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ABSTRACT: 
This study examined the effect of nanoparticle 

concentration on the thermophysical properties and 

heat transmission characteristics of nano-lubricants 

made from aluminum oxide (Al₂ O₃ ) in a 

cylindrical channel. Nano-lubricants, which are 

made by dispersing nanoparticles into base fluids, 

have gained popularity for their ability to improve 

heat transfer performance. The numerical 

investigation includes altering the nanoparticle size 

(0.0<φ<0.5) of the Al₂ O₃ -based nano-lubricant 

and determining critical parameters such as thermal 

conductivity, viscosity, specific heat, and heat 

behavior in the channel. The governing equations 

for momentum and energy were converted to non-

dimensional form and solved using a finite 

difference scheme that was implemented in C++. 

The analysis investigated the influence of 

nanoparticle size (0.0<φ<0.5) on the 

thermophysical and Eckert number of 1.0., 20.0, 

and 40.0 on heat characteristics of the Alumina 

nanolubricant while maintaining a Reynolds 

number of 100. The results of the investigation 

indicate that the thermal conductivity and heat 

transfer performance of the lubricant are greatly 

improved by increasing the concentration of 

Al₂ O₃  nanoparticles. The results indicated that 

maintaining an ideal concentration of nanoparticles 

leads to a significant enhancement in heat transfer 

efficiency while minimizing the rise in pressure 

drop. These results indicate that accurate regulation 

of nanoparticle concentration is crucial for 

maximizing the performance of nano-lubricants in 

heat exchangers, refrigeration systems, and other 

thermal management systems. This work enhances 

our knowledge of the appropriate utilization of 

nanoparticle-enhanced lubricants in industrial 

processes that need efficient heat dissipation 

technologies. 

Keywords: Nanolubricants, Aluminum Oxide 

(Al₂ O₃ ), thermophysical properties, heat transfer, 

flow dynamics, cylindrical channel. 

 

I INTRODUCTION: 
Nanotechnology has transformed the field 

of heat transfer fluids, resulting in the development 

of nano-lubricants with superior thermophysical 

properties (Wang & Mujumdar, 2007). Aluminum 

oxide (Al₂ O₃ ) nano-lubricants have gained 

popularity due to their high thermal conductivity, 

chemical stability, and inexpensive cost (Sundar & 

Sharma, 2010). The concentration of nanoparticles 

in Al₂ O₃  nano-lubricants significantly impacts 

their thermophysical characteristics and heat 

transmission performance (Khanafer & Vafai, 

2011). Numerical studies indicate that adding 

Al₂ O₃  nanoparticles to base fluids can greatly 

improve heat transfer rates (Khaleduzzaman & 

Sohel Murshed, 2015). Further research is needed 

to optimize the performance of Al₂ O₃  nano-

lubricants due to their complicated interactions 

with nanoparticles, base fluid, and channel shape 

(Yang & Liu, 2018). 
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Several heat transfer strategies have been 

developed at a rapid pace in response to the 

heightened demands for heat transfer enhancement 

in industrial applications. Nanofluids are employed 

as efficient working media in heat pipes (Sun et al., 

2018), heat exchangers, automobile radiators 

(Hussein et al., 2014; Selvam et al., 2017), solar 

energy systems (Chen et al., 2019; Amirahmad et 

al., 2021), and electronic chips due to their 

exceptional thermal performance, uniformity, and 

dispersion stability. Choi was the first to introduce 

the concept of nanofluid (Carmichael et al., 1963). 

Nanofluids are stable colloidal suspensions that are 

produced by dispersing nanoparticles in water, oil, 

ethylene glycol, and other base fluids. The thermal 

properties of base fluids, including viscosity and 

thermal conductivity, are substantially influenced 

by nanoparticles. Yang et al. (2021), Kumar et al. 

(2015a), and Sarviya and Fuskele (2017) 

summarized the theoretical models of the thermal 

conductivity of nanofluids. The thermal 

conductivity of nanofluids was determined by these 

researchers to be primarily influenced by 

concentration, temperature, nanoparticle diameter, 

and particle morphology. 

The thermal conductivity of the 

magnesia–ethylene glycol nanofluid increases as 

the concentration increases within the temperature 

range of 25 to 100°C. Kumar et al. (2016) 

demonstrated that the thermal conductivity of 1.25 

vol% multiwalled carbon nanotube nanofluids was 

122.67% greater than that of water at 35°C. Wang 

et al. (2021a) discovered that the viscosity of 

Fe3O4–CNT magnetic fluids was 144.2 and 149.9% 

higher than that of deionized water at 

concentrations of 0.5 and 1%, respectively. The 

viscosity of 0.3 wt% MgO–ethylene glycol 

nanofluids at 25°C increased by 13.8% in the study 

conducted by Arya et al. (2019). In comparison to 

water, the viscosities of TiO2, Al2O3, ZnO, and 

CeO2 nanofluids were higher than those of the base 

fluid, and the viscosity of Al2O3 nanofluids with a 

0.5% volume fraction increased by 10%. This was 

discovered by Kumar et al. (2016). 

The heat transfer efficacy of nanofluids 

can be improved by various heat transfer 

mechanisms, particularly for conductive and 

convective heat transfer (natural convection and 

forced convection) (Vajjha and Das, 2012; Leela 

Vinodhan et al., 2016; Yang et al., 2021). 

Electronic device cooling, solar energy harvesting, 

energy conversion, food processing, and 

petrochemical engineering are all applications that 

extensively employ natural convection, which is 

induced by temperature differences within a cavity. 

In a rectangular cavity with a porous medium, 

Hdhiri et al. (2019) investigated the natural 

convection of an electrically conductive fluid. They 

believed that the Prandtl number was a significant 

factor in determining the average Nusselt number. 

Souayeh et al. (2020) conducted a three-

dimensional numerical analysis of the natural 

convection heat transfer between the square cavity 

and the interior sphere in the presence of air. The 

results indicated that the heat transfer efficacy of 

the spherical interior was superior to that of the 

cylindrical interior. 

Numerous researchers have investigated 

the natural convection of nanofluids from a variety 

of perspectives. In a cavity, Rostami et al. (2020) 

implemented natural convection by incorporating a 

variety of nanofluids. The heat transmission 

characteristics were significantly influenced by the 

types and concentrations of nanofluids, the shapes 

of cavities, and the Rayleigh number. They 

concluded that the heat transmission characteristics 

in the cavity were compromised as a result of the 

increase in fluid viscosity caused by nanoparticles. 

The fluid flow and heat transmission of nanofluids 

within the cavity were also significantly influenced 

by the locations of heat sources (Öztop et al., 

2015). They determined that there is insufficient 

generalization between the thermal conditions of 

the nanofluids in the cavity and their heat transfer 

characteristics. Electric heating is a practical 

implementation of natural convective heat transfer 

in industrial production and daily life. 

The objective of this study is to 

numerically analyze how nanoparticle 

concentration affects the thermophysical 

characteristics and heat transfer characteristics of 

Al₂ O₃  nano-lubricants in a cylindrical channel. 

The simulation findings will provide useful 

information about the appropriate nanoparticle 

concentration for improved heat transmission and 

thermophysical characteristics. Specifically, this 

study examined the impact of nanoparticle 

concentration on thermal conductivity, viscosity, 

specific heat capacity, and heat transfer 

characteristics. The results of this study will 

enhance the advancement of effective heat transfer 

systems foundation on Al₂ O₃  nano-lubricants for 

diverse industrial uses. 

 

II.  MATERIALS AND METHODS 
A. Numerical Model 

Figure 1 shows the two-dimensional 

laminar boundary layer flow of an incompressible 

Newtonian fluid with viscous fluid on the cylinder's 

surface. The surface temperature is greater than the 
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free stream temperature and water contains copper 

nanoparticles. Laminar natural convection heat 

transport was simulated in a saturated H2O-Cu 

nanofluid vertical cylinder. Free circulation and 

fluid motion relative to the solid surface come from 

density change-induced buoyancy and the 

momentum field accounts for buoyancy forces as 

body forces. These conditions link continuity, 

momentum, and energy equations. The 

thermophysical properties stated in Table 1 are 

considered to be constant. (Öztop, et al . 2015) 

 
Figure 1: Geometrical configuration, boundary 

conditions, and coordinate system 

 

B. Governing Equations 

The governing mathematical equations 

were resolved under the following conditions: fluid 

incompressibility, laminar flow, no internal heat 

inputs, two-dimensional flow, the Boussinesq 

approximation, and thermal equilibrium between 

water and nanoparticles. The current model 

proposes a laminar, incompressible, viscous-free 

flow that is constant and two-dimensional. Gravity 

acts vertically downward, but radiation is 

disregarded. Mass and momentum conservation 

formulae are flow-regulating formulae over the 

continuum (Shahi et al. 2011; Lan and Violi, 2010).  

The continuity formula is expressed in Eq. (1) 
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R and Z Navier-Stokes equations are Eq. (2) and 

Eq. (3).  
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Equation (4) provides the formula for thermal 

energy exchange  
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The nanofluid heat capacity  
nfpc , density, nf , 

thermal expansion coefficient, nf , and thermal 

diffusivity, nf  are expressed in Eq. (5-11), (Salah 

et al. 2011; Nazar, et al. 2011; Esmaeilpour  and 

Abdollahzadeh, 2012)  

Equation (5) provides an approximation of the 

nanofluid's effective thermal conductivity  
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Table 1: Water-Al2O3 Nanofluid's Thermophysical Characteristics 

 Density (kgm
-3

) Heat Capacity 

(J/kg
-1

K
-1

) 

Thermal 

Conductivity 

(Wm
-1

K
-1

) 

Thermal expansion 

(K
-1

) 

Viscosity 

H2O 997.1 4179 0.613 21x10
-5

 9.09x10
-5

 

Al2O3 3880 773 36 2.43x10
-5

 2.0 

 

This equation only applies to spherical 

nanoparticles and does not address other 

nanoparticle shapes. This model is appropriate for 

studying nanofluid-enhanced heat transfer [7–10]. 

Eq.(6) provides the viscosity of the nanofluid. 

(Esmaeilpour and Abdollahzadeh, 2012) 

  5.2

1


 
fnf          (6)  

Equation (7) is the formula for the nanofluid’s 

density [10] 

 
cufnf

  1    (7) 

Equation (8) expresses the nanofluid’s heat 

capacitance (Nazar, et al. 2011; Esmaeilpour and 

Abdollahzadeh, 2012) 

      
cupfpnfp

ccc   1    (8) 

The nanofluid’s thermal expansion coefficient is 

written in Eq (9) (Esmaeilpour  and Abdollahzadeh, 

2012): 
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cufnf

  1   (9) 

Eq. (10) provides the nanofluid's thermal 

diffusivity (Esmaeilpour  and Abdollahzadeh, 

2012): 

 
nfp

nf
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c

k


             (10) 

 

C. Analytical Techniques and Solution 

Schemes 

Hyperbolic, elliptic, or parabolic Partial 

derivative formulae are Navier-Stokes equations. 

The pressure gradient between equations (2) and 

(3) was eliminated using the vorticity-stream 

technique. Equation (11) illustrates the vortex 

scattering transport expression by employing the 

continuity concept from equation (1).  
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The dimensional vorticity transmission equation is 

given in equation (12) 
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Equation (13) utilizes stream function derivatives 

to define velocity in two-dimensional cylindrical 

dimensions.  
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Equation (14) offers the Poisson formula when 

substituted in Eq.(11) 
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The transport equation, energy equation, 

and operational conditions were converted to a 

non-dimensional notation for a variety of physical 

parameters, using L, WU , (Tw - T), LW
,
 and 

LW  respectively for length, velocity, 

temperature, stream function, and vorticity as 

shown in Eq.(15), (Sangotayo and Hunge, 2020). 
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Eq. (16–19) provides the normalized equations for 

the R- and Z-velocity components, vortex 

shedding, stream constituent, and energy transport:  
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Where μ is dynamic viscosity, k is thermal 

conductivity, Ra is Rayleigh number,  Gr is 

Grashof number, Re is Reynolds number, Pr is 

Prandtl number and Cp is specific heat capacity, 

Non-dimensional border conditions are: 
 ;  1  R 0  1;  at Z1    U    0;      0; V   0;      

  
 ;  R ;    ;  at Z  Ω    V  θ Ψ  U 1000;0 

  

 10000   ;  Z ;   at R   ; Ω ΨU θ  V 

 

 1   Z0  1;  Rat   0    ; 0    
R

   
R

 
R

      















VU 
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One of the most effective problem-solving 

techniques for nonlinear energy transport and 

vorticity formulae (18) and (19) is the finite 

difference approach. The concurrent system of 

equations was assessed by utilizing heat 

transmission and relaxation between a fluid and a 

surface, which resulted in a temperature gradient 

that was proportional to the neighboring Nusselt 

quantity, as illustrated in Eq. (20). (Waheed, 2009). 
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Eq. (20) is the enclosed Nusselt number across the 

heated contact space yields the usual Nusselt 

quantity as shown in Eq. (21) (Waheed, 2009). 
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The Rayleigh number (Ranf) of the 

nanofluid was determined using Equation (22) and 

the Grashof number (Grnf) was determined using 

Equation (23). The Buoyancy factor (BFnf) was 

determined using Equation (24). (Esmaeilpour and 

Abdollahzadeh, 2012; Waheed, 2009). 
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The temperature and vortex fields were 

established in accordance with the conditions for 

stable flow, as illustrated in Eq. (25): (Sangotayo 

and Hunge, 2020) 
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The variable   denotes  , or θ, and n 

refer to the number of iterations required for 

convergence of the outcomes. The value utilized 

varies between 10
-3

 and 10
-8

 in distinct forms of 

literature (Sangotayo and Hunge, 2020) 

 

III  RESULTS AND DISCUSSIONS 

Figure 2 shows the results of estimating 

the local Nusselt number at different convergence 

factor values (ranging from 10
-1

 to 10
-8

), to 

evaluate the effect of the convergence standard on 

numerical results. According to Sangotayo and 

Hunge (2020), grid independence studies reveal 

that a 41 by 41 grid layout is sufficient for 

excellent numerical solutions, field precision, and 

high accuracy. The results imply a convergence 

factor of 10
-4

. 
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Fig. 2. A graph of the mean Nusselt number, Nu, 

versus convergence variable.  

 

Fig. 3 shows how changing the 

nanoparticle sizes and the Eckert number between 

1 and 40 affects the Nusselt number. The Nusselt 

values increase with the increase in Eckert values. 

As Ec increases, the Nusselt number (Nu) 

increases, which suggests that the heat transfer 

process is more efficient. Additionally, the 

convective heat transfer coefficient and the 

temperature gradient near the wall increase. The 

Nusselt number (Nu) increases as the size of the 

nanoparticles decreases from 0.5 to 0.0, which 

suggests that heat transfer is improved. 

Additionally, the convective heat transfer 

coefficient increases and the thickness of the 

thermal boundary layer diminishes. 

Comprehending the impact of nanoparticle size and 

Ec on Nu is essential for the design of effective 

heat transfer systems. 

 

 
Fig. 3 The influence of altering the nanoparticle 

sizes and Eckert number on the Nusselt number 

 

Figure 3 shows how adjusting the 

nanoparticle sizes between 0 and 0.5 affects the 

Prandtl number Prandtl values fall as nanoparticle 

size increases to 0.3 and this suggests that while 

heat diffusivity is increasing, momentum 

diffusivity is rapidly decreasing. 

 
Fig. 4 The influence of altering the nanoparticle 

sizes on the Prandtl number 
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Fig. 5 displays the influence of altering 

nanoparticle fraction on the local drag coefficient. 

It shows that the local drag coefficient reduces as 

nanoparticle fraction increases. The local drag 

coefficient diminishes with an increase in 

nanoparticle percentage due to enhanced viscosity; 

nanoparticles elevate the viscosity of the base fluid, 

hence decreasing turbulence and drag. 

Furthermore, nanoparticles augment the boundary 

layer thickness, hence diminishing velocity 

gradients and drag. It is supported by Hwang et al. 

(2016) and Pouranfard et al. (2014) 

 

 
Fig. 4 The influence of altering nanoparticle 

fraction on Local Drag Coefficient 

 

Figure 5 illustrates the impact of 

modifying nanoparticle sizes ranging from 0 to 0.5 

on the density of the nanofluid. As the size of 

nanoparticles grows, the density of the nanofluid 

rises due to a greater mass fraction of nanoparticles 

and enhanced nanoparticle aggregation, resulting in 

a bigger effective particle size. It was collaborated 

by Wang et al. (2006). 

 
Fig. 5 Effect of nanoparticle sizes on the density 

of nanofluids 
 

Figure 6 illustrates the impact of 

modifying nanoparticle sizes ranging from 0 to 0.5 

on the viscosity of the nanofluid. The viscosity of 

nanofluids increases as the size of the nanoparticles 

increases, which is a result of the increased surface 

area. The interactions with the base fluid are 

enhanced by the larger nanoparticles' higher 

surface area-to-volume ratio. Clusters are formed 

by larger nanoparticles, which aggregate and 

increase viscosity.  The viscosity of the base fluid 

is increased by the fact that larger nanoparticles 

interact with it more strongly. 

 

 
Fig. 6 Effect of nanoparticle sizes on the 

viscosity of nanofluids 
 

Figure 7 illustrates the effect of adjusting 

the size of nanoparticles from 0 to 0.5 on the 

thermal conductivity of the nanofluid. The thermal 

conductivity of nanofluids increases as the size of 

nanoparticles increases because of their increased 

surface area. The surface area-to-volume ratio of 

larger nanoparticles is higher, improving heat 

transfer and Clusters of larger nanoparticles 

increase heat conductivity. Larger nanoparticles 

show enhanced Brownian motion and promote 

phonon transport, both of which boost thermal 

conductivity. 
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Fig. 7 Effect of nanoparticle sizes on the thermal 

conductivity of nanofluids 

 

The effect of adjusting nanoparticle sizes 

between 0 and 0.5 on the nanofluid's specific heat 

capacity is shown in Figure 8. The specific heat 

capacity of nanofluids decreases as the size of 

nanoparticles increases because larger 

nanoparticles have a lower surface area and display 

diminished Brownian motion, which limits heat 

transmission, they have a lower specific heat 

capacity than smaller nanoparticles in nanofluids. 

Larger nanoparticles tend to agglomerate more, 

which lowers their specific heat capacity and 

effective surface area. 

 

 
Fig. 8 Effect of nanoparticle sizes on the specific 

heat capacity of nanofluids 

 

Fig. 9 shows how changing the 

nanoparticle sizes and the Eckert number between 

1 and 40 affects the heat characteristics of 

nanofluids. Heat characteristics, including thermal 

conductivity and heat transfer coefficient, increase 

with nanoparticle size and decrease with Eckert 

number. This is because larger nanoparticles have a 

higher surface area-to-volume ratio, which 

increases thermal conductivity. Enhanced particle-

fluid interactions and the thickness of the thermal 

boundary layer are reduced by larger nanoparticles, 

which in turn improves heat transfer. Eckert 

Number is the ratio of kinetic energy to thermal 

energy is denoted by Ec. An increase in Ec results 

in a reduction in heat transfer as a result of the 

increased thickness of the thermal boundary layer. 

 

 
Fig. 9 Effect of nanoparticle sizes and Eckert 

number on Heat characteristics of nanofluids 

The analysis indicates that there is a 

perfect amount of nanoparticles that increases heat 

transfer efficiency while reducing adverse 

consequences, such as increased pressure drop. 

This balance is crucial for ensuring that the nano-

lubricant improves thermal efficiency without 

incurring excessive operational costs or 

inefficiencies. The research emphasizes the 

importance of accurately adjusting the proportion 

of nanoparticles in nano-lubricants to enhance heat 

dissipation in industrial processes, including 

thermal systems, refrigeration systems, and heat 

exchangers. 

 

IV CONCLUSIONS 
This study provided a thorough numerical 

analysis of the impact of nanoparticle concentration 

on the thermophysical properties and heat transfer 

performance of aluminum oxide (Al₂ O₃ )-based 

nano-lubricants in a cylindrical channel. The 

findings indicated that the thermal conductivity and 
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heat transfer capabilities of the nano-lubricant are 

considerably improved by the increase in the 

concentration of Al₂ O₃  nanoparticles. The 

thermal conductivity, viscosity, and density of the 

Al₂ O₃  nanofluid increases as the size of the 

nanoparticles increases. As the nanoparticle 

fraction increases, the local drag coefficient and 

specific thermal capacity of the nanofluid 

decreases. Heat characteristics, such as thermal 

conductivity and heat transfer coefficient, increase 

with nanoparticle size and diminish with Eckert 

number. The results provide valuable insights into 

the design and application of nanoparticle-

enhanced lubricants for thermal management and 

emphasize the potential of Al₂ O₃  nano-lubricants 

to enhance heat transfer performance in a diverse 

array of engineering applications, provided that the 

concentration of nanoparticles is meticulously 

managed. To enhance the efficacy of nano-

lubricants, future research could investigate the 

impact of various nanoparticle materials, base 

fluids, and flow conditions. 
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NOMENCLATURE 

Symbols  Definitions     Unit  

m  Mass flow rate    [kg/hr]  

𝑄𝑢  Useful energy    [W ] 

𝐶𝑝    Heat capacity    [J/kg.K]  

𝐶𝑝𝑛𝑓   Nanofluid heat capacity    [J/kg.K]  

𝐶𝑝𝑓  Fluid heat capacity    [J/kg.K]  

𝐶𝑝𝑝  Nanoparticle heat capacity   [J/kg.K] 

𝐾𝑓  Fluid thermal conductivity   [W/m.K]  

𝐾𝑝  Nanoparticle thermal conductivity   [W/m.K]  

���  Nanofluid thermal conductivity  [W/m.K] 

Greek Symbols 

Symbols   Definitions   Unit  

���  Nanofluid density   [kg/�
3 
] 

�  Nanoparticle size   [-] 

��  Fluid density   [kg/�
3
 ] 

���  Nanofluid viscosity  [m²/s ] 

��  Nanoparticle density   [kg/�
3
 ] 

��  Fluid viscosity   [m²/s] 

Subscripts 

nf Nanofluid 

p Particle 

f Fluid 

Bf Base Fluid 

Greek symbols 

μ viscosity 

φ Volume fraction 

ρ Density 

 


