al. [29] 

To determine the effective viscosity of TiO2-water 

and ZnO-60:40 EG/Water nanofluids, Corcione 

[23] empirical correlation with a 1.84 % standard 

deviation error was employed as expressed follow: 

                                        

0.3

1.03

1

1 34.87

eff

bf
p

bf

d

d






−
=

 
−   

 

      (26)                                                        

where bfd  is the equivalent diameter of a base 

fluid molecule that is given by 

                   
0

6
0.1bf

bf

M
d

N

 
=   

 

    (27)                                                                                              

Where M is the molecular weight of the base fluid 

is, N  is the Avogadro number, and 0bf is the 

mass density of the base fluid calculated at 

temperature 293 KoT = . 

III. RESULTS 

 

This study explores the effects of key parameters, 

namely particle volume concentration, temperature, 

and base fluid, on the effective thermal conductivity 

of nanofluids. The significant impact of these 

parameters on nanofluid behavior has motivated the 

development of numerous thermal conductivity 

models. However, to date, no single model has 

adequately captured the experimental thermal 

conductivity enhancement observed in nanofluids. 

Hence, this study focuses on comparing existing 

thermal conductivity models with available 

experimental data to identify the most suitable 

correlations, which are crucial for industrial heat 

transfer applications. 

To bridge the gap between analytical predictions 

and experimental findings, a comprehensive 

parametric study is conducted to elucidate the 

individual contributions of each parameter to the 

thermal conductivity of nanofluids. By employing 

state-of-the-art thermal conductivity models, the 

effects of particle volume concentration, 

temperature, and base fluid are thoroughly 

examined to provide insights into the underlying 

physical mechanisms responsible for the observed 

thermal conductivity improvements in nanofluids. 

This investigation not only advances our 

fundamental understanding of nanofluid behavior 

but also offers practical implications for various 

heat transfer systems. The findings contribute to the 

development of more accurate and reliable thermal 

conductivity models, enabling improved design and 

optimization of nanofluid-based heat transfer 

applications in industrial settings. 
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Fig. 1 Comparison of the thermal conductivity ratio calculated from the (Eq. (7)) with the values obtained from the available 

experimental data on Al2O3-Water nanofluid as a function of particle volume concentration.

 
Fig. 2 Comparison of the thermal conductivity ratio calculated from the (Eq. (7)) with the values obtained from the available 

experimental data on Al2O3-Water nanofluid as a function of temperature.
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The thermal conductivity models for nanofluids 

have been a subject of extensive research to 

accurately predict the thermal conductivity 

enhancement in these complex systems. However, 

despite the numerous models proposed, none have 

been able to fully capture the experimental thermal 

conductivity data of nanofluids. This discrepancy 

between theory and experiment necessitates a 

critical evaluation of existing models and the 

development of improved correlations that are 

crucial for industrial heat transfer applications. 

Among the existing models, the Koo and 

Kleinstreuer model stands out as it considers the 

significance of Brownian motion at higher 

temperatures, which has been experimentally 

observed. Nevertheless, its applicability is limited 

by the empirical function that relates temperature 

and particle volume concentration. As temperature 

and volume concentration increase, the deviation 

between experimental data and the Koo and 

Kleinstreuer model becomes more pronounced. 

This can be attributed to intensified interparticle 

interactions and accelerated agglomeration 

phenomena, resulting in a rapid decline in the 

thermal conductivity ratio at elevated temperatures. 

To address these limitations and shed light on the 

precise effects of key parameters, Vajjha and Das 

conducted a comprehensive series of experiments 

to thoroughly investigate the thermal conductivity 

enhancement in nanofluids. Their refined 

correlation, based on an improved understanding of 

the underlying mechanisms, exhibits a remarkable 

agreement with experimental data (refer to Fig. 1 

and 2). 

The work of Vajjha and Das emphasizes the critical 

role played by interparticle interactions and 

provides a more accurate prediction of the thermal 

conductivity enhancement in nanofluids. By 

incorporating these factors into their correlation, 

they have achieved a significant improvement over 

previous models, particularly at higher particle 

volume concentrations and elevated temperatures. 

These findings contribute to a better understanding 

of the complex nature of nanofluids and provide 

valuable insights for designing efficient heat 

transfer systems in various industrial applications. 

The results underscore the necessity of continued 

research in this field to develop more robust models 

that account for the intricate interplay between 

nanoparticle properties, volume concentration, 

temperature, and other relevant factors. The pursuit 

of accurate thermal conductivity predictions is 

paramount for optimizing heat transfer processes 

and maximizing the potential benefits offered by 

nanofluids in practical engineering applications. 
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Fig. 3 Comparison of the thermal conductivity ratio calculated from the (Eq. (6)) with the values obtained from the available 

experimental data on Al2O3-60:40 EG/Water nanofluid as a function of temperature. 

 

The influence of base fluids on the thermophysical 

properties of nanofluids remains an area that 

requires deeper investigation and comprehensive 

understanding. Although some publications have 

addressed the effects of base fluids on the viscosity 

and thermal conductivity of nanofluid suspensions, 

the underlying mechanisms are not well-explored. 

Different base fluids form distinct fluid layers 

around the nanoparticles, and the thickness and 

structure of these diffuse fluid layers significantly 

impact the effective volume concentration of 

nanofluids, thereby affecting viscosity 

enhancement [31]. 

To elucidate the impact of base fluids on thermal 

conductivity enhancement, available experimental 

data was compared with existing thermal 

conductivity models. Notably, the revisited Xuan et 

al. [17] analytical thermal conductivity model 

proposed by Chebbi [18] did not demonstrate a 

reasonable agreement with the experimental data 

(Figure 3). Additionally, Eq. (25) was employed to 

determine the effective viscosity of 

2 3Al O -60:40 EG/W the nanofluid since the 

viscosity term was not provided for other types of 

nanofluids in Eq. (6). As the temperature and 

particle volume concentration increased, a 

significant discrepancy between the revisited 

analytical model (Eq. 6) and experimental results 

emerged. It was observed that the amended model 

consistently underestimated the experimental data 

(Figure 3). This analysis challenges the notion that 

the thermal conductivity of nanofluids is 

significantly influenced by the Brownian motion of 

nanoparticles. Furthermore, the impact of 

nanoparticle clustering on the thermal conductivity 

enhancement of nanofluids was found to be 

insignificant. 
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Fig. 4 Comparison of the thermal conductivity ratio calculated from the (Eq. (7)) with the values obtained from the available 

experimental data on Al2O3-60:40 EG/Water nanofluid as a function of temperature. 

 

Fig. 5 Comparison of the thermal conductivity ratio calculated from the (Eq. (6)) with the values obtained from the available 

experimental data on CuO-Water nanofluid as a function of particle volume concentration. 
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In contrast, the correlation proposed by Vajjha and 

Das exhibited excellent agreement with their 

experimental data, demonstrating that their 

developed correlations effectively capture the 

effects of base fluids on thermal conductivity 

enhancement in nanofluids (Figure 4). These 

findings indicate that temperature plays a crucial 

role in the thermal conductivity enhancement of 

nanofluids, highlighting the potential benefits of 

utilizing nanofluids in high-temperature 

applications. 

Fig.6 Comparison of the thermal conductivity ratio calculated from the (Eq. (6)) with the values obtained from the available 

experimental data on CuO-60:40 EG/Water nanofluid as a function of particle volume concentration. 

 

The outcomes of this study underscore the 

importance of considering base fluid effects and 

temperature variations when predicting the thermal 

conductivity enhancement in nanofluids. The 

correlations developed by Vajjha and Das provide 

valuable insights into the influence of base fluids on 

nanofluid behavior and can facilitate the design and 

optimization of nanofluid applications in 

optimization of nanofluid applications in various 

industries. 
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a growing deviation between the analytical model 

and experimental findings was observed. The 

viscosity term in Eq. (6) was derived from previous 

work (Li and Xuan, 2000) on Cu-water nanofluids, 

which relied on limited experimental data. To 

further investigate the effect of viscosity on the 

thermal conductivity enhancement of nanofluids, a 

new viscosity model developed by Vajjha et al., Eq. 

(25), was utilized. 

 

        Surprisingly, it was observed that altering the 

viscosity of the nanofluid did not significantly 

affect the thermal conductivity of the suspension. 

This finding suggests that drawing definitive 
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thermal conductivity of nanofluids solely based on 

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2
Vajjha and Das (2009)  dp=29 nm f=0.01Vajjha and Das (2009)  dp=29 nm f=0.01

Theoretical enhancement knf/kbf

E
x

p
e
r
im

e
n

ta
l 

e
n

h
a

n
c
e
m

e
n

t 
 k

n
f/

k
b

f

CuO-60:40 EG/W
Vajjha and Das (2009)  dp=29 nm f=0.02Vajjha and Das (2009)  dp=29 nm f=0.02

Vajjha and Das (2009)  dp=29 nm f=0.03Vajjha and Das (2009)  dp=29 nm f=0.03

Vajjha and Das (2009)  dp=29 nm f=0.04Vajjha and Das (2009)  dp=29 nm f=0.04

Vajjha and Das (2009)  dp=29 nm f=0.05Vajjha and Das (2009)  dp=29 nm f=0.05

Vajjha and Das (2009)  dp=29 nm f=0.06Vajjha and Das (2009)  dp=29 nm f=0.06



International Journal of Advanced Natural Sciences and Engineering Researches 

 

196 

 

viscosity changes may not be appropriate. 

Additional investigations and analyses are required 

to comprehensively understand the complex 

interplay between viscosity, thermal conductivity, 

and other influencing factors in nanofluids. 

 

These results in the Fig. 5 and Fig. 6 highlight the 

need for further research and the development of 

more accurate models to capture the intricate 

relationships between various parameters affecting 

the thermal conductivity enhancement of 

nanofluids. The influence of base fluids and their 

interactions with nanoparticle characteristics and 

temperature variations should be thoroughly 

explored to obtain a comprehensive understanding 

of nanofluid behavior and facilitate their effective 

utilization in practical applications. 

 

 

Fig. 7 Comparison of the thermal conductivity ratio calculated from the (Eq. (7)) with the values obtained from the available 

experimental data on CuO-60:40 EG/Water nanofluid as a function of temperature. 

 

The base fluid effect on the thermal conductivity 
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thoroughly investigated. It was observed that the 

revisited analytical model, Eq. (6), fails to 

accurately predict the experimental thermal 

conductivity when both the particle volume 

concentration and temperature are increased 
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clustering phenomenon does not significantly 

impact the enhancement of thermal conductivity. 

Therefore, it contradicts the notion that clustering 

plays a significant role in the thermal conductivity 

of nanofluids. 
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agreement in explaining the base fluid effect on the 

thermal conductivity improvement of nanofluids. 

This equation accounts for the temperature and 
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nanoparticle size. The results, as depicted in Figure 

7, confirm the strong agreement between the 

predicted values based on Eq. (7) and the 

experimental data, indicating the model's ability to 

capture the intricate relationship between base fluid 

properties, temperature, and particle volume 

concentration in enhancing thermal conductivity. 
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Fig. 8 Comparison of the thermal conductivity ratio calculated from the (Eq. (11) and Eq. (12)) with the values obtained from the 

available experimental data on TiO2-Water nanofluid as a function of particle volume concentration. 

 

The Corcione correlation [23] successfully captures 

the experimental thermal conductivity 

enhancement of nanofluids, as demonstrated in Fig. 

8. This model was developed through regression 

analysis, resulting in a mean empirical correlation 

with a low standard deviation of error (1.86%). It 

proves to be particularly applicable for determining 

the thermal conductivity of nanofluids at room 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 2. The parameters expressed in Eq. (14) for 

determining the nanolayer thickness ( t ) of different type of 

nanofluids [25]. 

                                                     

                             CuO-ethylene glycol  

2 3Al O -water      2TiO -water         Al2O3- ethylene 

glycol   

Parameter value ( 1D )   3.042                     761.43              

1.8082                                 0.5253 

Parameter value ( 2D )   1.059                     3.555                 

0.912                                  0.355  
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Zhang et al. 2007  dp=40 nm T=25 oC

Masuda et al.1993   dp=27 nm T=25 oC

Turgut  et al. 2009  dp=21 nm T=25 oC

T.Yiamsawasd et al.2012  dp=21 nm T=25 oC

Kim et al.2007   dp=70 nm  T=20 oC

Kim et al.2007   dp=34 nm T=20 oC

Kim et al.2007   dp=10 nm T=20 oC

Duangthongsuk et al.2009  dp=21 nm 15 oC

Duangthongsuk et al.2009   dp=21 nm 25 oC

Duangthongsuk et al.2009  dp=21 nm 35 oC

Murshed et al.2005  dp=15 nm T=25 oC
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Fig. 9 Comparison of the thermal conductivity ratio calculated from the (Eq. (13), Eq. (14) and Eq. (15)) with the values obtained 

from the available experimental data on TiO2-Water nanofluid as a function of particle volume concentration. 

 

To delve deeper into the influence of the interfacial 

layer on the thermal conductivity enhancement 

mechanism of nanofluids, the thermal conductivity 

model proposed by Xie et al. [24] was employed in 

the study. This model combines Equation (15) to 

consider the effect of the nanolayer, and the 

thickness and thermal conductivity of the nanolayer 

were calculated using data from Table 2. Notably, 

the combined model (Equations 13-15) 

demonstrates a close agreement between 

experimental and theoretical thermal conductivity 

results, particularly for a specific particle size and 

at room temperature, as shown in Fig.9. 

 

The reason for this agreement lies in the fact that 

the nanolayer thickness and its thermal conductivity 

are influenced by the affinity of intermolecular 

forces between the nanoparticles and base fluid 

molecules. These intermolecular forces play a 

crucial role in enhancing thermal conductivity. 

However, it is essential to acknowledge that the 

interfacial layer theory alone does not fully explain 

the observed experimental thermal conductivity 

enhancement of nanofluids. This is supported by 

molecular dynamics simulations that consider the 

properties of this nanolayer [53]. 

These findings underscore the intricate nature of the 

thermal conductivity enhancement mechanism in 

nanofluids and suggest that multiple factors, 

including interfacial effects and intermolecular 

forces, contribute to the observed experimental 

results. Further research integrating advanced 

computational methods and comprehensive 

experimental investigations is necessary to deepen 

our understanding of these mechanisms and refine 

existing models for accurately predicting thermal 

conductivity enhancement in nanofluids. 
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Fig.10 Comparison of the thermal conductivity ratio calculated from the (Eq. (7)) with the values obtained from the available 

experimental data on ZnO-60:40 EG/Water nanofluid as a function of temperature. 

 

The thermal conductivity correlations proposed by 

Vajjha and Das [18] demonstrate remarkable 

accuracy in predicting the thermal conductivity of 

ZnO-60:40 EG/Water nanofluid across a wide 

range of particle volume concentrations and 

temperatures. Specifically, for the given 

nanoparticle size, pd =29 nm the developed 

correlation Eq. (7) exhibits excellent agreement 

with the experimental thermal conductivity data of 

nanofluids, as illustrated in Fig.10. 

 

This finding highlights the reliability and 

applicability of the Vajjha and Das correlations in 

capturing the thermal conductivity enhancement of 

ZnO-60:40 EG/Water nanofluid. By considering 

the effects of both particle volume concentration 

and temperature, the correlation accurately predicts 

the observed thermal conductivity behavior of the 

nanofluid system. These results provide valuable 

insights into the underlying mechanisms governing 

the thermal conductivity enhancement and 

demonstrate the potential of the Vajjha and Das 

correlations for practical applications in various 

industries involving heat transfer processes. 

IV. DISCUSSION 

 

The results of this study demonstrate the significant 

impact of key parameters, including particle 

volume concentration, temperature, and base fluid, 

on the effective thermal conductivity of nanofluids. 

The comparison of existing thermal conductivity 

models with experimental data revealed that no 

single model adequately captured the observed 

enhancements in nanofluids. This discrepancy 

emphasized the need for improved correlations that 

can accurately predict the thermal conductivity 

behavior of nanofluids in industrial heat transfer 

applications. 

To bridge the gap between analytical predictions 

and experimental findings, a comprehensive 

parametric study was conducted. State-of-the-art 

thermal conductivity models were employed to 

thoroughly examine the individual contributions of 
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each parameter to the thermal conductivity of 

nanofluids. This in-depth investigation shed light 

on the underlying physical mechanisms responsible 

for the observed enhancements in thermal 

conductivity. 

The findings of this study have both fundamental 

and practical implications. On a fundamental level, 

they advance our understanding of nanofluid 

behavior and challenge the conventional 

understanding of thermal conductivity 

enhancement mechanisms. The empirical analysis 

revealed that factors beyond Brownian motion and 

nanoparticle clustering play a crucial role in 

determining thermal conductivity, particularly the 

interplay of interatomic forces and molecular 

interactions in the base fluid. This discovery opens 

up new avenues for exploring the complex 

dynamics at the interfaces within nanofluids and 

highlights the importance of deeper investigations 

into these intricate mechanisms. 

From a practical standpoint, this study has 

significant implications for the design and 

optimization of nanofluid-based heat transfer 

applications in industrial settings. The newly 

developed correlation (Eq. 7) exhibited exceptional 

predictive capabilities for a range of nanofluids, 

enabling more accurate and reliable thermal 

conductivity predictions. Engineers and researchers 

involved in industrial heat transfer can leverage this 

correlation to improve the design and efficiency of 

heat exchange systems utilizing nanofluids. 

Moreover, the study introduced novel correlations 

specifically tailored for TiO2-water nanofluids (Eq. 

11, Eq. 13-15). These correlations demonstrated 

excellent agreement with experimental data, 

highlighting the importance of considering 

interatomic forces and nanolayer effects when 

predicting the thermal conductivity enhancements 

observed in TiO2-water nanofluids. 

This study not only evaluated existing thermal 

conductivity models but also uncovered new 

findings and insights into the complex nature of 

thermal conductivity enhancements in nanofluids. 

The development of accurate correlations and the 

identification of the influence of interatomic forces 

and molecular interactions provide a solid 

foundation for future research and advancements in 

the design and application of nanofluids in 

industrial heat transfer processes. By refining our 

understanding of nanofluid behavior and the 

mechanisms driving thermal conductivity 

improvements, this study paves the way for 

groundbreaking advancements in the field of heat 

exchange. 

V. CONCLUSION 

 

In the study, various models for predicting the 

thermal conductivity of nanofluids were evaluated 

and compared to experimental data. The goal was 

to identify the most accurate and reliable models 

and gain a deeper understanding of the underlying 

mechanisms. 

One of the existing analytical models, represented 

by Eq. (6), was found to be inadequate in accurately 

predicting the thermal conductivity of several 

nanofluids, including Al2O3-60:40 EG/Water, 

CuO-Water, and CuO-60:40 EG/Water. This 

limitation highlighted the need for improved 

correlations that can capture the complex behavior 

of nanofluids. 

 

However, a significant breakthrough was achieved 

with the introduction of a newly developed 

correlation, represented by Eq. (7). This correlation 

demonstrated exceptional predictive capabilities for 

nanofluids such as Al2O3-Water, Al2O3-60:40 

EG/Water, CuO-60:40 EG/Water, and ZnO-60:40 

EG/Water, across a wide range of particle volume 

concentrations and temperatures. The accuracy and 

reliability of this correlation make it a valuable tool 

for engineers and researchers involved in industrial 

heat transfer applications using these nanofluids. 

Moreover, the study challenged the conventional 

understanding of thermal conductivity 

enhancement mechanisms in nanofluids. Contrary 

to previous assumptions, the empirical analysis 

revealed that thermal conductivity improvements 

cannot be solely attributed to Brownian motion and 

nanoparticle clustering. Instead, the interplay of 

interatomic forces and molecular interactions was 

identified as crucial factors influencing the effect of 

the base fluid (60:40 EG/Water) on thermal 

conductivity. This finding opens up new avenues 
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for investigating the complex dynamics at the 

interfaces within nanofluids and emphasizes the 

need for a deeper understanding of these intricate 

mechanisms. 

Additionally, the study introduced novel 

correlations, such as Eq. (11) and Eq. (13-15), 

specifically tailored for TiO2-water nanofluids. 

These correlations exhibited excellent agreement 

with experimental thermal conductivity data, 

emphasizing the significance of considering 

interatomic forces and nanolayer effects in 

accurately predicting the observed enhancements in 

TiO2-water nanofluids. 

This study not only evaluated existing thermal 

conductivity models for nanofluids but also 

uncovered new findings and insights into the 

complex nature of thermal conductivity 

enhancements. The development of the accurate 

correlation Eq. (7) and the discovery of the 

influence of interatomic forces and molecular 

interactions highlight the importance of advancing 

our understanding of nanofluid behavior. These 

findings provide a solid foundation for future 

research and advancements in the design and 

application of nanofluids in industrial heat transfer 

processes. 
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