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In this present article, a study of the dynamic and thermal behavior of the Al2O3-water 
nanofluid flow through a channel provided with trapezoidal undulations, under the action 
of a constant heat flux. To do this, the effect of various volume fractions (0-4%) and that 
of the nanoparticle diameter (30, 40, 60 nm) on the heat transfer and pressure drop 
within the channel was analyzed, for a range of Reynolds numbers between 100 to 1000. 
The equations governing the fluid flow, namely the equations of continuity, momentum 
and energy were integrated and discretized based on the finite volume method (FVM). 
The obtained results indicated that using nanofluids with a high-volume fraction and a 
small nanoparticle diameter makes it possible to improve the performance of the system 
in terms of heat transfer, pressure drop and friction factor. 
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1. Introduction 
 
      Since Maxwell [1], it is known that adding particles into a fluid in-creases the thermal conductivity 
of the mixture. With the development of nanotechnologies, side effects of the usage of millimetric 
and micrometric particles like erosion, sedimentation and an increase in pressure drop have 
attenuated. In 1995, Choi and Eastman [2] innovated a novel heat transfer fluid called nanofluid. It is 
a suspension consisting of nanoscale solid particles and conventional base fluid. These tiny particles 
are composed of high thermal conductivity and their large surface-to-volume ratio can even enhance 
the heat exchange interaction between solid and fluid particles. After that, many researchers 
conducted investigations by adding metallic, non-metallic and even the combinations of two or more 
different nanoparticles as hybrid in conventional base fluids, e.g., Cu nanoparticles in water [3], Al2O3 
nanoparticles in water [4], Fe3O4 nanoparticle in  water [5], TiO2 nanoparticles in  water [6],  ZnO 
nanoparticles in water [7], Carbon nanotube in therminol [8] etc. to measure the potential in various 
heat transfer applications such as in nuclear systems [9,10], solar energy systems [11, 12], domestic 
refrigerators [13], air conditioning systems [14], heat exchangers [15, 16], heat pipes [17, 18]and 
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thermo siphons [19] etc. Although many publications exclusively deal with the thermophysical 
properties of nanofluids [20–28], the results are heterogeneous, especially for the thermal 
conductivity and the viscosity making the development of a single correlation difficult. Turgut et al., 
[23], Barb’es et al., [24] and Yang et al., [29] measured thermal conductivities of various nanofluids 
in good agree-ment with the model of Hamilton-Crosser (HC) [30]. On the other hand, Murshed et 
al., [21] reported increases in thermal conductivity of 18% and 45% for a particle volume 
concentration of 5% of Al and TiO2 in ethylene glycol which is much higher than the predicted values 
of HC model. They proposed a model to determine the relative thermal conductivity taking into 
account the particle size and the thickness. 

Due to their enhanced thermal conductivity, nanofluids have become good candidates for heat 
transfer fluids. Kim et al., [31] studied the flow of an Al2O3-water nanofluid in a pipe and reported an 
enhancement of 15% and 20% in the convective heat transfer coefficient in laminar and turbulent 
regimes respectively. At 0.3% of Al2O3 in water, Hwang et al., [32] observed an increase of 8% in the 
convective heat transfer coefficient in laminar flow that is higher than the enhancement of the 
thermal conductivity (+1.44%). The friction factor is unchanged with the increasing volume 
concentration up to 0.3% while the viscosity is 3% higher than pure water at the maximum volume 
concentration. Xuan and Li [33] experimentally studied the heat transfer and flow of copper–water 
nanofluid in a tube. They have observed that the enhancement in heat transfer increased as the 
concentration of solid particles increased. Kolade et al., [34] measured the effective thermal 
conductivity of nanofluids flowing through a circular pipe in the laminar flow regime. The effect of 
nanoparticle's diameter on laminar mixed convection flow in a circular curved tube has been 
numerically investigated by Akbarinia and Laur [35]. The numerical results show that as the diameter 
of the nanoparticle increases, Nusselt number as well as the secondary flow decrease. While the axial 
velocity augments when the diameter of nanoparticles increases. Ahmad et al., [36] proposed a 
numerical study of the effect of the characteristics of nanofluids in laminar flow on the heat transfer 
and friction factor, inside a rectangular channel. The efficiency of metallic oxide nanoparticles (Al2O3), 
metallic nanoparticles (Cu) and semiconductor nanoparticles (SiO2) in improving the heat transfer 
rate was also examined by varying the volume fractions from 0.5% to 2.5%, while keeping a constant 
nanoparticle diameter (25 nm). The numerical results showed that the convective heat transfer 
coefficient, thermal conductivity, pressure drop and average velocity of all nanofluids increased as 
the Reynolds number and volume concentration augmented, while the friction factor went down.  
Das et al., [37] conducted an experimental study on the stability and properties of the nanofluid 
Al2O3-water and studied the effects of temperature (20 - 60 °C) and volume fraction (0.1% - 2%) of 
nanofluids on the heat transfer. The results obtained show that the thermal conductivity increased 
as the volume fraction and temperature went up. Ahmed et al., [38], they carried out an experimental 
study on the preparation of the nanofluid Al2O3-water. Nanoparticles Al2O3 were added to water in 
the cooling tank, with different volume fraction. The results obtained indicated a decline in energy 
consumption and an increase in the cooling capacity, and consequently a 5% coefficient of 
performance (COP) increase. Wang et al., [39] measured thermal conductivity of Al2O3 and CuO 
nanofluids using water, oil and ethylene glycol as base fluids and re-ported that the enhancement of 
thermal conductivity and the thermal conductivity ratio of nanofluids both were higher comparing 
to the base fluids. Hamid et al., [40] experimentally investigated the viscosity of Al2O3 nanofluids 
prepared with water-EG mixture in 40:60, 50:50 and 60:40 by volume as base fluids and the 
nanoparticles dispersed up to 2 % concentration under 30℃– 70℃. They reported that viscosity 
increased with the concentration increase and decreased with the temperature increase. A similar 
result was found by Cie ́sli ́nski et al., [41] using Al2O3 / thermal oil and TiO2 / thermal oil nanofluids. 
Fedele et al., [42] experimented with water based nanofluids containing TiO2 in different 
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concentrations 20℃– 70℃  and found all the nanofluids behaved like Newtonian fluids and the 
viscosity enhancement, related to pure water was independent from temperature for all 
concentrations. Halelfadl et al., [43] studied the effect of temperature and concentration on viscosity 
of CNT/water nanofluids and reported that viscosity of nanofluids increased with increase in 
concentration of nanofluid and decreased with temperature rise. 

A numerical study on the forced convection of Al2O3-water nanofluid in ribbed channel has been 
conducted by Manca et al., [44]. It was found that the heat transfer rate enhanced with the 
concentration of nanoparticles as well as Reynolds number. But this enhancement in heat transfer 
was accompanied by increasing the pressure drop penalty. Ahmed et al., [45] investigated 
numerically the laminar forced convection flow in a triangular corrugated channel using copper–
water nanofluid. Results indicated that the enhancement in heat transfer increased with the 
nanoparticle volume fraction and with Reynolds number. Recently, Ahmed et al., [46] numerically 
studied on the heat transfer enhancement of copper–water nanofluid in a sinusoidal wavy channel. 
The numerical results showed that the heat transfer enhancement mainly depends on the amplitude 
of the wavy wall, Reynolds number and nanoparticle volume fraction rather than the wave length of 
the wavy wall. Chavan et al., [47] studied the effects of the volume fraction of nanoparticles and 
temperature on the effective viscosity and density of nanofluids. It should be noted that some stable 
nanofluids including different base fluids and different nanoparticles with various volume fraction 
were prepared. The experimental results clearly showed that the viscosity of nanofluids increased 
with the increase in the volume fraction of nanoparticles but decreased when the nanofluid 
temperature augmented. 

Based on the above review, it is noted that all of the previous studies on corrugated channel in 
literature used conventional fluid as working fluid and the influence of different volume fractions and 
diameters of nanoparticles are very important for improving the heat transfer. In this study, we 
conducted a numerical investigation of the convective heat transfer coefficient h and the pressure 
drop ΔP of a nanofluid Al2O3-water flow through a channel provided with trapezoidal undulations, 
for several mass concentrations and   diameter of nanoparticle, for a range of Reynolds numbers 
from 100 up to 1000. The objectives of this work are to study the flow and heat transfer of this 
nanofluid use the model of Vajjha and Das [48] which measured the thermal conductivity and an 
empirical correlation [49] which measured the dynamic viscosity to see the effect of various volume 
fractions and that of the nanoparticle diameter on the heat transfer and pressure drop.  The results 
were computed using ANSYS Fluent and validated with the existing works carried out by Ahmed et 
al., [50]. 
 
2. Mathematical Formulation of The Problem 
2.1 Description of The Physical Model 

 
The geometric parameters of this problem are taken from the reference [51]. The system under 

study is illustrated in Figure 1. This is a two-dimensional laminar flow, between two parallel plates, 
composed with trapezoidal undulations, and is subjected to a constant heat flow. The height (H), the 
length (Lch) and the width (wch) of channel is 0.2 mm, 10 mm and 0.1 mm respectively.  In addition, 
the mixture of water and nanoparticles of aluminum oxide is assumed to be homogeneous and 
incompressible. The nanofluid enters the channel with uniform and constant velocity and 
temperature profiles. 
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Fig. 1. Simplified diagram of the trapezoidal corrugated channel [51] 

 
2.2 Governing Equations 
    

The flow and Heat transfer are governed by the equations of continuity, momentum and energy 
(Izadi and al) [52]: 
    
Continuity equation: 
 

 
Momentum: 

 
 
Energy: 

 
2.3 Determination of Thermophysical Properties  

 
The density and heat capacity of the nanofluid at the reference temperature T0 [53] are 

determined from the following equations: 
 

 
With 

f and 
p the densities of base fluid and nanoparticles. 

 

 
With (𝜌𝐶𝑝)𝑓 and (𝜌𝐶𝑝)𝑝 the thermal capacities of the base fluid and of the solid nanoparticles. 

 
2.3.1 Thermal conductivity 
       

 Thermal conductivity is an important parameter for the enhancement of the heat transfer 
performance of nanofluids. A wide range of experimental and theoretical studies were conducted in 
the literature to model the thermal conductivity of nanofluids. The classical models, originated from 

0=U  (1) 
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continuum formulation which typically involves the particle size/shape and volume fraction and 
assumes diffusive heat transfer in both fluid and solid phases, have been used to predict the thermal 
conductivity of nanofluids. Since the model reported by Maxwell [1], other classical models have 
been suggested by Bruggeman [54], Hamilton and Crosser [55], Jeffery [56], Wasp [57], Davis [58], 
and Lu and Lin [59]. 

According to these models, we use the model of Vajjha and Das [48] which measured the thermal 
conductivity of Al2O3 nanofluids of several volumetric   concentrations in the base fluid with a Hilton 
[60] thermal conductivity apparatus suitable for liquids and gases. They developed a thermal 
conductivity model, which is a two-term function. The first term is called the static part and the 
second term is due to the Brownian motion. The second term takes into account the effect of particle 
size, particle volumetric concentration, temperature and properties of base fluid, as well as 
nanoparticles subjected to Brownian motion. 

The effective thermal conductivity of a nanofluid is given by Eq. (6). The term 𝑓(𝑇, 𝜑) in Eq. (6.2) 
is a function of temperature and particle volume concentration given by Eq. (6.3) [48] and the 
correlations for 𝛽 (fraction of the liquid volume which travels with a particle) is given in Table 1. 

 

 

Where k is the Boltzmann constant kJ23103807.1 −=  

 

 
Table 1 
Curve-fit relations proposed by Vajjha and Das [48] and Sahoo [61] 
Type of particles 𝛽 Concentration Temperature 
Al2O3 𝛽 = 8.4407(100𝜙)−1.07304 %10%1   KTK 363298   

 
2.3.2 Dynamic viscosity 

 
The dynamic viscosity is one of the key properties of nanofluids. It is believed that the viscosity is 

as critical as the thermal conductivity in engineering system because it is expected that nanofluids 
increase the thermal conductivity of base fluids without increasing the pressure drop that may affect 
the process of the convective heat transfer. 

Although the Brinkman equation [62], and other traditional theories, notoriously under predict 
the effective dynamic viscosity of nanofluids, only few models have recently been proposed for 
describing the rheological behaviour of nanofluids, such as those developed by Koo [63], and 
Masoumi et al., [64]. However, as these models contain empirical correction factors based on an 
extremely small number of experimental data, their region of validity is some way limited. Therefore, 
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an empirical correlation [49] based on a large number of experimental data selected from literature 
has been developed for 𝜇𝑒𝑓𝑓 𝜇𝑓 ⁄ , where 𝜇𝑒𝑓𝑓 is the effective dynamic viscosity of the nanofluid, 

and 𝜇𝑓  the dynamic viscosity of the base fluid. For oxide and metal nanoparticles suspended in water 

or ethylene glycol-based nanoparticles. The diameter of the nanoparticles and the volume fraction 
as well as the temperature were respectively: 10-150 nm, 0.2% to 9% and 294 k to 324 k. 

 

 
Where 𝑀 is the molecular weight of base fluid 
             𝑁 is the Avogadro number 𝑁 = 6.022 ∗ 1023𝑚𝑜𝑙−1 
   

The thermophysical properties of the base fluid (water) and solid nanoparticles (Al2O3) used in 
the present study are specified in Table 2. 
 

Table 2 
Thermophysical properties of water and nanoparticles at 20°C [65] 

Thermophysical properties )/( 3mkg  
)/( kgKJCp     )/( mKWk  )/( mskg  

Water 
Al2O3  

998.2 
3600 

4182 
765 

0.6103 
36 

0.001003 
- 

 
The above-mentioned formulas were incorporated into the User-Defined Function (UDF) 

subroutines.  
 

2.4 Boundary Conditions 
 

• channel inlet:  
The input velocity was calculated from the Reynolds number by the relation: 
 

 
𝑇𝑖𝑛 = 293𝑘 
 

• Channel wall: (heat flux) 𝑞𝑤  =  106 𝑊/𝑚2   

• Channel Outlet: 𝑃 = 𝑃𝑎𝑡𝑚 
 

Due to the rectangular cross section of channel, the hydraulic diameter is written as, 

 
The average heat transfer coefficient is calculated as follows: 
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Where, Q is the heat flux, Ach is contact area of channel between fluid and solid and ∆T is the 
temperature difference between the bottom and fluid. 

The Nusselt number is then deduced from the convective heat transfer coefficient h using the 
expression, 

 

 
The friction coefficient is calculated by the expression: 
 

 
Where Δp is the pressure drop along the channel; (Pa). 

The comprehensive performance index is defined as follows [66]:  
 

 
The index 0 designates the values relating to a smooth channel with a pure water flow. 

 
3. Numerical Method 
 

To study the dynamic and thermal behavior of the system, a numerical simulation of a nanofluid 
flow through a corrugated trapezoidal channel was proposed. The Ansys-Fluent code (under 
Workbench environment version 14.0) was used to solve the governing equations of continuity, 
momentum and energy. Using the finite volume method (FVM), it was decided to keep the default 
discretization schemes for the pressure, speed and relaxation factors with the SIMPLE algorithm for 
the velocity-pressure coupling. A specific User-Defined Function (UDF) module was developed and 
integrated into the Ansys-Fluent software in order to integrate the thermophysical properties of 
nanofluids. In order to analyze the independence of the mesh with respect to geometry, several grids 
were studied and analyzed in order to obtain a numerical grid-independent solution. For this, four 
grids were selected, namely 24360, 64430, 88088, and 110120. The results presented in Figure 2, 
show the influence of the mesh on the axial velocity, indicated that the grid composed of 88088 cells 
provides a satisfactory solution. 
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Fig. 2. Influence of the mesh on axial velocity 

 
4. Validation of Results 
 

In order to validate the numerical results, the average Nusselt numbers for the base fluid (pure 
water) and the nanofluid Al2O3-water through a corrugated trapezoidal channel, were compared with 
those obtained by Ahmed et al., [50], for different Reynolds numbers (Figure 3). A good agreement 
was found between them. 
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Fig. 3. Comparison of the obtained Average Nusselt numbers with 
those of Ahmed et al., [50], for different values of the Reynolds 
number and different volume fraction 
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5. Results and discussions 
5.1 Effect of The Volume Fraction of The Nanoparticles   
 

Figure 5(a) shows the variation of the average Nusselt number as a function of the Reynolds 
number, for different volume fractions of the nanoparticles 0%, 2%, 3%, 4%. Therefore, the use of 
nanoparticles with a larger volume fraction and a higher Reynolds number can improve the heat 
transfer and Nusselt number. From Figure 5(b), one may clearly see that the larger the volume 
fraction of nanoparticles and the Reynolds number, the higher the pressure drop. This pressure drop 
is due to the increase in viscosity and density of the nanofluid Al2O3-water [65]. The performance 
index [66], expressed in equation (13), is used to analyze the thermo-hydrodynamic performance of 
the methods used for improving the heat transfer. This parameter is the comparison between the 
Nusselt number and friction factor in the indented channel for the volume fractions 0%, 2%, 3% et 
4%. Figure 5(c) shows the thermo-hydraulic performance, for different volume fractions, as a function 
of the Reynolds number. It is noted that the increase in the volume fraction of nanoparticles makes 
it possible to improve the thermohydraulic heat transfer performance rate. 
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Fig. 5. Effect volume fraction of nanoparticle as a function of Reynolds number (a) Average Nusselt 
number at dp = 30 nm (b) Pressure drop (c) Thermo-hydraulic performance index of heat transfer for 
nanofluid Al2O3-water 
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5.2 Effect of The Diameter of Nanoparticles 
 
    Figure 6(a) shows the variation of the average Nusselt number as a function of the Reynolds 
number, for different diameters of the nanoparticles 30, 40, 60nm with a volume fraction of 4%. The 
use of nanofluids with a smaller nanoparticle diameter and larger Reynolds number makes it possible 
to increase the Brownian motion of the nanoparticles and consequently to enhance the thermal 
conductivity, which results in better heat transfer [67]. Figure 6(b), suggests that the pressure drop 
for the Al2O3-water nanofluid increases as the Reynolds number goes up and the diameter of the 
nanoparticles goes down. The relation (13) is used to analyze the thermohydraulic performance index 
[66] of heat transfer, for different diameters of nanoparticles and different Reynolds numbers Figure 
6(c). The results obtained show that the heat transfer improves when the diameter of the 
nanoparticles decreases. 
   

            (a)
Al2O3-Water, 4%

 Reynolds number

0 200 400 600 800 1000

A
v

e
r
a

g
e
 N

u
ss

e
lt

 n
u

m
b

e
r

0

2

4

6

8

10

12

14

dp = 30 nm

dp = 40 nm

dp = 60 nm

 

 
Fig. 6. Effect of nanoparticle diameter as a function of Reynolds number (a) Average Nusselt number (b) 
Pressure drop (c) Thermo-hydraulic performance index of heat transfer for nanofluid Al2O3-water at 4% 
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6. Conclusion  
 

A numerical study was carried out to analyze the two-dimensional laminar flow of nanofluids as 
well as the heat transfer in a channel provided with trapezoidal undulations, under the action of a 
partially constant heat flux density. The effects of Reynolds number, volume fraction, and diameter 
of nanoparticles on the thermal and dynamic behaviour of a corrugated microchannel have been 
investigated. The main results observed are: 

 
i. The more the volume fraction of the nanoparticles and Reynolds number increase and the 

diameter of the nanoparticles decrease, the more the Nusselt number increases and the more 
the pressure drop decreases. 

ii. The thermohydraulic performance factor increases with the increase in the volume fraction 
of nanoparticles, and with the decrease in the diameter of nanoparticles. 

iii. This study allows us to conclude that the use the two-dimensional laminar flow of Al2O3-water 
nanofluid as well as the heat transfer in a channel provided with trapezoidal undulations with 
30 nm diameter nanoparticles, and a volume fraction of 4%, gives the best thermohydraulic 
performance over the entire range of Reynolds numbers. 

 
Acknowledgement 
This research is supported by the Energetics and Applied Thermal Laboratory University of 
Technology Algeria and Carnot Interdisciplinary Laboratory Burgundy University of Technology of 
Belfort-Montbeliard. 
 
References  
[1] Maxwell, James Clerk. A treatise on electricity and magnetism. Vol. 1. Clarendon press, 1873..  
[2] Choi, S. US, and Jeffrey A. Eastman. Enhancing thermal conductivity of fluids with nanoparticles. No. ANL/MSD/CP-

84938; CONF-951135-29. Argonne National Lab., IL (United States), 1995.  
[3] Boudouh, Mounir, Hasna Louahlia Gualous, and Michel De Labachelerie. "Local convective boiling heat transfer and 

pressure drop of nanofluid in narrow rectangular channels." Applied Thermal Engineering 30, no. 17-18 (2010): 
2619-2631. https://doi.org/10.1016/j.applthermaleng.2010.06.027 

[4] Mukherjee, Sayantan, Purna Chandra Mishra, and Paritosh Chaudhuri. "Thermo-economic performance analysis of 
Al2O3-water nanofluids—an experimental investigation." Journal of Molecular Liquids 299 (2020): 112200. 
https://doi.org/10.1016/j.molliq.2019.112200 

[5] Lee, Taeseung, Jong Hyuk Lee, and Yong Hoon Jeong. "Flow boiling critical heat flux characteristics of magnetic 
nanofluid at atmospheric pressure and low mass flux conditions." International Journal of Heat and Mass 
Transfer 56, no. 1-2 (2013): 101-106. https://doi.org/10.1016/j.ijheatmasstransfer.2012.09.030 

[6] Azmi, W. H., K. V. Sharma, P. K. Sarma, Rizalman Mamat, and G. Najafi. "Heat transfer and friction factor of water 
based TiO2 and SiO2 nanofluids under turbulent flow in a tube." International Communications in Heat and Mass 
Transfer 59 (2014): 30-38. https://doi.org/10.1016/j.icheatmasstransfer.2014.10.007 

[7] Prajapati, Om Shankar, and Nirupam Rohatgi. "Flow boiling heat transfer enhancement by using ZnO-Water 
nanofluids." Science and Technology of Nuclear Installations 2014 (2014). https://doi.org/10.1155/2014/890316 

[8] Sarafraz, M. M., and A. Taghavi Khalil Abad. "Statistical and experimental investigation on flow boiling heat transfer 
to carbon nanotube-therminol nanofluid." Physica A: Statistical Mechanics and its Applications 536 (2019): 122505. 
https://doi.org/10.1016/j.physa.2019.122505 

[9] Sharma, Deepak, and K. M. Pandey. "Numerical investigation of heat transfer characteristics in triangular channel 
in light water nuclear reactor by using CuO-water based nanofluids." Indian Journal of Science and Technology 9, 
no. 16 (2016): 1-6. https://doi.org/10.17485/ijst/2016/v9i16/92754 

[10] Sharma, Deepak, K. M. Pandey, Ajoy Debbarma, and Gautam Choubey. "Numerical Investigation of heat transfer 
enhancement of SiO2-water based nanofluids in Light water nuclear reactor." Materials Today: Proceedings 4, no. 
9 (2017): 10118-10122. https://doi.org/10.1016/j.matpr.2017.06.332 

https://doi.org/10.1016/j.applthermaleng.2010.06.027
https://doi.org/10.1016/j.molliq.2019.112200
https://doi.org/10.1016/j.ijheatmasstransfer.2012.09.030
https://doi.org/10.1016/j.icheatmasstransfer.2014.10.007
https://doi.org/10.1155/2014/890316
https://doi.org/10.1016/j.physa.2019.122505
https://doi.org/10.17485/ijst/2016/v9i16/92754
https://doi.org/10.1016/j.matpr.2017.06.332


Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 89, Issue 2 (2022) 114-127 

 

125 
 

[11] Mahbubul, I. M., Mohammed Mumtaz A. Khan, Nasiru I. Ibrahim, Hafiz Muhammad Ali, Fahad A. Al-Sulaiman, and 
R. J. R. E. Saidur. "Carbon nanotube nanofluid in enhancing the efficiency of evacuated tube solar 
collector." Renewable energy 121 (2018): 36-44. https://doi.org/10.1016/j.renene.2018.01.006 

[12] Menbari, Amir, and Ali Akbar Alemrajabi. "Analytical modeling and experimental investigation on optical properties 
of new class of nanofluids (Al2O3–CuO binary nanofluids) for direct absorption solar thermal energy." Optical 
Materials 52 (2016): 116-125. https://doi.org/10.1016/j.optmat.2015.12.023 

[13] Jatinder, Gill, Olayinka S. Ohunakin, Damola S. Adelekan, Opemipo E. Atiba, Ajulibe B. Daniel, Jagdev Singh, and 
Aderemi A. Atayero. "Performance of a domestic refrigerator using selected hydrocarbon working fluids and TiO2–
MO nanolubricant." Applied Thermal Engineering 160 (2019): 114004. 
https://doi.org/10.1016/j.applthermaleng.2019.114004 

[14] Ahmed, M. Salem, and Ashraf Mimi Elsaid. "Effect of hybrid and single nanofluids on the performance 
characteristics of chilled water air conditioning system." Applied Thermal Engineering 163 (2019): 114398. 
https://doi.org/10.1016/j.applthermaleng.2019.114398 

[15] Peyghambarzadeh, S. M., Mohammad Mohsen Sarafraz, N. Vaeli, E. Ameri, A. Vatani, and M. Jamialahmadi. "Forced 
convective and subcooled flow boiling heat transfer to pure water and n-heptane in an annular heat 
exchanger." Annals of Nuclear Energy 53 (2013): 401-410. https://doi.org/10.1016/j.anucene.2012.07.037 

[16] Qi, Cong, Tao Luo, Maoni Liu, Fan Fan, and Yuying Yan. "Experimental study on the flow and heat transfer 
characteristics of nanofluids in double-tube heat exchangers based on thermal efficiency assessment." Energy 
Conversion and Management 197 (2019): 111877. https://doi.org/10.1016/j.enconman.2019.111877 

[17] Poplaski, Leonard M., Steven P. Benn, and Amir Faghri. "Thermal performance of heat pipes using 
nanofluids." International Journal of Heat and Mass Transfer 107 (2017): 358-371. 
https://doi.org/10.1016/j.ijheatmasstransfer.2016.10.111 

[18] Liu, Zhen-Hua, and Yuan-Yang Li. "A new frontier of nanofluid research–application of nanofluids in heat 
pipes." International Journal of Heat and Mass Transfer 55, no. 23-24 (2012): 6786-6797. 
https://doi.org/10.1016/j.ijheatmasstransfer.2012.06.086 

[19] Sarafraz, M. M., O. Pourmehran, B. Yang, and M. Arjomandi. "Assessment of the thermal performance of a 
thermosyphon heat pipe using zirconia-acetone nanofluids." Renewable Energy 136 (2019): 884-895. 
https://doi.org/10.1016/j.renene.2019.01.035 

[20] Mondragón, Rosa, Carmen Segarra, Raúl Martínez-Cuenca, J. Enrique Juliá, and Juan Carlos Jarque. "Experimental 
characterization and modeling of thermophysical properties of nanofluids at high temperature conditions for heat 
transfer applications." Powder Technology 249 (2013): 516-529. https://doi.org/10.1016/j.powtec.2013.08.035 

[21] Murshed, S. M. S., K. C. Leong, and C. Yang. "Investigations of thermal conductivity and viscosity of 
nanofluids." International journal of thermal sciences 47, no. 5 (2008): 560-568. 
https://doi.org/10.1016/j.ijthermalsci.2007.05.004 

[22] Sekhar, Y. Raja, and K. V. Sharma. "Study of viscosity and specific heat capacity characteristics of water-based Al2O3 
nanofluids at low particle concentrations." Journal of experimental Nanoscience 10, no. 2 (2015): 86-102. 
https://doi.org/10.1080/17458080.2013.796595 

[23] Turgut, A., I. Tavman, M. Chirtoc, H. P. Schuchmann, C. Sauter, and SJIJoT Tavman. "Thermal conductivity and 
viscosity measurements of water-based TiO 2 nanofluids." International Journal of Thermophysics 30, no. 4 (2009): 
1213-1226. https://doi.org/10.1007/s10765-009-0594-2 

[24] Barbés, Benigno, Ricardo Páramo, Eduardo Blanco, and Carlos Casanova. "Thermal conductivity and specific heat 
capacity measurements of CuO nanofluids." Journal of Thermal Analysis and Calorimetry 115, no. 2 (2014): 1883-
1891. https://doi.org/10.1007/s10973-013-3518-0 

[25] Popa, Catalin Viorel, Cong Tam Nguyen, and Iulian Gherasim. "New specific heat data for Al2O3 and CuO 
nanoparticles in suspension in water and Ethylene Glycol." International Journal of Thermal Sciences 111 (2017): 
108-115. https://doi.org/10.1016/j.ijthermalsci.2016.08.016 

[26] Hachey, M-A., C. T. Nguyen, N. Galanis, and Catalin V. Popa. "Experimental investigation of Al2O3 nanofluids 
thermal properties and rheology–Effects of transient and steady-state heat exposure." International Journal of 
Thermal Sciences 76 (2014): 155-167. https://doi.org/10.1016/j.ijthermalsci.2013.09.002 

[27] Lai, W. Y., P. E. Phelan, and R. S. Prasher. "Pressure-Drop Viscosity Measurements for -Al2O3 Nanoparticles in 
Water and PG-Water Mixtures (Nanofluids)." Journal of nanoscience and nanotechnology 10, no. 12 (2010): 8026-
8034. https://doi.org/10.1166/jnn.2010.2656 

[28] Zhou, Sheng-Qi, and Rui Ni. "Measurement of the specific heat capacity of water-based Al 2 O 3 nanofluid." Applied 
Physics Letters 92, no. 9 (2008): 093123. https://doi.org/10.1063/1.2890431 

[29] Yang, Yijun, Alparslan Oztekin, Sudhakar Neti, and Satish Mohapatra. "Characterization and convective heat 
transfer with nanofluids." In ASME/JSME Thermal Engineering Joint Conference, vol. 38921, p. T30087. 2011. 
https://doi.org/10.1115/AJTEC2011-44448 

https://doi.org/10.1016/j.renene.2018.01.006
https://doi.org/10.1016/j.optmat.2015.12.023
https://doi.org/10.1016/j.applthermaleng.2019.114004
https://doi.org/10.1016/j.applthermaleng.2019.114398
https://doi.org/10.1016/j.anucene.2012.07.037
https://doi.org/10.1016/j.enconman.2019.111877
https://doi.org/10.1016/j.ijheatmasstransfer.2016.10.111
https://doi.org/10.1016/j.ijheatmasstransfer.2012.06.086
https://doi.org/10.1016/j.renene.2019.01.035
https://doi.org/10.1016/j.powtec.2013.08.035
https://doi.org/10.1016/j.ijthermalsci.2007.05.004
https://doi.org/10.1080/17458080.2013.796595
https://doi.org/10.1007/s10765-009-0594-2
https://doi.org/10.1007/s10973-013-3518-0
https://doi.org/10.1016/j.ijthermalsci.2016.08.016
https://doi.org/10.1016/j.ijthermalsci.2013.09.002
https://doi.org/10.1166/jnn.2010.2656
https://doi.org/10.1063/1.2890431
https://doi.org/10.1115/AJTEC2011-44448


Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 89, Issue 2 (2022) 114-127 

 

126 
 

[30] Hamilton, R. Lꎬ, and O. K. Crosser. "Thermal conductivity of heterogeneous two-component systems." Industrial & 
Engineering chemistry fundamentals 1, no. 3 (1962): 187-191. https://doi.org/10.1021/i160003a005 

[31] Kim, Doohyun, Younghwan Kwon, Yonghyeon Cho, Chengguo Li, Seongir Cheong, Yujin Hwang, Jaekeun Lee, 
Daeseung Hong, and Seongyong Moon. "Convective heat transfer characteristics of nanofluids under laminar and 
turbulent flow conditions." Current Applied Physics 9, no. 2 (2009): 119-123. 
https://doi.org/10.1016/j.cap.2008.12.047 

[32] Hwang, Kyo Sik, Seok Pil Jang, and Stephen US Choi. "Flow and convective heat transfer characteristics of water-
based Al2O3 nanofluids in fully developed laminar flow regime." International journal of heat and mass transfer 52, 
no. 1-2 (2009): 193-199. https://doi.org/10.1016/j.ijheatmasstransfer.2008.06.032 

[33] Xuan, Yimin, and Qiang Li. "Investigation on convective heat transfer and flow features of nanofluids." J. Heat 
transfer 125, no. 1 (2003): 151-155. https://doi.org/10.1115/1.1532008 

[34] Kolade, Babajide, Kenneth E. Goodson, and John K. Eaton. "Convective performance of nanofluids in a laminar 
thermally developing tube flow." Journal of Heat Transfer 131, no. 5 (2009). https://doi.org/10.1115/1.3013831 

[35] Akbarinia, A., and R. Laur. "Investigating the diameter of solid particles effects on a laminar nanofluid flow in a 
curved tube using a two phase approach." International Journal of Heat and Fluid Flow 30, no. 4 (2009): 706-714. 
https://doi.org/10.1016/j.ijheatfluidflow.2009.03.002 

[36] Ahmad, U. K., M. Hasreen, N. A. Yahaya, and B. Rosnadiah. "Comparative study of heat transfer and friction factor 
characteristics of nanofluids in rectangular channel." Procedia engineering 170 (2017): 541-546. 
https://doi.org/10.1016/j.proeng.2017.03.086 

[37] Das, Pritam Kumar, Nurul Islam, Apurba Kumar Santra, and Ranjan Ganguly. "Experimental investigation of 
thermophysical properties of Al2O3–water nanofluid: Role of surfactants." Journal of Molecular Liquids 237 (2017): 
304-312. https://doi.org/10.1016/j.molliq.2017.04.099 

[38] Ahmed, M. Salem, Mohamed R. Abdel Hady, and G. Abdallah. "Experimental investigation on the performance of 
chilled-water air conditioning unit using alumina nanofluids." Thermal Science and Engineering Progress 5 (2018): 
589-596. https://doi.org/10.1016/j.tsep.2017.07.002 

[39] Wang, Xinwei, Xianfan Xu, and Stephen US Choi. "Thermal conductivity of nanoparticle-fluid mixture." Journal of 
thermophysics and heat transfer 13, no. 4 (1999): 474-480. https://doi.org/10.2514/2.6486 

[40] Hamid, K. Abdul, W. H. Azmi, Rizalman Mamat, N. A. Usri, and G. Najafi. "Investigation of Al2O3 nanofluid viscosity 
for different water/EG mixture based." Energy Procedia 79 (2015): 354-359. 
https://doi.org/10.1016/j.egypro.2015.11.502 

[41] Cieśliński, Janusz T., Katarzyna Ronewicz, and Sławomir Smoleń. "Measurement of temperature-dependent 
viscosity and thermal conductivity of alumina and titania thermal oil nanofluids." Archives of Thermodynamics 36, 
no. 4 (2015). https://doi.org/10.1515/aoter-2015-0031 

[42] Fedele, Laura, Laura Colla, and Sergio Bobbo. "Viscosity and thermal conductivity measurements of water-based 
nanofluids containing titanium oxide nanoparticles." International journal of refrigeration 35, no. 5 (2012): 1359-
1366. https://doi.org/10.1016/j.ijrefrig.2012.03.012 

[43] Halelfadl, Salma, Patrice Estellé, Bahadir Aladag, Nimeti Doner, and Thierry Maré. "Viscosity of carbon nanotubes 
water-based nanofluids: Influence of concentration and temperature." International Journal of Thermal Sciences 71 
(2013): 111-117. https://doi.org/10.1016/j.ijthermalsci.2013.04.013 

[44] Manca, Oronzio, Sergio Nardini, and Daniele Ricci. "A numerical study of nanofluid forced convection in ribbed 
channels." Applied Thermal Engineering 37 (2012): 280-292. 
https://doi.org/10.1016/j.applthermaleng.2011.11.030 

[45] Ahmed, M. A., N. H. Shuaib, Mohd Zamri Yusoff, and A. H. Al-Falahi. "Numerical investigations of flow and heat 
transfer enhancement in a corrugated channel using nanofluid." International Communications in Heat and Mass 
Transfer 38, no. 10 (2011): 1368-1375. https://doi.org/10.1016/j.icheatmasstransfer.2011.08.013 

[46] Ahmed, M. A., N. H. Shuaib, and Mohd Zamri Yusoff. "Numerical investigations on the heat transfer enhancement 
in a wavy channel using nanofluid." International Journal of Heat and Mass Transfer 55, no. 21-22 (2012): 5891-
5898. https://doi.org/10.1016/j.ijheatmasstransfer.2012.05.086 

[47] Chavan, Durgeshkumar, and Ashok Pise. "Experimental investigation of effective viscosity and density of 
nanofluids." Materials Today: Proceedings 16 (2019): 504-515. https://doi.org/10.1016/j.matpr.2019.05.122 

[48] Vajjha, Ravikanth S., Debendra K. Das, and Devdatta P. Kulkarni. "Development of new correlations for convective 
heat transfer and friction factor in turbulent regime for nanofluids." International journal of heat and mass 
transfer 53, no. 21-22 (2010): 4607-4618. https://doi.org/10.1016/j.ijheatmasstransfer.2010.06.032 

[49] Corcione, Massimo. "Heat transfer features of buoyancy-driven nanofluids inside rectangular enclosures 
differentially heated at the sidewalls." International Journal of Thermal Sciences 49, no. 9 (2010): 1536-1546. 
https://doi.org/10.1016/j.ijthermalsci.2010.05.005 

https://doi.org/10.1021/i160003a005
https://doi.org/10.1016/j.cap.2008.12.047
https://doi.org/10.1016/j.ijheatmasstransfer.2008.06.032
https://doi.org/10.1115/1.1532008
https://doi.org/10.1115/1.3013831
https://doi.org/10.1016/j.ijheatfluidflow.2009.03.002
https://doi.org/10.1016/j.proeng.2017.03.086
https://doi.org/10.1016/j.molliq.2017.04.099
https://doi.org/10.1016/j.tsep.2017.07.002
https://doi.org/10.2514/2.6486
https://doi.org/10.1016/j.egypro.2015.11.502
https://doi.org/10.1515/aoter-2015-0031
https://doi.org/10.1016/j.ijrefrig.2012.03.012
https://doi.org/10.1016/j.ijthermalsci.2013.04.013
https://doi.org/10.1016/j.applthermaleng.2011.11.030
https://doi.org/10.1016/j.icheatmasstransfer.2011.08.013
https://doi.org/10.1016/j.ijheatmasstransfer.2012.05.086
https://doi.org/10.1016/j.matpr.2019.05.122
https://doi.org/10.1016/j.ijheatmasstransfer.2010.06.032
https://doi.org/10.1016/j.ijthermalsci.2010.05.005


Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 89, Issue 2 (2022) 114-127 

 

127 
 

[50] Ahmed, M. A., Mohd Zamri Yusoff, and N. H. Shuaib. "Effects of geometrical parameters on the flow and heat 
transfer characteristics in trapezoidal-corrugated channel using nanofluid." International Communications in Heat 
and Mass Transfer 42 (2013): 69-74. https://doi.org/10.1016/j.icheatmasstransfer.2012.12.012 

[51] Zhai, Y. L., G. D. Xia, X. F. Liu, and Y. F. Li. "Heat transfer enhancement of Al2O3-H2O nanofluids flowing through a 
micro heat sink with complex structure." International Communications in heat and Mass transfer 66 (2015): 158-
166. https://doi.org/10.1016/j.icheatmasstransfer.2015.05.025 

[52] Izadi, M., A. Behzadmehr, and D. Jalali-Vahida. "Numerical study of developing laminar forced convection of a 
nanofluid in an annulus." International journal of thermal sciences 48, no. 11 (2009): 2119-2129. 
https://doi.org/10.1016/j.ijthermalsci.2009.04.003 

[53] Xuan, Yimin, and Wilfried Roetzel. "Conceptions for heat transfer correlation of nanofluids." International Journal 
of heat and Mass transfer 43, no. 19 (2000): 3701-3707. https://doi.org/10.1016/S0017-9310(99)00369-5 

[54] Bruggeman, D. A. G. "Dielektrizitatskonstanten und Leitfahigkeiten der Mishkorper aus isotropen 
Substanzen." Ann. Phys.(Leipzig) 24 (1935): 636-664. https://doi.org/10.1002/andp.19354160705 

[55] Hamilton, R. L. "Crosser, 0. K.," Thermal Conductivity of Heterogeneous Two-Component Systems,"." Industrial and 
Engineering Chemistry, Fundamentals 1 (1962): 187-191. https://doi.org/10.1021/i160003a005 

[56] Jeffrey, David J. "Conduction through a random suspension of spheres." Proceedings of the Royal Society of London. 
A. Mathematical and Physical Sciences 335, no. 1602 (1973): 355-367. https://doi.org/10.1098/rspa.1973.0130 

[57] Wasp, Edward J., John P. Kenny, and Ramesh L. Gandhi. "Solid-liquid flow slurry pipeline transportation." (1979). 
[58] Davis, R. H. "The effective thermal conductivity of a composite material with spherical inclusions." International 

Journal of Thermophysics 7, no. 3 (1986): 609-620. https://doi.org/10.1007/BF00502394 
[59] Lu, Shih‐Yuan, and Hway‐Chi Lin. "Effective conductivity of composites containing aligned spheroidal inclusions of 

finite conductivity." Journal of Applied Physics 79, no. 9 (1996): 6761-6769. https://doi.org/10.1063/1.361498 
[60] Operating, Experimental. "Maintenance Procedures for Thermal Conductivity of Liquids and Gases Unit." PA Hilton 

Ltd., Hampshire, England (2005). 
[61] Sahoo, Bhaskar C. "Measurement of rheological and thermal properties and the freeze-thaw characteristics of 

nanofluids." PhD diss., University of Alaska Fairbanks, 2008. 
[62] Brinkman, Hendrik C. "The viscosity of concentrated suspensions and solutions." The Journal of chemical physics 20, 

no. 4 (1952): 571-571. https://doi.org/10.1063/1.1700493 
[63] Koo, Junemo. Computational nanofluid flow and heat transfer analyses applied to micro-systems. North Carolina 

State University, 2005. 
[64] Masoumi, N., N. Sohrabi, and A. Behzadmehr. "A new model for calculating the effective viscosity of 

nanofluids." Journal of Physics D: Applied Physics 42, no. 5 (2009): 055501. https://doi.org/10.1088/0022-
3727/42/5/055501 

[65] Izadi, M., A. Behzadmehr, and D. Jalali-Vahida. "Numerical study of developing laminar forced convection of a 
nanofluid in an annulus." International journal of thermal sciences 48, no. 11 (2009): 2119-2129. 
https://doi.org/10.1016/j.ijthermalsci.2009.04.003 

[66] Qiu, Lu, Hongwu Deng, Jining Sun, Zhi Tao, and Shuqing Tian. "Pressure drop and heat transfer in rotating smooth 
square U-duct under high rotation numbers." International journal of heat and mass transfer 66 (2013): 543-552. 
https://doi.org/10.1016/j.ijheatmasstransfer.2013.07.055 

[67] Hashemi, Seyyed Mohammad Hosseini, Seyyed Abdolreza Fazeli, Hootan Zirakzadeh, and Mehdi Ashjaee. "Study of 
heat transfer enhancement in a nanofluid-cooled miniature heat sink." International Communications in Heat and 
Mass Transfer 39, no. 6 (2012): 877-884. https://doi.org/10.1016/j.icheatmasstransfer.2012.04.005 
 

 

https://doi.org/10.1016/j.icheatmasstransfer.2012.12.012
https://doi.org/10.1016/j.icheatmasstransfer.2015.05.025
https://doi.org/10.1016/j.ijthermalsci.2009.04.003
https://doi.org/10.1016/S0017-9310(99)00369-5
https://doi.org/10.1002/andp.19354160705
https://doi.org/10.1021/i160003a005
https://doi.org/10.1098/rspa.1973.0130
https://doi.org/10.1007/BF00502394
https://doi.org/10.1063/1.361498
https://doi.org/10.1063/1.1700493
https://doi.org/10.1088/0022-3727/42/5/055501
https://doi.org/10.1088/0022-3727/42/5/055501
https://doi.org/10.1016/j.ijthermalsci.2009.04.003
https://doi.org/10.1016/j.ijheatmasstransfer.2013.07.055
https://doi.org/10.1016/j.icheatmasstransfer.2012.04.005

