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ABSTRACT

Heat exchangers play a vital important role in industries and processing equipment’s. Among 
them, the double pipe heat exchanger facilitates the exchange of heat between two fluids 
through surface tubes. This study aimed to investigate various thermal performance param-
eters of baseline water and Aluminum oxide nanofluid at various volume concentrations and 
flow rates. The results were compared between baseline water and Aluminum oxide nanofluid 
using a test rig at the temperature range of 60 °C for industrial applications. The nanofluid 
sample was prepared by adding very small-sized (20nm) Al2O3 nanoparticles in the baseline 
water within the range of 0.10% to 0.175% using a standard two step method for the steriliza-
tion process. The nanoparticle and baseline water were under set by a hot plate mechanical 
stirrer for approximately 2 hours to ensure the proper dispersion before the tests, rendering 
the nanofluid stable for 12 hours. The Laminar-Transition flow double pipe heat exchanger 
(test rig) operated at flow rates ranging from 1.6×10-5-3.3×10-5 m3/sec (1-2 LPM) within the 
range of Reynolds number from 1700 to 3400 at volume concentration of 0.10% to 0.175% 
Moreover, an addition of 0.175% of Al2O3 nanoparticle in the baseline improved the average 
heat transfer coefficient from 140% to 155%, thermal conductivity of 21.6% and, 5.94% effi-
ciency in counter flow direction and also showed higher friction factor i.e. 2.81% than baseline 
water. The results suggest that Al2O3-nanofluid at 0.175% could function very well as working 
fluid for industrial requirements compared to the conventional baseline water.
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INTRODUCTION

Different nanoparticles are used nowadays for enhanc-
ing various thermal properties of working fluids like heat 

transfer rate and thermal conductivity. These can be used 
directly in automobile radiators and heating and cooling 
devices. Heat transfer plays a vitally important role in engi-
neering, science and various processing factories [1-3]. A 
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nanoparticle is a nanosized solid particle consisting of metal 
and its oxides to be mixed in the baseline water to enhance 
the various properties of a nanofluid [4]. The size and 
dimension of nanoparticles play a vital role in their phys-
iochemical properties. Whenever the size changes, the atom’s 
arrangement and other structures of nanoparticles change. 
The thermal conductivity of Al2O3-nanofluid at various con-
centrations increases due to the smaller particle size. This 
is due to the larger surface-to-volume ratio of a small size 
particle (20nm) which is compared with a larger size parti-
cle (80nm) [5]. Kokateand Sonawane [6] revealed the effects 
of nanoparticle size on thermal conductivity. As particle size 
varied of mean diameters 15 nm and 60 nm, their thermal 
conductivities approximately decreased from 22% to 17%. 
Al2O3 nanoparticles have widely used in industries i.e. phar-
maceutical, manufacturing and material industries because 
of their good thermal behaviour, characteristics and dura-
bility at high operating temperatures. Al2O3 nanoparticle is 
obtained by several methods like sputtering, pyrolysis and 
laser ablation techniques. Nanoparticles produced more sta-
bility when dispersed in baseline water for improving various 
properties NFs. Ali et al. [7] focused on various characteris-
tics like stability and performance of nanofluids.

Murali Krishna and Sandeep Kumar [8] reflect that heat 
can be removed easily from electronic heat transfer equip-
ment using water, Aluminum oxide-water, and Titanium 
oxide-water nanofluids as working fluids. Kaggwa and 
Carson [9] investigated performance parameters like heat 
transfer and thermal conductivity. Jassim and Ahmed [10] 
focused on investigating experimentally the effects of two dif-
ferent nanofluids, CuO and Al2O3-nanofluid passing through 
heating equipment at various vol. concentrations. Terese [11] 
showed that heat transfer characteristics increased in heat 
exchangers using nanofluid. Thus reduces the cost and size 
of the heat exchanger. Zheng et al. [12] found the impacts of 
Nano-sized particles and experimentally results showed that 
Reynolds and Russell number increased at 0.25-0.5% volume 
concentrations in the turbulent flow regime. Okonkwo et al. 
[4] focused on future recommendations for nanofluids in the 
various fields of engineering giving trends of nanofluids in 
various heat transfer devices and found various challenges 
for preparation, obtaining and applications of various nano-
fluids. Mansoury et al. [13] investigated the performance on 
double pipe, plate type and shell type HX using Aluminum 
oxide nanofluid at 0.2, 0.5 and 1% volume concentrations 
and found that double pipe heat exchanger offers better per-
formance for enhancing the heat transfer coefficients than 
other types of heat exchanger. Barzegar et al. [14] experi-
mentally described the overall HTC effects due to change in 
mass flow rate, weight concentrations and temperature and 
found that 1% Al2O3/CuO nanofluid shows better perfor-
mance than other nanofluid. Barzegar et al. [14] investigated 
that the HTC was found experimentally on test equipment 
using a hybrid nanofluid as a coolant. These effects were cal-
culated at different temperatures and mass flow rates. Singh 
et al. [15] showed that the overall thermal efficiency of single 

and multipass heat exchangers using aluminium oxide nano-
fluid was increased up to 12.64%. Jama et al. [16] showed that 
Nanofluid is a binary mixture of solid particles and liquid 
water which enhances thermal properties of nanofluid espe-
cially HTC and other properties. Azeez et al. [17] revealed 
and studied numerically HTC enhancement for the volume 
concentration of 1 to 4% using Al2O3-nanofluid. Singh et 
al. [18] investigation showed that aluminium and its oxide 
nanoparticles deposited in distilled water superb the ther-
mal behaviour of nanofluid than ordinary fluid and found 
that HTC enhanced maximum value than ordinary distilled 
water. Aghayari et al. [19] investigated HTC at a volume frac-
tion of 0.001-0.002 and the result showed that 8-10% heat 
transfer rate improved. Jamal-Abadi and Zamzamian [20] 
found that the value of thermal conductivity increased up 
than base fluid and calculated values of thermal’s parameters 
enhanced for Cu-nanofluid than Al-nanofluid. Askar et al. 
[21] focused on stability and increasing of heat transfer using 
aluminium oxide-distilled water as nanofluid and showed 
that performance of such nanofluid was higher than water 
at given volume concentration. Asadi’s [22] aim was to select 
such hybrid nanoparticles containing zinc oxide to enhance 
the heat transfer effectiveness at various concentrations i.e. 
0.125-1%. Alawi et al. [23] showed numerical performance 
of turbulent flow to estimate the thermal behaviour using 
various Nano-sized materials like copper oxide, aluminium 
oxide, silicon dioxide and zinc oxide. Dew and Shrivastava 
[24] calculated various effects by using different nanooxide 
metals as nanofluids like aluminium oxide, iron oxide and 
copper oxide and found that copper oxide played a higher 
role than other nanofluids. Albadr et al. [25] focused towards 
various flowing characteristics and heat transfer coefficients 
using aluminium oxide nanofluid as coolant and was flowing 
towards two types of heat exchangers at various weight con-
centrations. Sulgani et al. [26] studied various Nano-sized 
hybrid particles i.e. iron oxide in the oil for cooling purposes 
and investigated their hybrid effects at various concentra-
tions.Akhtari et al. [27] measured experimental effects using 
aluminium oxide nanofluid in both types of exchangers in 
laminar flow regimes and showed that the overall efficiency 
of shell type equipment is greater than double pipe heat-
ing equipment. Ranjbarzadeh et al. [28] revealed that heat 
transfer plays a vitally important role in different industries 
and other heating and cooling equipment. Matsunaga et al. 
[29] revealed that defects on the surface of nanoparticles 
play an important role of nanoparticles in the HX. There 
are various defects are produced in the nanoparticles like 
point and crystal defects but from this point defect surface is 
considered due to the molecular dissociation and transition 
effect. Point Defect imparts in both the chemical and phys-
ical behaviour of solid materials. This happens due to the 
missing of an atom or doping of an impurity in place of the 
normal atom. Kirm et al. [30] analyzed to examine intrinsic 
energies in aluminium oxide Al2O3 nanoparticles. Kuzovkov 
et al. [31] presented their study on electronic excitation and 
other properties of Al2O3 nanoparticles. Dresvyannikov et 
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al. [32] focuses on finding the defects of Al2O3 nano powder 
and obtained the three types of electronic defects before the 
annealing process. Bouselsal et al. [33] presented their study 
on tube and shell type heat exchangers. The efficiency was 
maximized by altering either varying geometrical shape of 
heat exchanger pipe or using nanofluid. Water based Al2O3-
MWCNT hybrid nanofluid is used as working fluid. The 
results showed that heat transfer enhanced due to increasing 
volume concentration and velocity of the fluid. Based upon 
this study, diamond shaped tube revealed better geometrical 
shape for producing good results in heat transfer rate. Ajeeb 
et al. [34] experimentally found performance of gasketted 
plate type HX. They used volume concentrations of Al2O3/
water nanofluid at 0.10% to 0.20%. The enhancements in vis-
cosity were observed 7.3%, 8.3% and 9.1% at 0.20% by vol. 
conc. DW and EG respectively. Heat transfer enhancement 
was done more using DW and EG. Mohamed et al. [35] 
focused on augmented heat transfer on double pipe HX. The 
work has used Al2O3-nanofluid as working fluid under tur-
bulent flow regime. From results, it is concluded that Al2O3-
nanofluid exhibited a significant enhancement compared to 
the baseline water with different mass flow rates and volume 
concentrations from 0.05% to 0.4%. Sahu et al. [36] presented 
their study on numerical simulation using Eulerian- Euleian 
two models. The results were compared to pure nanofluid 
flow (mixing of air and water with Al2O3 nanoparticles) and 
investigated the enhancement in density, viscosity, thermal 
conductivity and heat transfer rate. The result indicated that 
nanofluid (mixing of air and with Al2O3 nanoparticles) pro-
duced a significant effect than baseline water. Salameh et al. 
[37] numerically and experimentally investigated the heat 
transfer enhancement and friction factor of counter flow heat 
exchanger. They investigated the effects of copper oxide, tita-
nium oxide, aluminum oxide and baseline water using differ-
ent volume fractions 0.05% and 0.2%. The results illustrated 
that copper oxide exhibited highest performance index than 
other nanofluid and baseline water under Reynolds number 
of 2000 and 12000.

In previous investigations, the researchers only could 
found few thermal performance parameters like heat 
transfer rate, Reynolds number, thermal conductivity, den-
sity and viscosity either both fluids moving in parallel or 
counter flow regimes at different flow rates. Few research-
ers conducted various experiments on various types of heat 
exchangers using various nanofluids containing oxides of 
metals separately. Even few researchers found heat transfer 
rate of hot water and cold water. In this investigation, heat 
was transferred between hot fluid (Hydraulic oil) and cold 
fluid (Al2O3-nanofluid), and this is novelty of this investi-
gation which could not found in any other’s studies. This 
study was done to determine various thermal performance 
parameters containing performance index and loop effi-
ciency under laminar to transition flow regime conditions 
from 1700 to 3400 at volume concentration from 0.10% to 
0.175%. In this work, nanofluid and hot oil have been sent 
towards parallel and counter flow HX separately at flow 

rates of 1, 1.25, 1.5 and 2 (1.6×10-5 to 3.3×10-5 m3/sec) when 
oil was heated at 60 °C.

The present study lacks in small pumping power con-
sumptions. The pumping power in watt is required to 
transfer hot oil and nanofluid at various flow rates on dou-
ble pipe heat exchanger. In addition, experimental mea-
sured density was compared with those calculated data of 
ASHRAE. Moreover, measured thermal conductivity ratio 
was calculated and compared with correlation equation. 
The results revealed and suggested that 0.175% volume 
concentration showed highest results in heat transfer rate 
than other percentages. This enhancement is due to the 
higher temperature difference between hot and cold fluid. 
This enhancement exhibits due to the better stability and 
other favorable characteristics. The present study yields 
better results at volume concentration 0.175% and are 
highly preferred for industrial applications.

MATERIALS AND METHODS

Basically, the mixing of 0.175% volume concentration 
of Al2O3 nanoparticles in baseline water showed optimum 
results compared to the other percentage and fluids [38]. 
This concentration enhances the thermal conductivity, tem-
perature difference between hot and cold fluid and exhib-
its optimum enhancements in stability and other favorable 
characteristics. Therefore, pumping power consumption, 
agglomeration of particles and pressure drop offers lesser 
obstacles during the movement of nanofluid in HX pipe. 
With the addition of 0.20% and 0.205% volume concentra-
tion of Al2O3 nanoparticles in baseline water also showed 
good results in heat transfer measurement. However, at 
the same time, pumping power consumption as well as the 
pressure drop measurements occurs more inside the pipe 
due to the development of agglomeration forces, which 
caused the higher obstacles across the heat exchanger. 
On other side, it also reduces the stability of nanofluid. 
Therefore, 0.175% volume concentration produces good 
result with lesser power consumption and agglomeration 
forces inside heat exchanger pipe as compared to 0.20% and 
0.205%. Therefore, the volume concentration 0.175% yields 
better results and is highly preferred than the other values.

This research work described thermal performance 
using various volume concentration i.e. 0.10% to 0.175% 
Al2O3-nanofluid and baseline water at volume flow rate of 
1.6×10-5-3.3×10-5 m3/sec (1-2 LPM). In this work, heat was 
transferred between Hydraulic oil ISO VG 64 and baseline 
water. Previous studies could only found results between hot 
and cold water. The present work focused on the solution 
of various problems faced by mechanical equipment’s bear-
ings (of large sizes) due to their over loading and overheat-
ing. For such condition, oil was treated and passed towards 
a double pipe heat exchanger for exchange their maximum 
heat to Al2O3-nanofluid. Moreover, by applying this Al2O3-
nanofluid in heating equipment, the life of oil is saved by 
the addition of proper aluminium oxide nanoparticles in 
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the baseline water. Moreover, heat was immediately trans-
ferred from hot oil to cold nanofluid. Therefore, Al2O3-
nanofluid produced good and reliable results than baseline 
water and other nanofluids due to their good thermal 
conductivity. Additionally, in this study, very small-sized 
20 nm [12] Al2O3 nanoparticles were mixed in the base-
line water to superb the solution due to their availability in 
market and possessing good thermal characteristics com-
pared to the other sizes. By investigating heat transfer rate 
through different flow regimes, the study likely aimed to 
determine transfer of heat, Reynolds number, Nu, pumping 
power, pressure drop and other parameters change as flow 
behavior from laminar to transition regimes. In this study, 
experimental investigation was conducted on both type of 
heat exchangers i.e. Parallel and Counter heat exchangers 
at various and fixed flow rates. This type of investigation is 
more valuable for optimizing heat exchanger design.

Aluminum oxide is widely used in an engineering field. 
Its powder is probably used in formation of nanofluid. 
Because of their low cost and high thermal properties these 
nanosized particles are mixed in baseline water and used 
in heat exchanger devices. Aluminum oxide nanoparticles 
have very good thermal properties at various ordinary tem-
peratures than baseline water. Table 1 shows various ther-
mal properties of nanoparticles.

From Table 1, it is clearly shown that Aluminum oxide 
possesses good thermal conductivity, density and specific 
heat and highly used in heat exchanger devices in order to 
absorb more heat generated from hot fluid. To overcome the 

problems faced in heating equipment’s, a research study was 
based to analyze the effectiveness of heating device using 
baseline water and aluminum oxide nanofluid. Thus nano-
fluid was prepared and stirred by a hot plate mechanical stir-
rer for about 2 hours to ensure the proper dispersion before 
being used in the test. In this study, ISO VG 64 hydraulic oil 
was used as a hot fluid to carry out heat to the cold nanofluid. 
Due to this heat transfer was enhanced and the life of hot oil 
and cold fluid was saved using such nanofluid.

Preparation Method of Nanofluids
Nanofluid was produced by suspending aluminium 

oxide Al2O3 nanoparticles with particle size 20nm in the 
baseline water in a range of 0.100, 0.125, 0.150, and 0.175% 
by volume concentration. Moreover, when Al2O3 nanopar-
ticles added in the baseline increased the heat transfer rate. 
Al2O3 nanoparticles in dry powder form with an average 
particle size of wire in baseline water according to the stan-
dard method given in the following [35].

  
(1)

 

Wp= weight of nanoparticle (kg)
ρp= density of nanoparticle (kg/m3)
Wbf= Weight of base fluid (kg)
ρbf= density of base fluid (kg/m3)

Table 1. Thermal properties of Al2O3 nano powder [12]

Nanoparticle Density 
(kg/m3)

Thermal Conductivity
(W/m.K)

Specific heat Capacity
(J/kg.K )

Appearance 

aluminium oxide (Al2O3) 3960 40 773 White powder

Figure 1. Preparation method of nanofluid.
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Nanofluid was prepared through a Two-step method 
using suspending Al2O3 nanoparticles by volume concen-
tration in the baseline water (Figure 1).

In this research, Al2O3-nanofluid is prepared using two-
step method. The stability of Al2O3-nanofluid is assessed 
through Sedimentation method. This a common technique 
used to check the stability of nanofluid. In sedimentation 
and agglomeration analysis, settling of nanoparticles over 
time can indicate instability. Observing the suspension for 
particle’s agglomeration or precipitation through visual 
inspection or by measuring sedimentation rates can pro-
vide insights into stability. The stability of Al2O3-nanofluid 
remains for 24 hrs. After applying stabilization process by 
hot plate mechanical stirrer, the nanoparticles were settled 
down in the bottom side of the nanofluids jar. Therefore, 
stability and instability were checked physically.

Selection of Nanoparticle
The selection of nanoparticle size in heat exchangers is 

a critical consideration. The choice of nanoparticle size is 
driven by following factors:
1. Surface Area: surface area plays an important role in 

heat transfer devices. Smaller nanoparticles possess 
a larger surface area per unit volume. This increased 
surface area allows better interaction to the particles of 
base fluid, to enhance heat transfer rate.

2. Availability in the market: This sized nanoparticle was 
easily accessed in the market and is more suitable for 
this study for increasing various thermal properties of 
nanofluid.

Stability of Nanofluid
The stabilization process is used to reduce agglomera-

tion of the nanoparticles into the baseline water to get stable 
solution. The hot plate stirrer method was applied contin-
uously up to two hours to produce good stability into the 

baseline water. In this study, the Sonication process did not 
evolve due to unavailability in the laboratory. Therefore, 
a hot plate agitator was employed for good stability of the 
nanofluid.

Indeed, an increase in volume concentration of Al2O3 
nanoparticles (Figure 2) in baseline water ranging from 
0.10% to 0.175% can increase density, viscosity, pressure 
drop which may subsequently increase consumption of 
pumping power. This consumption and pressure drop can-
not be completely minimized and neglected during fluid 
flow but can be managed and regulated by passing highly 
stabilized nanofluid through the pipe. When highly stabi-
lized nanofluid (Figure 3) is passed through heat exchanger 
pipe, it reduces the agglomeration and coherent forces. 
While these losses cannot be ignored completely but can 
be controlled in a proper way by utilizing more stable 
nanofluid. Therefore, a volume concentration of 0.10% to 
0.175% Al2O3-nanofluid offers lesser obstacles compared to 
0.20% and 0.205%.

Experimental Setup
The experimental device is located in Heat Transfer 

Laboratory shown in Figure 3. Test rig comprises two con-
centric pipes, one contains hot fluid and second cold fluid 
and both fluids are moving in the counter direction. It also 
consists of one oil storage tank with an oil pump, one gate 
valve and one ball valve for controlling both fluids. The 
device has a 0.91 m length of pipe made of copper material 
with diameters of 0.545 inch and 0.625 inch, respectively. 
To reduce the heat losses from tubes an insulating material 
is employed. Thermocouples are installed on HX pipes for 
measuring temperature. Detailed specifications are given in 
Table 2.

Thermal properties and structures of aluminium oxide 
Al2O3 nanoparticles were checked using chemical, electro-
chemical, X-ray diffraction, atomic emission spectroscopy 

Figure 3. Sample of stabilized nanofluid (left) and Al2O3-nanoparticle (right).
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Table 2. Components and specification of test rig

Component/specification Unit Quantity
Inner diameter 0.625 inch 1
Outer diameter 0.875 inch 1
Overall Length 36 inch -
Type of material Parallel pipe (copper inner tube) -
Thermocouples +0.9°F (0.5°C) °F and °C 5
Ball valve GPM and LPM. 4
Gate valve GPM and LPM. 2

Figure 2(b). Schematic diagram of counter flow heat exchanger unit (test rig).

Figure 2(a). Schematic diagram of parallel flow heat exchanger unit (test rig).
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and thermal analysis methods [32]. Figure 2 (a, b) is the 
experimental test rig shows the complete operation and the 
ways through which both fluids move.

The 20 liters tank made of stainless steel was used for 
storage of cold fluid i.e. aluminium oxide-water nano-
fluid. This nanofluid flows through the pump towards a 
double pipe heat exchanger for absorbing more heat from 
hot fluid i.e. hydraulic oil ISO VG-68 to cold nanofluid. 
During experimental work, flow rate, wall temperature of 
the Laminar- Transition flow HX (Test rig) were measured 
separately (Figure 4).

In this test, ISO VG-68 hydraulic oil was filled in the 
oil storage tank of the test unit up to standard level and oil 
was heated at 60°C [18]. The flow rate is controlled in the 

range of 1.6×10-5-3.3×10-5 m3/sec (1-2 LPM). In the end, oil 
and nanofluid samples were collected for measuring vari-
ous thermal properties i.e. viscosity, density and Thermal 
conductivity through measuring devices. The measuring 
devices were first calibrated and were used to measure var-
ious thermal properties. Therefore, accurate results were 
obtained from measuring devices and can be compared the-
oretically through various correlations. In Table 3, various 
attached/installed devices of the test rig with their ranges 
are given. This table includes many devices with their units 
like thermocouples (°C), volt meters (V), ampere meters 
(I), flow meters (LPM, GPM) and gauge pressure (bar). 
Instruments with their Ranges of various parameters are 
given below:

Table 3. Instruments with their ranges of various parameters

Sr# Instrument Min-max range (un-certainty error) Measured range
1 Thermocouple, °C, Wall temperature 0-100° (±0.1) 30-40°
2 Thermocouple, °C, hot fluid temperature 0-100° (±0.1) 50-80°
3 Thermocouple, °C, cold fluid temperature 0-100° (±0.1) 25-45°
4 Voltage, V 0-220 (±0.1) 210
5 Current, I 0-30 (±0.1) 7
6 Flow meter, LPM, GPM 0-4 (±0.1) 1-2
7 Pressure gauge, bar 0-3 1-2

Figure 4. Actual view of experimental test rig.
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Uncertainty Analysis
Uncertainty analysis sometimes called as error analy-

sis. It is statistical method used to determine the amount of 
uncertainties or errors present in an experimental data. The 
uncertainty is a deviation of the measured data to the true 
value and is calculated using the following equation 2 [39].

  (2) 

Where R is the range which is the difference of maximum 
value and minimum value of an experimental data (x). 

  (3) 

The uncertainty analysis between measured and true 
value can be determined as following equation [39]. The 
uncertainty analysis can be measured in percentage.

  (4) 

Where x is the arithmetic or mean value of measured data. 
The Uncertainty calculated with the maximum possi-

ble error for the experimental calculated values is given in 
Table 4.

In this research work, the uncertainty values are below 
5%. Thus uncertainty value for this experimental work per-
tains to the accepted value. Accepted value for any experi-
mental work should come below 5%. If uncertainty value 
comes lesser than 5%, it means more accurate results are 
obtained from an experimental work.

General Operating Conditions of Valve
Valves are used for controlling fluid flow within HX. 

The operating conditions for valves in a heat exchanger can 
vary depending on several factors, including type of fluids 

involved, and specific requirements of the system. Different 
types of valves, such as globe valves and ball valves are 
used in this study and condition is based upon direction of 
fluid flow either flow is moving in parallel or counter flow 
direction However, some general operating conditions are 
applied and given in Table 5.

Data Processing
Various thermo physical properties of nanofluid i.e. 

HTC, heat flux, Nusselt number, and Reynolds number 
at varying volume concentrations have been calculated. 
Thermal properties are calculated using wall temperature 
and bulk average temperature. 

Heat transfer rate
Heat transfer equation consists of various principles 

used to determine transfer of heat between the two sys-
tems or within the systems. The heat transfer rate is used 
to determine energy transfer through a system involving 
specific heat, mass flow rate and temperatures at various 
points. It is amount of heat to be transferred in a unit area 
and time. Heat transfer rate mainly depends on various fac-
tors such as; mass flow rate in kg/sec, specific heat capacity 
in J/kg.K and temperature difference.

The heat transfer rate is calculated as;

  (5) 

Where Q is heat transfer rate in Watt,  is mass flow 
rate in kg/sec, Cp is specific heat capacity in J/kg.°C and Ti, 
To are inlet and outlet temperatures in °C.

Heat flux
Heat flux equation is particularly used in heat exchanger 

devices, pipes and cylindrical vessels. However, this equa-
tion relates the total heat transfer to the surface area of the 
heat exchanger pipes. 

  (6) 

Where q" is heat flux in W/m2, Q is the heat transfer rate 
in Watt, D is the Diameter of pipe in meter, L is the Length 
of pipe in meter.

Convective heat transfer coefficient
Convective heat transfer coefficient describes how heat 

can be moved from solid surface to fluid medium and this 

Table 4. Summary of Uncertainty analysis of parameters and values

Sr. No. Parameters Uncertainty error (%)
1 Reynolds number, Re 0.0625
2 Heat transfer coefficient, HTC 0.0618
3 Loop Efficiency, ή 0.068
4 Thermal conductivity, K 2.25
5 Performance index 4.7

Table 5. Closing and opening position of valve

Valve Counter flow
BV-1 Closed
BV-2 Open
BV-3 Closed
BV-4 Open
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is an important parameter used in designing and analyzing 
heat transfer devices. It defines as the ratio of heat flux to 
the temperature differences between wall and Bulk tem-
perature in °C.

  
(7)

h av= Average convective heat transfer coefficient, W/
m2.K, Tw & Tb = Wall and Bulk temperature, °C

Average HTC is the measurement of average rate 
of heat transfer per unit area on the surface of the heat 
exchanger pipe to determine the overall efficiency of the 
heat exchanger. The average heat transfer coefficient is 
used to determine the computational applications in heat 
exchanger devices. In this study, average heat transfer coef-
ficient is used and measured to determine the accurate 
analysis of an experimental study. Moreover, average heat 
transfer coefficient is based upon the various factors, such 
as fluid velocity, temperature difference, thermal conduc-
tivity and viscosity. In this study, average values of surface 
temperature are measured to make accurate analysis of con-
vective heat transfer coefficient and Nusselt number.

Nusselt number
Nusselt number describes how heat is being transferred 

by convection relative to conduction. Nusselt number is a 
ratio of average convective heat transfer coefficient to con-
ductive heat transfer. The Nusselt number “Nu” depends 
upon various factors like convective heat transfer coeffi-
cient, characteristics length and thermal conductivity of 
fluid.

  (8)

Where hav is average convective heat transfer coefficient 
in W/m2.K, D is the diameter of pipe in meter; K is the ther-
mal conductivity of fluid in W/m.K.

Friction factor
The friction factor is a non-dimensional number used 

in heat transfer devices to describe the resistance to fluid 
flow through a pipe. The fluid flow friction mainly depends 
upon the roughness of pipe and fluid flow’s velocity.

  (9)

Where f is friction factor and Re is Reynolds number

  (10)

  (11)

Reynolds number
It is used to determine behavior of fluids properties. 

This is the most essential parameters applied in convective 

heat transfer applications especially used to determine 
either flow is laminar or turbulent.

  (12)

Where ρ is density of fluid in kg/m3, V is velocity of 
fluid, D is the diameter of pipe in meter and µ is 

dynamic viscosity of fluid in Pa.sec.
For fluid flow in a pipe, Reynolds number has following 

ranges according to [40, 41] and is applied in this study:
Laminar flow: up to Re=2300
Transition flow: Re=2300-4000
Turbulent flow: Re>4000
In this study, Reynolds number was ranged from 1700 to 

3400 for laminar-Transition flows which consist of Laminar 
and Transition flow regimes. However, in this study laminar 
as well as Transition flows may likely occur within this range.

Pumping power
Pumping power refers to the amount of power is needed 

to maintain the fluid flow inside the heat exchanger pipe. The 
Pumping power mainly depends upon the density, viscosity 
and fluid flow’s velocity. This relationship is based upon two 
different fluids i.e. base fluid and nanofluid and is influenced 
by the viscosity and density ratios between two fluids.

  
(13)

Where ρbf , ρnf are densities of base fluid and nanofluid 
in kg/m3 and µbf , µnf are the dynamic viscosities of base 
fluid and nanofluid in Pa.sec.

Loop efficiency
Loop efficiency is applied in heat transfer systems 

and heat exchangers to describe the effectiveness of heat 
exchanger processes within the system. Loop efficiency is a 
ratio of convective heat transfer coefficients of two fluids to 
the pumping power required of both fluids.

  
(14)

Where hbf, hnf are convective heat transfer coefficients 
of base fluid and nanofluid in W/m2.K 

Performance index:
Performance index refers to investigate and compare 

HTC of two fluids to the Pressure drop occurs by both flu-
ids across the heat exchanger pipe.

  
(15)

Where  are pressure drops of nanofluid and base 
fluid in Pascal. 
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RESULTS AND DISCUSSION

Density of Al2O3-nanofluid
It is an important parameter used in this study. More 

dense fluid imparts more pressure inside tubes but on heat-
ing expansion of nanofluid particles take place. By hearing 
the nanofluid at high temperature the density of nanofluids 
decreases down so temperature and density are inversely 
proportional with each other. By increasing temperature 
of nanofluid, its density is decreased and shown in Figure 
5. By adding 0.10-0.175% volume concentration of Al2O3 
nanoparticle in the baseline water, the density of Al2O3-
nanofluid is increased than that of base fluid. Approximately 
2.2% density of nanofluid is increased than water. In order 

to validate the experimental data, a comparison of viscosity 
of tested nanofluid with ASHRAE data has been conducted. 
From Figure 5, it is clear that experimental results meet the 
closeness with the ASHRAE data with minimum errors.

Effect of Volume Concentration and Temperature on 
Viscosity of Al2O3-nanofluid

It plays vital important role in heat transfer fields. 
Viscosity of nanofluid offers some internal resistance which 
produces internally due to cohesion and more attractive 
forces among particles. It depends upon many factors like 
pressure, temperature and fluids strain. Higher the fluid 
temperature causes the viscosity lower. The viscosity of 
Al2O3-nanofluidat particle concentration and temperatures 
is shown in Figures 6 and 7. When particles were suspended 

Figure 7. Viscosity of nanofluid at various temperatures.

Figure 5. Density of Al2O3-nanofluid at various temperatures.

Figure 6. Viscosity of Al2O3-nanofluid at various concen-
trations.
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in the baseline water, its dynamic viscosity increases than 
baseline water. The enhancement of viscosity is measured 
by 13.92% than baseline water at 0.175% volume concen-
tration. From Figure 7 it is shown that as temperature of 
nanofluid increases its viscosity start to drops because in 
heating the nanofluid particles disclose with each other 
and make a small distance among them to produce less vis-
cous nanofluid. This is due to the enhancement of absolute 
temperature. 

Effect of Volume Concentration on Thermal Conductivity
Thermal conductivity is an important parameter for 

measuring heat transfer rate between hot and cold fluids. 
Thermal conductivity offers the nanofluid to transfer or 
conduct heat within region. It increases as the fluid tem-
perature increases and mainly depends upon temperature 
and other factors such as moisture and density. Thermal 
conductivity of pure fluid is 0.6 W/m.K at normal operat-
ing temperature and is shown in Figure 8. Figure 8 shows 
the thermal conductivity of nanofluid in terms of volume 
concentration. From results, it is very clear shown that 
thermal conductivity is increased as volume concentra-
tion of the nanoparticle increases. Since the thermal con-
ductivity of nanofluid is much higher than baseline water, 
these changes made higher thermal conductivity for 
nanofluid attributed to the nanoparticles. Another reason 
for increasing thermal conductivity is better stability and 
best mixing of nanoparticles in the base fluid which may 
cause higher heat transfer rate. The changes in thermal 
conductivity are also improved due to rise in temperature 
of working fluid. Moreover, suspended nanoparticles in 
the base fluid are also causing higher thermal conduc-
tivity. Furthermore, viscosity of nanofluid increased as 
nanoparticles mixed in the baseline fluid. This enhance-
ment happened due to the agglomeration of nanoparticles 

in the baseline water. Therefore, the thermal conductivity 
of nanofluid was increased from 0.6 to 0.73 W/m.K due to 
increasing of nanoparticles concentrations and tempera-
ture also. The thermal conductivity also varies with parti-
cle size and shape. The thermal conductivity of base fluid 
and nanofluid was measured through Thermal conductiv-
ity apparatus which is located in Heat and mass transfer 
laboratory. Experimental work was carried out in Heat 
transfer laboratory, and three times results of Thermal 
conductivity were taken at temperature of 60°C. Than 
average value of Thermal conductivity was taken place as 
reference value. Aluminum oxide nanofluid showed an 
increasing drift in thermal conductivity with temperature 
and volume concentration.

Thermal Conductivity Ratio
It is ratio of thermal conductivity of base fluid and nano-

fluid. By addition of nanoparticle in the baseline water in 
the range of 0.10-0.175% increased the thermal conductiv-
ity ratio and its effect due to various volume concentrations 
can be shown in Figure 9. By adding Al2O3 nanoparticle in 
the baseline water, thermal conductivity was increased due 
to increasing temperature of the nanofluid. As the tempera-
ture increases the Brownian motion was increased there-
fore its thermal conductivity was increased as compared to 
the baseline water. Temperature variation imparts a major 
role in enhancing the thermal conductivity of nanofluid. 
Therefore thermal conductivity of nanofluid was increased 
from 0.6 to 0.73 W/m.K due to increasing of nanoparticles 
concentrations and temperature also. The thermal conduc-
tivity also varies with particle size and shape. Basically, by 
mixing of volume concentration of Al2O3 nanoparticles in 
baseline water increases the thermal conductivity, improv-
ing the fluid’s ability to conduct heat. This increase is typ-
ically observed as the concentration of nanoparticles rises 
within certain limits. However, there’s a point where add-
ing more nanoparticles can lead to a decrease in thermal 
conductivity or other adverse effects. This transition can be 
explained as follows:

Initial enhancement
Initially, as nanoparticles are added into the baseline 

water, increased the surface area and interaction between 
particles which enhanced the thermal conductivity. This 
effect is due to the higher thermal properties of nanopar-
ticles, which could raise heat transfer rate compared to the 
base fluid.

Percolation threshold
As the concentration of nanoparticles continues to rise, 

there’s a critical point known as the percolation threshold. 
Beyond this point, instead of improving thermal con-
ductivity, the nanoparticles might start to agglomerate 
or cluster together. This clustering can increase barriers 
to effective heat transfer rate and thermal conductivity of 
nanofluid.

Figure 8. Thermal conductivity of Al2O3-nanofluid at var-
ious concentrations.
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Agglomeration and hindered movement
Agglomeration of nanoparticles can hinder the move-

ment of heat through the fluid. Instead of increasing heat 
transfer rate, these clusters can act as an insulating barrier, 
decreasing the fluid’s ability to conduct heat. When Al2O3 
nanoparticles with 0.20, 0.22, 0.24% volume concentra-
tion (Instead of adding 0.10-0.175%), will be added to a 
base fluid, it decreases the thermal conductivity because 
of increasing agglomeration and hindered movement of 
nanoparticles in the base fluid which can increase pump-
ing power consumption and pressure drop across heat 
exchanger pipes. Therefore, this volume concentration will 
increase more consumption of power and is less economi-
cal than 0.10-0.175% volume concentration. Therefore, this 
percentage 0.10-0.175% is preferred more and is more eco-
nomical than others.

  (16)

Where Kbf, Knf are thermal conductivities of base fluid 
and nanofluid in W/m.K and T is temperature in °C and ϕ 
is volume concentration.

This research is based upon an experimental study; a 
correlation model (16) is proposed to predict the thermal 
conductivity ratio of both nanofluid and water at 30°C 
using 0.1-0.175% volume concentration. From this figure it 
is clear shown that experimental and theoretical correlation 
meet their closeness values.

Empirical Correlation and Validiation of Experimental 
Results

The validiation of results is a major parameter to 
check the results using various euations. In this study, 

experimentally investigagtion was done at all cases. Nu 
increases as Re increased because of increasing thermal 
conductivity and HTC of nanofluid than basline water. 
The emprical correlation for nusselt number is shown in 
Figure 10. The development for correlation for Nusselt 
number is to minimize the uncertainity of experimental 
work and increase the precision of experimental work. It 
was observed that due to increase of volume concentration 
of Al2O3 nanoparticle in the baseline water, Nusselt num-
ber was increased. Nusslet number for experimental and 
theroritical work showed the least deviation of +10%. The 
boundary conditions were selected for nusslet numebr are 
40 to 110. Figure 9 showed the less discripency and high-
est accuracy of correlation with experomental work. It is 
obviously clear that, correlation between Gryta et al. (1997) 
showed the least deviation than correlation of Acharya et 
al. (1992, 2001). The following correlations were used for 
differentiating the errors in the Nusselt number.

  (17)

  (18)

Where Re is Reynolds number and Pr is Prandlt number

Effect of Reynolds Number and Volume Concentration 
on Heat Transfer Coefficient

The influence of nanofluid volume concentration has 
a major role in the heat transfer coefficient. As volume 
concentration of Al2O3 nanoparticle in the baseline water 
is increased its thermal properties of nanofluid improved. 
It is revealed from Figure 11 that heat transfer efficiency 

Figure 10. Comparison of experimental and emprical cor-
relation for Nusselt number at various flows of Al2O3-nano-
fluid.

Figure 9. Thermal conductivity ratio at various volume 
concentrations.



J Ther Eng, Vol. 10, No. 5, pp. 1120−1136, September, 20241132

enhanced from 6053 W/m2.K to 6372 W/m2.K in paral-
lel and counter flow directions. It is also shown in Figure 
12 that average HTCs were measured from 4200 to 4900 
W/m2.K in parallel and counter flow direction by adding 
0.175% of Al2O3 nanoparticle in the baseline water because 
the thermal conductivity of Al2O3 is higher than water. 
Meanwhile, counter flow direction has better performance 
than parallel flow arrangements because in the count-
er-flow direction, more difference of temperature is main-
tained between hot and cold fluid. Moreover, It is seen that 
HTC and Nu was increased with an increasing concentra-
tion of Al2O3 nanoparticle in the baseline water. The use of 
nanoparticles in the baseline water causes the enhancement 

of various thermal properties of nanofluid. Putting 0.175% 
volume concentration of Al2O3 nanoparticle in the baseline 
water showed the maximum HTC of 6372 W/m2.K at a Re 
of 3066. 

Effect of Friction Factor on Volume Concentration at 
Various Flow Rates

Friction factor is a major important parameter mea-
sured and produced due to the movement of base fluid and 
nanofluid across the heat exchanger pipe. It offers some 
resistance as nanoparticle moves in the baseline water. The 
increase in volume concentration increases the friction fac-
tor because of the increasing density and viscosity of nano-
fluids. Figure 13 shows the variation of friction factor with 
respect to volume concentration. As volume concentration 
increases, agglomeration of nanoparticles increases which 
causes more friction in the nanofluid than baseline water. 
Figure 12, it was shown that by adding 0.175% of Al2O3 
nanoparticle in the baseline water showed a 2.81% higher 
friction factor than baseline water because Al2O3-nanofluid 
has a higher density than water. 

Effect of Friction Factor on Reynolds Number
The friction factor plays a vital role in enhancing the 

resistance and obstacles in the the path of moving fluid. 
In this study, various volume concentartions of Al2O3 
nanoparticle were mixed in baseline water enhanced the 
friction factor due to their higher densities and viscos-
ities of fluids. Thus fluid’s friction imparts serious effects 
on pressure and pumping power loss. In order to decrease 
agglomeration of nanoparticles, the fluids motion can be 
increased due to higher velocities and flow rates across 
the test section. Therefore, friction losses may be reduced 
using greater movement and motion of fluid. Higher veloc-
ity of fluid causes higher Reynolds number but reduces the 

Figure 13. Effect of friction factor on volume concentration 
at various flow rates using Darcy-Weisbach equation.

Figure 12. Effect of heat transfer coefficient on volume con-
centration in parallel and counter flows at various flow rates.

Figure 11. Variation of heat transfer coefficient with Reyn-
olds number in counter flow.
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friction among fluid particles which reduces the pumping 
power. The friction factor is increased as volume concen-
tration increases and decreases as increasing of Reynolds 
number can be shown in Figure 14.

  (19)

Where L, D are Length and diameter of pipe in meter, 
V= velocity of fluid in m/sec, ρ = density of fluid in kg/m2, f 
= friction factor, ∆P = pressure  drop in pascals

In  fluid mechanics, Darcy–Weisbach equation (19) is 
used to determine the pressure loss or loss of head and fric-
tion factor along a length of pipe during the fluid flow. In 
this study, friction factor has been calculated using Darcy–
Weisbach equation. Meanwhile, pressure drop occurred 
across the length of the pipe measured directly with the 
help of calibrated pressure measuring device. Figure 14 
illustrates the friction factor versus Reynolds number of 
Al2O3-nanofluid at volume concentration of 0.10-0.175%. 
When “Re” increases due fluids velocity causes the friction 
factor decrease. The maximum friction factor was recorded 
as 0.050 at a Reynolds number of 1630.

Effect of Volume Concentration on Performance Index 
and Loop Efficiency of Heat Exchanger

To measure performance of test rig, it is necessary 
to assess and evaluate the performance and efficiency 
of heat exchanger using Al2O3-nanofluid as a coolant. 
Performance evaluation is a major important parameter of 
heat exchangers which improves the life of heat exchangers 
using Al2O3-nanofluid at various volume concentrations. 
By using the volume concentrations at 0.10-0.175% per-
formance and efficiency of the heat exchanger increased 
due to the higher thermal conductivity and heat transfer 

coefficients of nanofluids than baseline water. Figure 15 
shows the variation of the performance index with the vol-
ume concentration of Al2O3-nanofluid in both directions 
at various flow rates. From Figure 16, it is revealed that the 
performance index and Loop efficiency were increased 
due to the addition of nanoparticles in the baseline water. 
A higher performance index indicates greater thermal effi-
ciency of nanofluid. It is shown from the Figure 15 that the 
performance indices of Al2O3-nanofluids are greater than 1 
indicating that Al2O3-nanofluid has a higher heat transfer 
coefficient than baseline water. Counter flow heat exchang-
ers showed a good performance index than parallel flow 
heat exchangers at various flow rates because in counter 

Figure 14. Effect of friction factor on various Reynolds 
number using Darcy-Weisbach equation.

Figure 15. Effect of performance index on volume concen-
tration at various flow rates.

Figure 16. Effect of loop efficiency on volume concentra-
tion at various flow rates.
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flow direction uniform and continuous temperatures are 
maintained across the heat exchanger. The performance 
index and loop efficiency of heat exchanger using Al2O3-
nanofluid were measured using equations (14) and (15).

CONCLUSION

This study concluded that using small size 20 nm Al2O3 
nanoparticles 0.10% to 0.175% by volume concentration 
at Reynolds number ranging from 1700 to 3400 resulted 
higher heat transfer coefficient, Nusselt number and fric-
tion factors compared to baseline water. This improvement 
seems higher density and best thermal conductivity for 
Al2O3-nanofluid compared to baseline water. Major find-
ings of this research are summarized as follows:

The addition of 0.10% to 0.175% volume concentra-
tion of Al2O3 nanoparticle in the baseline water revealed 
higher density and viscosity for Al2O3-nanofluid. A superb 
enhancement in density was achieved of nanofluid 1022 
kg/m3 at 0.175% volume concentration accompanied by 
a maximum enhancement of 2.2%. Additionally, maxi-
mum enhancement of 13.92% in viscosity was observed 
at 0.175% volume concentration. The thermal conduc-
tivity of Al2O3-nanofluid exhibited an increase from 0.61 
to 0.67 W/m.K at various operating inlet temperatures 
30-45°C when Al2O3 nanoparticles mixed in the baseline 
water. A remarkable enhancement i.e. 21.6% in thermal 
conductivity of nanofluid was observed by the addition 
of 0.175% volume concentration in the baseline water. An 
Approximate enhancement of 140% to 155% in average 
HTC was observed in parallel and counter flow directions 
upon adding 0.175% Al2O3 nanoparticles in the baseline 
water. This enhancement was observed due to the higher 
thermal conductivity of Al2O3 than water. Furthermore, it 
was noted that inclusion of 0.175% Al2O3 nanoparticle in 
the baseline water increased friction factor i.e. 2.81% than 
baseline water due to their higher density Al2O3-nanofluid 
than water. 

The experimental and theroritical Nusslet numbers 
showed the least deviation of ±10%. Boundary conditions 
for Nusslet numebr are ranged from 40 to 110, attaributing 
highest accuracy and low discripency between theoritical 
and experomental values. It is thus obviously say that, cor-
relation Gryta et al. (1997) exhibited low deviation com-
pared to Acharya et al. (1992, 2001) and others. Further 
more, the performance index for Al2O3-nanofluid exhibited 
greater value than 1, signifying higher HTC. In counter flow 
HX, Al2O3-nanofluid at 0.10-0.175% volume concentra-
tion showed remarkable performance index ranging from 
2.5 to 3.18. Moreover, an approximately 5.94% increase in 
efficiency was observed in counter flow direction at 0.175% 
Al2O3-nanofluid concentration. Thus increase in pressure 
drop and pumping power occurs in counter flow direction 
compared to the parallel flow direction.

Thus the results strongly suggest that Al2O3-nanofluid at 
0.175% volume concentration functioned well as a working 

fluid for industrial requirement compared to the conven-
tional baseline water. This enhancement in results was done 
due to the higher performance index and efficiency than 
baseline water. So, Al2O3-nanofluid can be preferred more 
in heat exchangers, solar collector, refrigeration, heating 
and cooling equipment’s.

Limitations and Future Scope
The present study lacks in small pumping power con-

sumptions. The pumping power in watt is required to trans-
fer/move hydraulic oil ISO VG 68 and nanofluid at various 
flow rates on double pipe heat exchanger. This research is 
based upon an experimental study; only 0.175% volume 
concentration of aluminum oxide nanoparticle showed/
produced good results for heat transfer rate so this is lim-
itation of this study. Above addition of 0.175% volume con-
centrations of nanoparticle in the baseline water showed 
higher pressure drop and pumping power on HX pipe. 
Thus enhancement in pumping power and pressure drop 
across the heat exchanger pipe may cause serious prob-
lem and offering more consumption of power. Therefore, 
0.175% volume concentration has s sufficient power con-
sumption to sustain the load. This is a big challenge and 
scope of this study that may be faced during utilization of 
nanofluid. In future, hybrid nanofluid i.e. mixing of alumi-
num and zinc oxide may be mixed in the baseline water to 
enhance scope of heat transfer enhancement compared to 
the present study.

NOMENCLATURE

NP Nanoparticle
NF Nanofluid
HX Heat exchanger
Al2O3  Aluminium oxide
nm Nanometer
LPM Liter per minute
GPM Gram per minute
BV Ball valve 
GV Gate valve 
Wp Weight of particle
ρbf Density of base fluid
TCR Thermal conductivity ratio
ISO VG International standard organization viscosity 

grade
f Friction factor
hbf convective heat transfer coefficient of base fluid
K Thermal conductivity
°C Degree Celsius
EG Ethylene glycol
ή Loop efficiency
Re Reynolds number
Th1 Temperature of hot fluid at inlet
Th2 Temperature of hot fluid at outlet
Tc1 Temperature of cold fluid at inlet
Tc2 Temperature of cold fluid at outlet
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CuO Copper oxide
HTC Heat transfer coefficient
Avg. Average 
Nu Nusselt number
Cp  Specific heat capacity
Tw Wall temperature
µbf Dynamic viscosity of base fluid
Tb Bulk temperature
Pr Prandlt Number
∆Pnf Pressure drop of nanofluid
DW Distilled water
φ Volume concentration
έ Performance index

AUTHORSHIP CONTRIBUTIONS

Authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the 
findings of this study are available within the article. Raw 
data that support the finding of this study are available from 
the corresponding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest 
with respect to the research, authorship, and/or publication 
of this article.

ETHICS

There are no ethical issues with the publication of this 
manuscript.

REFERENCES

 [1] De Carli M, Fiorenzato S, Zarrella A. Performance 
of heat pumps with direct expansion in vertical 
ground heat exchangers in heating mode. Energy 
Conver Manage 2015;95:120−130. [CrossRef]

 [2] Hatami M, Ganji DD, Gorji-Bandpy M. Experimental 
and numerical analysis of the optimized finned-tube 
heat exchanger for OM314 diesel exhaust exergy 
recovery. Energy Conver Manage 2015;97:26−41. 
[CrossRef]

 [3] Rashidi MM, Mohimanian Pour SA, Abbasbandy S. 
Analytic approximate solutions for heat transfer of 
a micropolar fluid through a porous medium with 
radiation. Commun Nonlinear Sci Numer Simul 
2011;16:1874−1889. [CrossRef]

 [4] Okonkwo EC, Wole-Osho I, Almanassa IW, 
Abdullatif YM, Al-Ansari T. An updated review of 
nanofluids in various heat transfer devices. J Therm 
Anal Calorim 2020;145:2817−2872. [CrossRef]

 [5] Khan S, Hedge SC, Pratheek S, Shettigar S, 
Satyanarayan. Effect of sonication time, concentra-
tion, shape and size of nano particle on thermal con-
ductivity of Al2O3 /water nano fluid. Int J Engineer 
Res Technol 2015;3:IJERTCONV3IS17028.

 [6] Kokate YD, Sonawane SB. Investigation of particle 
size effect on thermal conductivity enhancement of 
distilled water-Al2O3 nano fluids. Fluid Mech Res 
Int J 2019;3:55−59. [CrossRef]

 [7] Ali N, Teixeira JA, Addali A. A review on nanoflu-
ids: Fabrication, stability, and thermophysical prop-
erties. J Nanomater 2018;2018:6978130. [CrossRef]

 [8] Murali Krishna V, Sandeep Kumar M. Numerical 
analysis of forced convective heat transfer of nano-
fluids in microchannel for cooling electronic equip-
ment. Mater Today Proc 2019;17:295−302. [CrossRef]

 [9] Kaggwa A, Carson JK. Developments and future 
insights of using nanofluids for heat transfer enhance-
ments in thermal systems: A review of recent litera-
ture. Int Nano Lett 2019;9:277−288. [CrossRef]

[10] Jassim EI, Ahmed F. Experimental assessment of 
Al2O3 and Cu nanofluids on the performance and 
heat leak of double pipe heat exchanger. Heat Mass 
Transf 2020;56:1845−1858. [CrossRef]

[11] Terese M. Application of nanofluids in enhancing 
the thermal conductivity of heat exchangers- A 
review. Int J Sci Res Publ 2021;11:364−369. [CrossRef]

[12] Zheng M, Han D, Asif F, Si Z. Effect of Al2O3/water 
nanofluid on heat transfer of turbulent flow in the 
inner pipe of a double-pipe heat exchanger. Heat 
Mass Transf 2019;56:1127−1140. [CrossRef]

[13] Mansoury D, Doshmanziari FI, Kiani A, Chamkha 
AJ, Sharifpur M. Heat transfer and flow charac-
teristics of Al2O3 /water nanofluid in various heat 
exchangers: Experiments on counter flow. Heat 
Transfer Engineer 2019;41:220−234. [CrossRef]

[14] Barzegar MH, Fallahiyekta M. Increasing the thermal 
efficiency of double tube heat exchangers by using 
nano hybrid. Emerg Sci J 2018;2:11−19. [CrossRef]

[15] Singh A, Gangacharyulu D, Sharma S. Study of 
heat transfer of aluminium oxide in water and eth-
ylene glycol based nanofluid in single pass multi 
tube cross flow heat exchanger. Int J Engineer Res 
Technol 2016;5:IJERTV5IS080214.

[16] Jama M, Singh T, Gamaleldin SM, Koç M, Samara 
A, Isaifan RJ, et al. Critical review on nanofluids: 
Preparation, characterization, and applications. J 
Nanomater 2016;2016:6717624. [CrossRef]

[17] Azeez K, Hameed AF, Hussein AM. Nanofluid 
heat transfer augmentation in a double pipe heat 
exchanger. AIP Conf Proc 2020;2213:020059. 
[CrossRef]

[18] Singh S, Sharma S, Gangacharyulu D. Comparative 
study of various thermo-physical properties of 
metallic & oxides nanofluids. Int J Engineer Sci Res 
Technol 2015;4:797-803.

https://doi.org/10.1016/j.enconman.2015.01.080
https://doi.org/10.1016/j.enconman.2015.03.032
https://doi.org/10.1016/j.cnsns.2010.08.016
https://doi.org/10.1007/s10973-020-09760-2
https://doi.org/10.15406/fmrij.2019.03.00052
https://doi.org/10.1155/2018/6978130
https://doi.org/10.1016/j.matpr.2019.06.433
https://doi.org/10.1007/s40089-019-00281-x
https://doi.org/10.1007/s00231-020-02826-9
https://doi.org/10.29322/IJSRP.11.06.2021.p11447
https://doi.org/10.1007/s00231-019-02774-z
https://doi.org/10.1080/01457632.2018.1528051
https://doi.org/10.28991/esj-2018-01122
https://doi.org/10.1155/2016/6717624
https://doi.org/10.1063/5.0000243


J Ther Eng, Vol. 10, No. 5, pp. 1120−1136, September, 20241136

[19] Aghayari R, Madah H, Keyvani B, Moghadassi A, 
Ashori F. The effect of nanoparticles on thermal effi-
ciency of double tube heat exchangers in turbulent 
flow. Int Sch Res Notices 2014;2014:274560. [CrossRef]

[20] Jamal-Abadi M, Zamzamian AH. Thermal conduc-
tivity of Cu and Al-water nanofluids. Int J Engineer 
2013;26:821−828. [CrossRef]

[21] Askar AH, Kadham SA, Mshehid SH. The surfac-
tants effect on the heat transfer enhancement and 
stability of nanofluid at constant wall temperature. 
Heliyon 2020;6:e04419. [CrossRef]

[22] Asadi A. A guideline towards easing the deci-
sion-making process in selecting an effective nano-
fluid as a heat transfer fluid. Energy Conver Manage 
2018;175:1−10. [CrossRef]

[23] Alawi OA, Abdelrazek AH, Aldlemy MS, Ahmed 
W, Hussein OA, Ghafel ST, et al. Heat transfer and 
hydrodynamic properties using different metal-ox-
ide nanostructures in horizontal concentric annular 
tube: An optimization study. Nanomaterials (Basel) 
2021;11:1979. [CrossRef]

[24] Dew KK, Shrivastava P. CFD analysis of double tube 
heat exchanger using different nanofluid. Int J Res 
Trends Innov 2018;3:146−155.

[25] Albadr J, Tayal S, Alasadi M. Heat transfer through 
heat exchanger using Al2O3 nanofluid at differ-
ent concentrations. Case Stud Therm Engineer 
2013;1:38−44. [CrossRef]

[26] Sulgani MT, Karimipour A. Improve the thermal 
conductivity of 10w40-engine oil at various tem-
perature by addition of Al2O3/Fe2O3 nanoparticles. J 
Mol Liq 2019;283:660−66. [CrossRef]

[27] Akhtari M, Haghshenasfard M, Talaie MR. 
Numerical and experimental investigation of heat 
transfer of α-Al2O3/water nanofluid in double pipe 
and shell and tube heat exchangers. Numer Heat 
Transf Part A 2013;63:941−958. [CrossRef]

[28] Ranjbarzadeh R, Moradikazerouni A, Bakhtiari R, 
Asadi A, Afrand M. An experimental study on sta-
bility and thermal conductivity of water/silica nano-
fluid: Eco-friendly production of nanoparticles. J 
Clean Prod 2019;206:1089−1100. [CrossRef]

[29] Matsunaga K, Tanaka T, Yamamoto T, Ikuhara Y. 
First-principles calculations of intrinsic defects in 
Al2O3. Phys Rev B 2003;68:085110. [CrossRef]

[30] Kirm M, Feldbach E, Kotlov A, Liblik P, Lushchik 
A, Oja M, et al.VUV spectroscopy and electronic 
excitations in nano-size alumina. Radiat Meas 
2010;45:618−620. [CrossRef]

[31] Kuzovkov VN, Kotomin EA, Popov AI. Kinetics of 
the electronic center annealing in Al2O3 crystals. J 
Nucl Mater 2018;502:295−300. [CrossRef]

[32] Dresvyannikov AF, Petrova EV, Tsyganova MA. 
Physical and chemical properties of nano-sized alu-
minum hydroxide and oxide particles obtained by 
the electrochemical method. Russ J Phys Chem A 
2010;84:642−647. [CrossRef]

[33] Bouselsal M, Mebarek-Oudina F, Biswas N, 
Ismail AAI. heat transfer enhancement using 
Al2O3-MWCNT hybrid-nanofluid inside a tube/
shell heat exchanger with different tube shapes. 
Micromachines (Basel) 2023;14:1072. [CrossRef]

[34] Ajeeb W, Thieleke da Silva RRS, Murshed SMS. 
Experimental investigation of heat transfer perfor-
mance of Al2O3 nanofluids in a compact plate heat 
exchanger. Appl Therm Engineer 2023;218:119321. 
[CrossRef]

[35] Mohamed HA, Alhazmy M, Mansour F, Negeed 
ER. Enhancing heat transfer inside a double pipe 
heat exchanger using Al2O3 nanofluid, experimen-
tal investigation under turbulent flow conditions. J 
Nanofluids 2023;12:356−371. [CrossRef]

[36] Sahu SR, Barik H, Patro P. Heat transfer study of 
water and air-based nanofluids with Al2O3 nanopar-
ticles in a circular pipe using a multiphase approach. 
Part Sci Technol 2023;42:393−407. [CrossRef]

[37] Salameh T, Alkasrawi M, Olabi AG, Makky AA, 
Abdelkareem MA. Experimental and numerical 
analysis of heat transfer enhancement inside concen-
tric counter flow tube heat exchanger using differ-
ent nanofluids. Int J Thermofluids 2023;20:100432. 
[CrossRef]

[38] Bansal RK. A textbook of fluid mechanics and 
hydraulic machines. New Delhi: Laxmi Publications; 
2005.

[39] Yau YH, Rajput U, Rajpar AH, Lastovets N. Effects 
of air supply terminal devices on the performance 
of variable Refrigerant flow integrated stratum ven-
tilation system: An experimental study. Energies 
2022;15:1265. [CrossRef]

[40] Kadu RJ, Jambhorkar SS, Juware RM, Dhote ND. 
Effect on fluid flow using laminar flow cabinet. Int 
Res J Engineer Technol 2015;2:637−640.

[41] Iqbal MS, Raj CS, Michael JJ, Irfan AM. A com-
parative investigation of Al2O3 /H2O and ZrO2/
H2O nanofluid for heat transfer applications. Dig J 
Nanomater Biostruct 2017;12:255−263.

https://doi.org/10.1155/2014/274560
https://doi.org/10.5829/idosi.ije.2013.26.08b.03
https://doi.org/10.1016/j.heliyon.2020.e04419
https://doi.org/10.1016/j.enconman.2018.08.101
https://doi.org/10.3390/nano11081979
https://doi.org/10.1016/j.csite.2013.08.004
https://doi.org/10.1016/j.molliq.2019.03.140
https://doi.org/10.1080/10407782.2013.772855
https://doi.org/10.1016/j.jclepro.2018.09.205
https://doi.org/10.1103/PhysRevB.68.085110
https://doi.org/10.1016/j.radmeas.2009.12.006
https://doi.org/10.1016/j.jnucmat.2018.02.022
https://doi.org/10.1134/S0036024410040217
https://doi.org/10.3390/mi14051072
https://doi.org/10.1016/j.applthermaleng.2022.119321
https://doi.org/10.1166/jon.2023.1919
https://doi.org/10.1080/02726351.2023.2256688
https://doi.org/10.1016/j.ijft.2023.100432
https://doi.org/10.3390/en15041265

