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A B S T R A C T   

Experimental investigation on particle size effect on entropy and exergy characteristics of AL2O3 - 
MWCNT hybrid nanofluid in transitional flow Regime was carried out with four different particle 
sizes (i.e., for Aluminum oxide (AL2O3), 20 nm, and 5 nm used while Multiwalled Carbon 
Nanotubes (MWCNT) <7 nm and 30–50 nm particles). 0.3 vol concentrations of three hybrid 
nanofluids with different particle size combinations (i.e., Al2O3(20 nm) – MWCNT(20–30 nm), 
Al2O3(20 nm) – MWCNT(<7 nm), and then Al2O3(5 nm) – MWCNT(<7 nm)) are prepared using a 
two-step method, at a percentage weight composition (PWC) of 60:40. Results shows that 
Nanofluid with Al2O3 (20 nm) and MWCNT (<7 nm) have shown the best performance. It has an 
exergy efficiency of 54.12% at turbulent Reynold number of 4500, while in the transitional flow 
regime, it records an exergy efficiency of 47.85%. Frictional entropy and thermal entropy in the 
transitional regime were reduced with hybrid nanofluid of Al2O3 (20 nm) and MWCNT (<7 nm) 
by 6.78% and 13.53%, respectively, as compared to Al2O3 (5)- MWCNT (<7) nanofluid. Both 
thermal and frictional entropy effects were better minimized in the turbulent regime than in the 
lamina and transitional regime, as they were reduced by 16.66 and 24.7%, respectively. The study 
also recommends that for further investigations, more samples need to be taken to reach a clearer 
conclusion the effect of particle size, and since this is a hybrid nanofluid the samples should be of 
different sizes from both nanoparticles.  

Nomenclature 

Exdest,T Thermal Exergy Destruction 
kcu Thermal conductivity of the copper 
Exdest,f Frictional Exergy Destruction 
havg Average Coefficient of Heat transfer 
φ Volume concentration 
k Thermal Conductivity 
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As Surface Area 
cp Specific heat capacity of Particles 
chnf Specific heat capacity of Hybrid Nanofluid 
Re Reynold Number 
Pr Prandtl 
P Perimeter of the tube 
Tso(x) Outside wall temperature 
Dso Outer Tube Diameter 
m
•

Mass flow Rate 
Tf (x) Local Mean Fluid Temperature 
Dsi Internal Tube diameter 
Ti Inlet Temperature 

Qf
•

Heat Transfer Rate 
h(x) Heat transfer coefficient 
q
•

in Heat flux 
Sg,f Frictional Entropy 
ηex Exergy Efficiency 
EB Energy Balance 

Q
•

e Electric Energy Supply Rate 
x Distance from the tube inlet 
ρhnf Density of the Hybrid nanofluids 
ρp Density of Particles 
ρbf Base fluid density 
Ta Ambient Temperature 
Sg,total Total Entropy 
cbf Specific heat capacity of base 
V Voltage 
L Test Section Length 
Do Outer Diameter 
Di Internal Diameter 
Tsi(x) Inside wall temperature 
Nuavg Average Nusselt Number 
Be Bejan Number 
I Current 
Sg,T Thermal Entropy 

Greek Letters 
μ viscosity 
v Kinematic viscosity 
ρ Density 

Subscripts 
o Outlet/Out 
i Inlet 
f fluid 
s Surface 
a Ambient/Atmospheric 
avg Average 

Abbreviations 
PWC Percentage weight compositions 
NDE Non- Dimensional Exergy Destruction 
IDR Irreversibility distribution ration  

1. Introduction 

Nanofluid Heat transfer characteristics and capabilities are still under investigation. So much still needs to be discovered or not 
fully understood about these enhanced working fluids that show promising signs of improving thermal management. Especially in this 
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current age where technological advancement is on the rise, thermal management is one of the serious issues that put a limit on the 
capabilities of these new advanced systems [1,2]. One important thing that needs consideration is entropy generation because the 
estimation of entropy generation provides information about the irreversibility that occurs within the system. Tharayil et al. [3] 
explained that entropy generation is used in thermodynamics to analyze the performance of various thermal systems, whereby the 
system with the lowest entropy is thought to perform better. It is not new that nanofluid’s properties vary due to different factors, 
including volume concentration, types and sizes of particles, method of preparation, etc. Maheshkumar et al. [4] explained that en
tropy is affected by several factors that are independent of the fluid properties, like heat pipe dimensions. Therefore, entropy gen
eration could be significantly minimized by adequately selecting pipe dimensions, Khalkhali et al. [5] found that optimum ambient 
temperature and dimensions are crucial to minimizing entropy generation, similar findings were also reported by Bhattad et al. [6] 
where a decrease in application temperature results in a reduction of exegetics performance. 

With regards to nanofluid performance evaluation using entropy analysis, more research is still needed to investigate their entropy 
generation, especially in tube flow. Singh et al. [7] investigate the nanofluids entropy generation using different tube diameter results 
show that tubes with big diameter sizes experience higher Thermal entropy than smaller tubes. At the same time, frictional entropy 
appears to be much higher in small-size tubes, this was consistent with results presented by Ziapour et al. [8]. Ghanbarpour et al. [9] 
investigated the performance of Aluminum oxide (Al2O3) and Titanium oxide (TiO2) water nanofluid, research findings indicate that 
nanofluid performance is better than that of the base fluid (i.e., water) as the total entropy generation was reduced to about 3–13% 
with nanofluids of 1–5% volume concentration and their performance increase with nanoparticle loading in the base fluid, Al2O3 - 
water nanofluid has minimized entropy generation more than TiO3 and the base fluid. Jafarmadar et al. [10] investigate water-based 
nanofluid of Al2O3, CuO, and silver performance on entropy generation, where silver (Ag) entropy generations appear to be much 
higher when compared to the other fluid tested. Tharayil et al. [3] also reported a reduction in entropy generations using a 0.6% 
volume concentration of graphene-water nanofluid. Zhao et al. [11] report a significant entropy generation degradation with TiO2. 
While Sundar et al. [12] prepared a nanodiamond + Fe3O4 hybrid fluid with water-ethylene as base fluid and reported a 20% reduction 
in thermal entropy generation. Sardarabadi et al. [13] applied metal oxide nanofluid on the photovoltaic thermal system (PVT), and an 
enhancement of 15.93% in exergy efficiency was reported. Bhattad et al. [14] also reported an improvement in exergy efficiency of 
0.5% with aluminium-cupper hybrid nanofluid. Findings of the experimental works of Safarzadeh et al. [15], Sundar et al. [16], and 
Bhattad et al. [17]revealed that fluid entropy generation is affected by an increase in particle concentration. 

Another important factor that was investigated and found to have significant effects on the nanofluid’s entropy characteristics is the 
Particle shapes. Alanazi et al. [18] used Aluminum oxide nanoparticles of different shapes, which include blade, cylinder, and 
platelet-shaped particles. Results show that at a volume concentration of 1% platelet-shaped particles, nanofluid have reduced the 
entropy generation and frictional effect in the system more than the blade and cylindrical-shaped particles. Rafique et al. [19] also 
reported that the shapes of the particles significantly impact both fluid’s heat transfer and entropy generation because findings from 
the numerical simulation show that Os-shaped particles were far better than the rest of the particle Shapes investigated in the research. 
Similarly, Alqaed et al. [20] reported that Os shaped to perform better. This reaffirmed the findings of Rafique et al. [19]. Also, Bhattad 
et al. [21] investigated the effects of both particle shapes and sizes on the thermohydraulic performance of plate evaporator, their 
findings reaffirmed that particle shapes have a strong significance on the heat transfer and their performance index, while heat transfer 
area was found to be reduced with increase in particles size. In a similar research, Bhattad et al. [22] investigated the effects of inlet 
temperature on the thermodynamic characteristic of Hybrid nanofluid of Aluminium-graphene and Aluminium – water nanofluid, in 
this research, it was found out that with the of nanofluid, second low efficiency deteriorates while irreversibility rate and 
non-dimensional exergy (NDE) increases. 

Research on the effects of particle sizes on heat transfer characteristics are very few, especially with the hybrid nanofluid, even 
though research has shown that particle sizes have a significant influence on tube convective heat transfer characteristic, Anoop et al. 
[23] and Bhattad et al. [21]. Very few works use hybrid nanofluids. Our findings have shown that no work yet investigates the in
fluence or impacts of particle sizes on the hybrid nanofluid entropy generation therefore, in this current work, we investigate the 
effects or influence of particle sizes on hybrid nanofluids’ entropy generation. It was already established that the use of nanofluid has 
an impact on reducing the entropy generation compared to base fluid [9–16]. This current work aims not to compare nanofluid 
performance with base fluid but rather to investigate and analyze the influence of particle sizes on entropy only. Al2O3 – MWCNT was 
chosen because of the research work of Ghanbarpour et al. [9], Bhattad et al. [14], and Jafarmadar et al. [10] all reported a significant 
entropy minimization with the Al2O3 nanofluid, and also due to its good stability, as reported by Osman et al. [22], while MWCNT has 
a very high thermal conductivity. In an interesting work also, Bhattad et al. [24] analysed the economic importance ofhybrid nano
fluids, results show that Aluminium base hybrid nanofluids have appreciably low annual costs. However, the main goal of the present 
work is to study the thermal behaviour of hybrid nanofluids as a case study for the impact of particle sizes. Three hybrid nanofluids of 
Al2O3 – MWCNT are prepared at a 0.3% volume concentration, the particle sizes used are 5 nm and 20 nm for Al2O3 and <7 nm, and 
30–50 for Multiwalled carbon Nanotubes are used. 

2. Experimentation 

2.1. Preparations Al2O3 – MWCNT Nanofluid 

Deionized water (DI – Water) was used as the base fluid to prepare the three hybrid nanofluids of Al2O3 and MWCNT nanoparticles. 
Using the two-step method, four different particle sizes were used (i.e., Al2O3 (20 nm), MWCNT (<7 nm), Al2O3 (5 nm), and MWCNT 
(30–50 nm). These particles were hybridized using a 60:40 ratio (60% by weight percentage of Aluminium and 40% by weight 
percentage of MWCNT). 60:40 hybridization ratio was chosen because Krishnan et al. [25], experiments on the properties of hybrid 
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nanofluid (Al2O3 - MWCNT/DI-water) at various particle weight ratios explained that 60:40 exhibits the best thermal properties. 0.3 
vol concentration was prepared and used in this experimental study, 0.3 concentration was chosen because Hameed et al. [26] re
ported that, its performance is by far the best compared to 0.2 and 0.1 vol concentrations. The nanofluid combinations prepared are 
Al2O3 (5 nm)-MWCNT (<7 nm), Al2O3 (20 nm)-MWCNT (<7 nm), and Al2O3 (20 nm)-MWCNT (30–50 nm). Fig. 1(a–c) shows the SEM 
images of the three hybrid nanoparticles as supplied by the Manufacturers (US Research Nanomaterial (USA)) with average particle 
sizes of 20 nm and 5 nm for Al2O3 and 7 and 30–50 for Multi-Walled Carbon Nanotube. Magnetic stirring (30min) and sonication at an 
amplitude of 90 for 1 h were used, breaking down the agglomerates generated and dispersing them (i.e., nanoparticles) in the base 
fluid. 

2.2. Stability and thermophysical properties of the hybrid nanofluid 

Nanofluids stability ware examined by measuring and monitoring the viscosity at a constant temperature of 20 ◦C, the viscosity 
readings were taken using Sv–10 Vibro Viscometer (A&D, Japan), which is set to record and login data at an interval of 10 min for 4.5 
h, as shown in Fig. 2. In all cases of experiments, the system got steady in about 90 min, therefore, the nanofluids in the experimental 
set-up were stable during the experimentations. A similar method was also used by Osman et al. [27] and Giwa et al. [28,29]. Fluids 
were also visualized and monitored for ten days without any sedimentation, which shows that they have good stability, and this agreed 
with Krishnan et al. [30]. They prepared and tested the same hybrid nanofluid’s properties and stability using similar methods and 
parameters. 

Fig. 3a illustrates the hybrid nanofluids’ thermal conductivity as measured by a KD2 Pro thermal conductivity meter at various 
temperatures ranging from 20 ◦C to 60 ◦C. Results were compared with the thermal conductivity correlation of Pack and Cho [31] 
presented in Equation (1), and the correlation differs by less than 3% from the measured outcome. This is similar to the findings of 
Sharma et al. [32]. 

knf = kw(1+ 7.47φ) (1) 

Fig. 3b presents the viscosity of the hybrid nanofluid between the temperatures of 20 ◦C–60 ◦C 
The viscosity is compared to the viscosity of water and with the regression Equation (2), as Presented in Fig. 3b. The comparison 

was similar to the method used by Sharma et al. [32] and Osman et al. [27]. And the regression equation (2) correlates very well with 
nanofluid data. 

μnf = μw
(
1+ 2.5φ+ 6.2φ2) (2) 

Fig. 4 presents the pH and electrical conductivity data for the hybrid nanofluids. Al2O3 (5) – MWCNT (<7) has the highest pH, 
whereas Al2O3 (20) – MWCNT (30–50) has the lowest pH, nanofluids pH appeared to decrease with increasing temperature, which is 
consistent with the findings of Giwa et al. [33] and Krishnan et al. [30]. 

The result of the electrical conductivity of the hybrid nanofluid is also presented in (Fig. 4b), 
electrical conductivity increases as the temperature increases, which is similar to the finding of Giwa et al. [33]. 
The density of the hybrid nanoparticles was computed using equation (3), which Sundar et al. [34] recommended and applied, and 

it was discovered to be 3.222 kg/m3. Equation (4) was used to determine the hybrid nanoparticles’ specific heat. 

ρ(Al2O3 − MWCNT) =

(
ρAl2O3

PWCAl2O3

)
+ (ρMWCNT PWCMWCNT)

(
PWCAl2O3 + PWCMWCNT

) 3  

c(Al2O3− MWCNT) =

(
cAl2O3 PWCAl2O3

)
+ (cMWCNT PWCMWCNT)

PWRAl2O3 + PWRMWCNT
4 

PWC is the Percentage weight concentration of the nanoparticles in the Hybrid nanofluids, where Aluminium is 60, and MWCNT is 
40, and deionized water is utilized as the base fluid and has a 999kg/m3 density. 

Fig. 1. SEM images of the hybrid nanoparticles.  
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Hybrid nanofluid density and heat capacity were obtained from the relations developed from the research work of Pak and Cho 
[35], and used by Sundar et al. [36] and Naik et al. [28], as shown here in equations (5) and (6): 

ρhnf =(1 − φ)ρbf + φρp 5  

Chnf =(1 − φ)Cbf + φCp 6  

Where, ρhnf , chnf , φ , ρbf , cbf , cp are nanofluid density, heat capacity (specific), concentration, the density of the water (deionized 
water), the heat capacity (specific) of the DI water, the heat capacity (specific) of the hybrid nanoparticles, and density of the hybrid 
nanoparticles, respectively. 

2.3. Experimental set-up 

The fundamental design of the set-up is presented in Fig. 5. Force convection test equipment consists of a tank (for fluid storage) (8) 
capable of storing and supplying 10 L of water/Nanofluid for use during testing using a gear pump (1). The power was supplied to the 
test section to provide a continuous heat flux to the heat exchanger section, which heats the fluid from an inlet temperature (Tin) to an 
output temperature (Tout). To minimize heat loss, the heated test section was thoroughly insulated with insulation materials with a 
thickness of about 70 mm (comprising 6 layers of tight insulation). The fluid exited the heated test section through a flow meter. The 
flow meter has 0.05% accuracy when operating at full capacity (4), and a heat exchanger (5) cooled the hot fluid (from Test sections 
(3)) where the heat was dumped into cold water from a Thermal bath (6), and the temperature at the test section’s inlet was kept 
constant. The system was equipped with a data collection system that receives and analyses signals from the power supply, flow 
meters, thermocouples, and pressure transducers in a computer (9). The data was logged in using a Lab View application that was 
designed to log data at a frequency of 20 Hz. 

2.4. Experimental procedure 

The system had to be allowed to stabilize for at least 1.5 h after starting up to achieve a steady state. When there are no apparent 
variations in temperature, flow rate, and pressure values, a steady state is thought to have been reached. After the system stabilized, 
minor modifications were made to the flow rates to obtain a new flow rate for data capture. It takes roughly 10 min for the system to 
return to its steady state after changing the flow rate (higher to a lower flow). Data was captured from the higher flow rate to the lower 
flow rate to minimize leftover heat from being stored in the insulation and influencing subsequent readings; for each data point 
analysis, 200 readings were recorded by the data acquisition systems and averaged for data analysis. 

3. Data analysis and validation 

The method of Data analysis method used for this research work is similar to the method followed by Meyer et al. [37]. 
The fluid heat transfer h(x) coefficient obtained from the relation, 

h(x)=
qin
•

Tsi(x) − Tf (x)
7  

where qin
•

is the heat flux, computed from the rate of energy supplied Q
•

e 

Fig. 2. Stability checking at 20 ◦C for 4hr 30min.  
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Q
•

e =VI 8 

Then heat flux, q
•

in is calculated as given in equation (9). 

qin
•

=
Q
•

e

AS
9 

As is the Tube’s internal Surface Area. 

As = πDL 10 

The heat transfer rate Qf
•

to the fluid was determined from the mass flow rate, inlet and outlet temperature, and Specific heat 
capacity measured at a bulk temperature. 

Q
•

f =m• cp(Tout − Tin) 11 

The heat transfer rate Qf
•

which is monitored throughout the experiments to ensure constant heat flux is supplied and is compared 

Fig. 3. a) Thermal conductivity and b) Viscosity of hybrid nanofluids.  
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to electrical energy supplied. The energy balance (EB) is computed as follows. 

EB=

⃒
⃒
⃒
⃒
⃒
⃒
⃒

Q
•

e − Qf
•

Q
•

e

⃒
⃒
⃒
⃒
⃒
⃒
⃒

× 100 12 

The energy balance of all the experiments was less than 3%, showing that the tube is well insulated. 
Throughout the experiment, a constant heat flux of 8.67 kW/m2 is provided to the system. 
The local inner surface temperatures Tsi(x) and Tf (x) were calculated using outer wall temperature, Tso(x) and resistance through 

the tube wall, (Rw) as shown below. 

Tsi(x)Tso(x) − qinRw 13 

Were. 

Rw =
ln Dso

Dsi

2πkcuL
14  

kcu is the tube material(copper) Thermal conductivity and is computed as defined by Ref. [38] and applied by Meyer et al. [29], While 
local mean fluid Temperature Tf was obtained from the relation. 

Tf (x)=Ti +
q• inxp
m• cp

15  

Where p is the Perimeter of the tube. 

Fig. 4. a) pH value and b) Electrical conductivity of hybrid nanofluids.  
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The coefficient of convective heat transfer (Average), havg was determined by averaging the preceding equation (7) along the tube 
length at all seven thermocouple points, Thus, by averaging the convective coefficient of heat transfer h(x) (local) at all thermocouple 
locations. 

havg =
(h(x1) + h(x2) + h(x3) + ........h(xn))

n
16  

Where, n = 7. 
The working fluid’s (i.e., hybrid nanofluid) Prandtl and Reynold Numbers were computed using the following relations. 
Reynold Number Re 

Re=
4m

πDL
17 

Prandtl Number Pr. 

Pr=
μcp

k
18 

Average Nusselt’s number was obtained from havg in equation (16). 

Nuavg =
havgD

k
19  

k represent the Thermal conductivity, of water, it was determined using the correlation developed by Popiel et al. [39] at fluid bulk 
temperature Tb. 

f =
∇p

(
L
di

)(
ρv2

2

) 20  

Fig. 5. Schematic diagram of test setup and the test section.  
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3.1. Entropy analysis 

Entropy Analysis of the hybrid nanofluid is done using equations (21)–(23) [16,40,41]. 

S
•

g,Total = Sg,T
•

+ S
•

g,f 21  

S
•

g,T =
Qf

2
•

NuπkToutTinL
22 

The Nusselt’s Number (Nu) is computed by using equation (19). 

Sg,F =
8fm3L

ρ2π2Di
5(Tout − Tin)

ln
(

Tout

Tin

)

23  

Where, SgtotalSg,T and Sg,f represent the total Entropy, thermal (Heat) Entropy, and frictional entropy generation, respectively, Qf
•

while 
represents the heat transfer rate [16]. 

Bejan number, Exergy efficiency, Thermal Exergy Destruction, and Frictional Exergy Destruction, are expressed in equations (24- 
27). Sundar et al. [16]. 

Be=
Sg,T

Sg,T + Sg,F
24  

3.2. Exergy analysis 

ηex = 1 −
TaSg,T[

1 −

(
Ta
Ts

)]

×
•

Qf

25 

Thermal Exergy Destruction 

Exdest,T = TaSg,T 26 

Frictional Exergy Destruction 

Exdest,f = TaSg,f 27 

Non – Dimensional Exergy Destruction (NDE) 
NDE is computed from the relation given in equation (28) As given by Bhattad et al. [14]. 

NDE=
1

m• cp(Tout − Tin)
28  

3.3. Validation of the setup 

The experimental results were compared to correlations from Dittus – Boelter [42], Gnielinski [43], and Notter-Rouse [44]. To 

Fig. 6. Validation of the Experimental Setup using Correlation.  

I.U. Ibrahim et al.                                                                                                                                                                                                      



Case Studies in Thermal Engineering 51 (2023) 103575

10

which the experimental data strongly correlate with these connections. as illustrated in Fig. 6. The correlation of Dittus - Boelter, 
Gnielinski, and Notter-Rouse compares with experimental data in the turbulent domain. However, when compared to the other 
correlations, the Gnielinski correlation predicts the outcome quite well. It underpredicts the outcome by less than 3% on average. This 
enhances confidence in the Data capturing and Analysis method and justifies the research procedure, design, and data reduction 
strategy. 

4. Result and discussion 

Theoretically, the transition regime starts at an approximate Critical Reynold number of 2300 Cengal et al. [45], but research works 
by Meyer and Oliver [46], Nagendra et al. [47], and Ghajar and Tam [48] explained that the start of the transition is affected by several 
factors, which includes inlet configuration, heat flux, fluid properties, etc. also Osman et al. [27] found out that transition starts early 
with nanofluid than with the base fluid, (water) and this due to the increase in the fluid viscosity. In this research, the start and end of 
the transition regime are identified using the method suggested by Everts et al. [49] and Andrade et al. [50] in which they defined the 
critical Reynold number (Recr) as the Reynold number at which the Colburn j factor gradient is equal to zero, as given by Equation (29) 

Re=Recr,When Re=
(

dj
dRe

)

= 0 29 

The range of the transition (Start and End) for the three hybrid nanofluids is found to be between the Reynold number of 1150 and 
2700. Data are taken between the Reynold number of 400–5000, which covers lamina and turbulent regimes. 

4.1. Entropy generation 

4.1.1. Thermal entropy generation 
From the experimental results presented in Fig. 7a, thermal entropy generation along the lamina and transitional region appeared 

to have a higher value than in the turbulent regions. It was noticed that the thermal entropy value reduces with an increase in the 
Reynold number, and this is consistent with the finding of Sundar et al. [12], which investigated the nanofluid entropy generation 
along the turbulent regime, similar results were also reported by Mehrali et al. [51] and for both the three fluids Al2O3 (5)- MWCNT 
(<7) have the highest thermal entropy in the transitional region. While minimizing thermal entropy is key to enhancing the exergetic 
performance of a system because higher thermal entropy signifies higher system irreversibility [16]. Results show that at a turbulent 
Reynold number of 4500 (Re ≈ 4500), there is thermal entropy degradation with Al2O3 (20)- MWCNT (<7) of about 24.7% compared 
to the Al2O3 (5)- MWCNT (<7), while along the transitional flow, Al2O3 (20)- MWCNT (<7) there is a reduction in thermal entropy of 
about 13.53% when compared to the Al2O3 (5)- MWCNT (<7) nanofluid. 

4.1.2. Frictional entropy generation 
Presented in Fig. 7b, entropy generation due to frictional effect (Frictional entropy), is unlike entropy due to heat transfer (i.e., 

Thermal entropy), it increases as the Reynold number increases, similar findings were also reported in the works of Sundar et al. [12], 
Mehrali et al. [51] and [16] results show that there is a reduction in frictional entropy with Al2O3 (20)- MWCNT (<7) nanofluid as 
compared with the other two fluids (Al2O3 (20)- MWCNT (30–50), and Al2O3 (5)- MWCNT (<7)). At a turbulent Reynold number of 
4500 (Re ≈ 4500), and a Transitional Reynold number of 2000 (Re = 2000) there is a reduction in frictional entropy generation of 
about 16.66% and 6.78% as compared to the Al2O3 (5)- MWCNT (<7) nanofluid. 

4.2. Exergy destruction 

4.2.1. Thermal exergy destruction 
Nanofluids’ thermal exergy destructions are presented in Fig. 8a, like thermal entropy, thermal exergy destructions also decrease 

with the increase in Reynold number, which is Similar to the results reported by [12,16,41]. Hybrid nanofluid with Particle sizes of 
Al2O3 (20 nm) and MWCNT (<7 nm) particles have the lowest thermal exergy destructions when compared with the other two fluids 
investigated, there is a reduction in thermal exergy destruction with Al2O3 (20)- MWCNT (<7) nanofluid of about 47.0% at Turbulent 
Reynold number of 4500 while at transition Region (Re = 2000) the reduction is for about 6.22% when compared with the Al2O3 (5)- 
MWCNT (7) nanofluid this makes it very obvious, that particles sizes influence the thermal characteristics of these fluids, as it was 

Fig. 7. (a) Thermal (heat) entropy generation against the Reynold number; (b) frictional entropy generation against the Reynold number.  
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confirmed with other parameters like volume concentration. 

4.2.2. Frictional exergy destruction 
Fig. 8b shows the frictional exergy destruction graph, for the three hybrid nanofluids of Al2O3 – MWCNT, nanofluids with particles 

combination of Al2O3 (20 nm) and MWCNT (<7 nm), have the lowest frictional exergy destruction among all the fluid tested, it has a 
reduction of about 16.68% in the turbulent region as compared to the Al2O3 (5)- MWCNT (<7), while in the Transitional region, it has 
recorded a reduction of about 6.78% compared to the Al2O3 (5)- MWCNT (<7). 

4.2.3. Non-dimensional exergy destruction 
Hybrid nanofluid Non-dimensional Exergy Destruction (NDE) is presented in Fig. 8c. Results show that NDE decreases with an 

increase in Reynold. For both the three hybrid nanofluid fluids, its magnitude is very much higher at the lamina regime than in 

Fig. 8. (a) Frictional Exergy Destruction against Reynold Number; (b) Thermal Exergy Destruction against Reynold Number c) Non-Dimensional Exergy Destruction 
against Reynold Number. 
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transitional and turbulent, this was consistent with the findings reported by Bhattad et al. [16], where NDE reduces with an increase in 
flow rate. Al2O3 (20 nm) - MWCNT (30–50) have the lowest NDE in the lamina region, compared to the rest fluids. However only a 
slight difference was noticed in the turbulent and transitional regions. 

4.3. Bejan Number 

As presented in Fig. 9, and equation 24 Bejan is described as the ratio of Thermal entropy to the sum total of entropy generation in 
the system, (i.e., the sum total of the entropies as a result of friction (frictional) and Thermal entropy). Bejan number is very significant 
with regard to fluid thermal analysis, it helps to access the effects and influence of the frictional exergy destructions and pressure drop 
in the system. When the Bejan number approaches one, it signifies the reductions in the impact of frictional exergy destruction on the 
system, which also means that there is low irreversibly in the system, a higher Bejan number signifies that entropy generation due to 
fluid heat transfer is higher than frictional entropy of the system [12], which also reflects that the system irreversibility distribution 
ratio (IDR) is high, because IDR is the relative measure of heat transfer influence on the irreversibility, as explained by Bhattad et al. 
[17] Bejan number helps to visualize the effect of heat transfer on the pressure drop. Bejan value also decreases with the increase in the 
Reynold number, because of the increase in the frictional exergy destructions of the system. Fig. 8b shows that the frictional exergy 
destruction of the system is increasing with the rise in the Reynold number, that’s the reason the Bejan value reduces with the rise in 
the Reynolds number. At a low Reynold number, its value is nearly equal to 1, (i.e., lamina region). Still, as the Reynold number 
increases, it keeps reducing gradually, it’s important to note that the Bejan Number can’t be 1, because we cannot eliminate all the 
irreversibility in the system. Fig. 9 shows the results of the Bejan number plotted against the Reynolds number, this result was similar to 
the findings of [12], [16], [51]. Reduction in the Bejan number also shows an augmentation in the pressure drop and fluid pumping 
power, which are all associated with the frictional entropy of the system. Due to the effects of different particle sizes, their Bejan 
number value was also affected for the fluid tested here. Fig. 9 shows that hybrid nanofluid fluid Al2O3 (20 nm) and MWCNT(20–30) 
have the highest Bejan number reduction in the turbulent region of flow compared to the Nanofluid with the particle combinations of 
Al2O3 (20 nm) - MWCNT(<7 nm) which indicates that the rise in fluid pumping power and frictional effects with Al2O3 (20 nm) 
-MWCNT(20–30), is higher than that of the Al2O3 (20 nm) and MWCNT(<7 nm) 

4.4. Exergy efficiency 

Fig. 10 present the exergy efficiency plot of the three hybrid nanofluids Al2O3 - MWCNT with water as base fluid, these three fluid 
differ with each other only by the Particles sizes combination of the Aluminium and MWCNT, but from the result of the exergy ef
ficiency, it’s shows that their performance as a heat transfer fluid differs significantly, which confirmed that nanoparticles sizes have 
significant effects on the thermal and heat transfer performances of nanofluids, Nanofluids of the Al2O3 (20 nm) and MWCNT(<7 nm), 
appeared to have the highest exergy efficiency among the fluids tested, at turbulent Reynolds number of 4500, Al2O3 (20 nm) and 
MWCNT(<7 nm) nanofluid have an exergy efficiency of about 54.12%, whereas the Al2O3 (20 nm) – MWCNT(30–50 nm), recorded 
only 29.82% exergy efficiency, while along the transitional flow regime (Re 2000) nanofluid with particles sizes combination of 
Aluminium 20 nm and Multiwalled carbon nanotubes <7 nm, have an exergy efficiency of 47.85% while fluid with the particle sizes 
Al2O3 (20 nm) – MWCNT(30–50 nm), have 6.16% exergy efficiency, this was due to the effect of the of frictional exergy destruction, 
and fluid pumping power, as we have seen in the frictional entropy, frictional exergy destructions results. It shows that nanofluids with 
20 nm and <7 nm particle sizes have less frictional exergy destruction than other fluids. Therefore, it can be said that hybrid nanofluid 
particle size combinations have a critical role in influencing the thermal characteristics of these fluids, there is a need to carefully 
analyze and choose the optimum particle sizes for better fluid performances, of Nanofluid as a heat transfer fluid. 

5. Conclusion 

Three hybrid nanofluids of Al2O3 and MWCNT are prepared using a two-step method of Nanofluid preparation, that is, by 
dispersing particles in Deionized water, at a mixing ratio of 60:40%, 0.5 wt% of SDBS was added as a surfactant, these three fluid have 
different particles size combinations, prepared at the same volume concentrations of 0.3, to investigate the effects of particles sizes on 
nanofluid exergy and entropy generation, the particles sizes used are; Al2O3 (20 nm and 5 nm) and MWCNT (<7 nm and 30–50 nm), 
from the experimental results, the following observations were made; 

From the experimental results analysed, it was observed that nanofluid particle sizes have significant effects on thermal charac
teristics; results revealed that fluid frictional entropy, Thermal entropy generation, and exergy destructions were all affected by 
varying the particle sizes of the same fluids at the same volume concentration. It became more evident with the fluid exergy efficiency, 
where nanofluid with particle combination of Al2O3 (20 nm) and multiwalled (<7 nm), shows the highest exergy efficiency of about 
54.12%, in the turbulent regime. In contrast, along the transitional region, it has an exergy efficiency of 47.85%, which is remarkable 
when compared to the Al2O3 (20 nm) – MWCNT (30–50 nm), which recorded only 29.82% exergy efficiency, in the turbulent flow and 
6.16% in the transition regime. 

It’s also noted that exergy efficiency in the transition flow regime is more affected by the effects of particle sizes than the turbulent 
region, because the differences in fluid performance in the region are very high, which is because frictional exergy and friction exergy 
destructions are more significant in the region. As mentioned earlier, at a transitional Reynold number of Re ≈ 2000, Al2O3 (20 nm) – 
MWCNT (30–50 nm), only managed to record an exergy efficiency of 6.16%, while at the same Reynold number Al2O3 (20 nm) – 
MWCNT(<7 nm) has an exergy efficiency of 47.85%. A conclusion was attained that, hybrid nanofluid heat transfer performances can 
be improved by properly selecting the particle sizes, especially for the heat exchanger designed to operate along the transition regime. 

The study also recommends that for further investigations, more samples need to be taken to reach a clearer conclusion the effect of 
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particle size, and since this is a hybrid nanofluid the samples should be of different sizes from both nanoparticles. 
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