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A B S T R A C T   

This study reports an experimental investigation of nanoparticle sizes effects on the heat transfer characteristics 
of hybrid nanofluids along the transitional flow regime. Four different particle sizes were used to prepare hybrid 
nanofluids of Al2O3 and MWCNT (i.e., 5 nm and 20 nm for Al2O3 and <7 nm and 30–50 nm for MWCNT 
nanoparticles). Three hybrid nanofluids with different particle combinations (i.e., Al2O3(5 nm) – MWCNT (<7 
nm), Al2O3(20 nm) – MWCNT(<7 nm) and Al2O3(20 nm) – MWCNT (30–50 nm)) at a percentage weight 
composition (PWC) of 60:40 and 0.3 volume concentration were prepared. Results showed that particle sizes 
significantly affected the convective heat transfer characteristics of the nanofluids. Along the transition region, 
all three fluids were found to have different critical Reynold numbers 1152, 1172, and 1898 for Al2O3(20 nm) – 
MWCNT (<7 nm), Al2O3(5 nm) – MWCNT (<7 nm) and Al2O3(20 nm) – MWCNT (30–50) respectively. Al2O3(20 
nm) – MWCNT (<7 nm) have shown better heat transfer performances. Its Nusselt number shows an enhance-
ment of about 48.86 % along the transition region. And its coefficient of thermal performance (COP) was better 
than that of Al2O3(20 nm) – MWCNT (30–50 nm) and Al2O3(5 nm) – MWCNT (<7 nm) with 43.53 % and 21.89 
%, respectively. While its friction factor and pressure drop were lower than that of Al2O3(5 nm) – MWCNT (<7 
nm) nanofluid by 5.2 % and 12.78 %. It was concluded that for a 60:40 hybrid nanofluid of Al2O3 and MWCNT, 
particle sizes have influenced heat transfer characteristics and affected other flow characteristics along the 
transition regime.   

1. Introduction 

Recent advancements in science and technology have brought about 
the design of miniaturised thermal devices, which require optimum and 
efficient thermal management. Generally, the smaller the size, the 
greater the need for an efficient cooling system [1,2]. Meanwhile, 
miniaturised devices possess challenges in managing their thermal 
performance. Many researchers have been drawn to the thermal man-
agement of miniaturised devices to develop efficient and cost-effective 
heat removal systems. The fact that existing coolants (e.g., water, 
ethylene glycol (EG), propylene glycol (PG), automatic transmission 
fluid (ATF), oils, etc.) lack the necessary or adequate cooling capacity 

needed for the effective functioning of these new cooling technologies 
make it even more challenging [3,4]. Among other issues, the low 
thermal conductivity of these conventional fluids limited their capacity 
and ability to improve the thermal efficiency of these devices [5]. 
Therefore, there is a need to develop an improved cooling system and 
innovative coolants with higher thermal conductivity [6]. Several ways 
have been developed to enhance heat transfer between fluids and sur-
faces in contact with the fluid [7,8]. Current heat transfer fluids, such as 
water, oils, and ethylene glycol/water, have poor thermal properties 
compared to solids [7]. Therefore, the dispersion of nanoparticles into 
base fluids improves the thermal properties of these fluids [3]. 

Nanofluids were designated as new heat transfer fluids because they 
provide fascinating new prospects for increasing heat transfer 
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performance [9–12]. Kole et al. [13] investigated graphene-based 
nanofluid thermal conductivity and viscosity. They noticed that add-
ing graphene particles to the base fluid enhanced the heat conductivity 
of the base fluid by roughly 15 %. This demonstrates the importance of 
incorporating these nanoparticles with conventional heat transfer fluids. 
Many review works (e.g., [14]) and numerous investigations on the 
thermal conductivity of different types of nanofluids reaffirmed the 
importance of these fluids in the future [15–17]. Several research studies 
were conducted on the performance of nanofluids under forced 
convective heat transfer conditions, especially in laminar and turbulent 
regions, and they all indicated better enhancement with nanofluids than 
with conventional fluids [15–17]. Azari et al. [18] studied different 
nanofluids convective heat transfer performance under a laminar flow 
regime. The fluids evaluated were Al2O3, TiO2, and SiO2, with deionised 
water as the base fluid. The results show that adding these nanoparticles 
enhances base fluid heat transfer by an average of about 16 % and 8.2 % 
with nanoparticles of Al2O3 and TiO2, respectively. Akhavan-Zanjani 
et al. [19] found out that the heat transfer coefficient of water was 
enhanced by about 14.2 % when 0.02 % by volume fraction of graphene 
nanoparticles were added. In a similar study, Nourafkan et al. [20] used 
cuprous oxide (Cu2O)-water nanofluid to investigate the influence of 
dispersed nanoparticles. Results show an average enhancement of about 
10 % in the forced convection. However, Nourafkan et al. [20] learned 
that there is a penalty in terms of friction factor, which has risen by 
about 16 %. They conclude that dispersed particles’ stochastic mobility 
amplifies the convective heat transfer. Aghabozorg et al. [21], Ding et al. 
[22], and Sundar et al. [23] all reported that the nanofluid convective 
heat transfer coefficient increases with the increase in volume concen-
tration. Some significant research findings were also reported with 

hybrid nanofluid. Especially on the convective heat transfer character-
istics in the lamina and turbulent regimes. Megatif et al. [24] investi-
gated the heat transfer characteristics of TiO2–CNT hybrid nanofluids 
under a lamina regime. Two volume concentrations of 0.1 % and 0.2 % 
were evaluated. Results show a significant improvement in the heat 
transfer characteristics with 0.2 % volume concentration. Gupta et al. 
[25] also reported a 59.8 % enhancement of convective heat transfer 
coefficient with 0.5 % volume concentration of Ag-MWCT hybrid 
nanofluid along the lamina region. While the research work of Suresh 
et al. [26] shows an enhancement of about 14 % recorded at Re = 1730 
with Al2O3-DI water nanofluids. 

The transition region is one of the regions of interest because 
research shows there is a possibility of several advantages in this regime 
that are yet to be appropriately utilised. It will likely have an improved 
heat transfer along the region [27]. However, because of inadequate 
knowledge of flow characteristics along the region, heat exchangers are 
typically designed not to operate along this region [28]. Another reason 
was the high uncertainty and unreliability of the flow in the region. This 
makes predictions along this regime very unreliable and uncertain [28]. 
Although the transition regime has a short Reynold number range, 
research shows that its start and end can be affected by several factors, 
like inlet configurations, tube roughness, heat flux, etc. [29,30]. Most of 
the research works in this field use water, not nanofluids. But still, those 
findings help us better understand the regime characteristics. Notwith-
standing, some researchers tried to investigate the heat transfer of 
nanofluids in this region, like Meyer et al. [31], Naik et al. [32], 
Chougule and Sahu [33], and Osman et al. [34]. 

A research investigation by Meyer et al. [31] using Multiwalled 
carbon nanotube nanofluid revealed that there is a better improvement 

Nomenclature 

AS surface area, m2 

Cbf specific heat capacity of base, J/kg-K 
Chnf specific heat capacity of hybrid, J/kg-K 
cp specific heat capacity of particles, J/kg-K 
Di internal tube diameter, m 
DO outer tube diameter, m 
h(x) local heat transfer coefficient, W/m2 -K 
havg average coefficient of heat transfer, W/m2-K 
I current, A 
J colburn J factor. 
k thermal conductivity, W/m-K 
kcu thermal conductivity of the copper, W/m-K 
L test section length, m 
ṁ mass flow rate, kg/s 
Nu(x) local Nusselt number. 
Nuavg average Nusselt number. 
P the perimeter of the tube, m 
Pr Prandtl number. 
Q̇e electric energy supply rate, W 
q̇ heat flux, W/m2 

Q̇f heat transfer rate, W 
Re Reynolds number. 
Recr critical Reynold number 
Ta ambient temperature, ◦C 
Ti inlet temperature, ◦C 
Tf(x) local mean fluid temperature, ◦C 
Tb bulk temperature, ◦C 
Tsi(x) inside wall temperature, ◦C 
Tso(x) outside wall temperature, ◦C 
V voltage, V 
x distance from the tube inlet, m 

Rm resistance of the tube material 

Greek Letters 
ρhnf density of the hybrid nanofluid, kg/m3 

ρbf base fluid density, kg/m3 

ρp density of particles, kg/m3 

μ viscosity, kg/m. s 
v kinematic viscosity, m2/s 
ρ density, kg/m3 

φ volume concentration 

Subscripts 
o outlet/out 
i inlet/internal 
f fluid 
s surface 
a ambient/ atmospheric 
avg average 
cr critical 
hnf hybrid nanofluid 
bf base fluid. 
P particles 
cu copper 
e electrical 
si inside wall 
so outside wall 
m materials 
b bulk 

Abbreviation 
PWC percentage weight compositions 
COP coefficient of thermal performance 
HTC heat transfer coefficient 
HNF hybrid nanofluid  
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in heat transfer (Nu) along the transition region as compared to the other 
flow regimes (i.e., Laminar and turbulent). Naik et al. [32] also reported 
similar findings. In this research, they use helical inserts, and results 
show that using a 0.5 % volume concentration of CuO nanofluid, heat 
transfer was enhanced by about 28 % along the region. Chougule and 
Sahu [33] also observed a similar conclusion when investigating the 
heat transfer characteristics of Al2O3-water and MWCNT-water nano-
fluids along the transition regime. Four different concentrations (i.e., 
0.15, 0.45, 0.60, and 1 % volume concentration) and three different 
inserts with varying twist ratios (i.e., 1.5, 2.5, and 3) were used. It was 
discovered that the heat transfer coefficient of nanofluids increased with 
increasing particle volume concentration. The most significant heat 
transfer enhancement was found with a 1 % volume concentration of 
MWCNT – Water nanofluid. But with inserts, the nanofluids friction 
factor increases to about 5.4 times that of the base fluid. This was also 
similar to the findings reported by Naik et al. [32], where the nanofluid 
friction factor rises by about 140 % with the addition of inserts. 

The literature review above shows promising signs of enhanced heat 
transfer capabilities in the transition region with nanofluids. However, 
none of the research discussed dispersed nanoparticles influences on 
other regions characteristics. It was learned that the discussion focuses 
on nanofluid heat transfer enhancement and friction factor in the region. 
But there is a lot more to explore and investigate in the region. One 
crucial factor that needs attention is the regime boundary. The start and 
end of the transition region and the effects of particle sizes and their 
influence on the transition region have not yet been investigated 
experimentally, especially with a hybrid nanofluid. 

Nanofluids have their own distinctive and peculiar characteristics 
that have a significant impact on their heat transfer behaviour. Factors 
like particle sizes, concentration, types of nanoparticles, etc., were very 
important in influencing their heat transfer characteristics [35]. The 
emergence of hybrid nanofluids (HNFs) set another new dimension of 
nanofluids research. These nanofluids (i.e., hybrid) have distinctive 
properties that differ from the single (mono) nanofluids. HNFs were 
prepared in a similar way to the single nanofluids. Still, because two 
different nanoparticles were hybridised in a specific weight percentage 
composition, their properties were different from the single nanofluids. 
In addition, the properties of HNFs also get affected when the percentage 
weight compositions (PWC) or particle sizes of each constituent’s par-
ticles change [35]. 

Research findings show particle sizes are a critical factor affecting 
hybrid nanofluid characteristics. For example, Giwa et al. [35] 
explained that particle size influences the heat transfer performance of 
both single and hybrid nanofluids. However, this aspect was not thor-
oughly investigated in forced convection heat transfer. Therefore, an 
Al2O3 – MWCNT hybrid nanofluid was prepared in this research, but 
with a different particle size composition. Four different nanoparticle 
sizes of Al2O3 and MWCNT were used. For aluminum oxide (i.e., Al2O3), 
two sizes of 20 nm and 5 nm were used, while for MWCNT, particles 
with sizes 30–50 nm and 7 nm were used. Three HNF samples (Al2O3(20 
nm) – MWCNT (30–50 nm), Al2O3(20 nm) – MWCNT(<7 nm) and 
Al2O3(5 nm) – MWCNT(<7 nm)) were prepared for this investigation. 
Only 0.3 volume concentration was considered in this experiment 
because Meyer et al. [31], Hameed et al. [36,37], and Osman et al. [34] 
research have investigated and discussed the effects of volume concen-
tration on the lamina, turbulent and transition regions. 

To the authors’ knowledge, no research has been reported to study 
the effect of particle sizes under force convection heat transfer with the 
present HNFs, especially in the transition region. Although Anoop et al. 
[38] studied the effect of particle sizes in the developing flow, the work 
used only two particle sizes of Al2O3 of 45 nm and 150 nm, and the fluid 
prepared was a single nanofluid of Al2O3 with water as the base fluid. 
While research work by Hameed et al. [36,37] only investigated the heat 
transfer characteristics of Al2O3 (90 %) – MWCNT (10 %) nanofluid in 
the laminar and turbulent regime. It is important to note that Hameed 
et al. [36,37] research focuses on laminar and turbulent regimes, and no 

consideration was given to the effects of particle sizes, regime boundary 
conditions, or transition regimes. Findings from Hameed et al. [36,37] 
show that Al2O3 – MWCNT nanofluid has a better heat transfer 
enhancement when compared to compared to the Al2O3 – Cu hybrid 
nanofluid and 0.3 % volume concentration has the highest enhancement 
of about 22.11 % compared to the other concentrations examined. 

Therefore, this research’s primary aim and focus were on the tran-
sition regime and the effects of particle sizes on both heat transfer 
characteristics and transition boundary conditions (i.e., the start and 
end of the transition). This is very important and needs to be studied and 
understood before utilising their full potential in this regime. 

2. Experimentation 

2.1. Materials 

Nanoparticles used in this study were bought from Nano Research 
Materials Inc. (USA), and they have the following physical data and 
properties (Table 1) and were used without any modifications. 

2.2. Preparation of Al2O3 – MWCNT nanofluid 

To investigate the influence of particle sizes on heat transfer char-
acteristics of hybrid nanofluids in the transition region. Three hybrid 
nanofluids of Al2O3 – MWCNT were prepared using a two-step method 
with deionised water (DI water) as the base fluid. These nanofluids 
contain different combinations of Al2O3 and MWCNT particle sizes. 
Al2O3 particle sizes are 5 nm and 20 nm, while the MWCNT particles are 
particles with sizes less than <7 nm and particles between 30 and 50 nm. 
(i.e., Al2O3 (5 nm), Al2O3 (20 nm), MWCNT (<7 nm) and MWCNT 
(30–50 nm)). One volume concentration of 0.3 % was prepared with 
particle weight ratios of Al2O3 and MWCNT 60: 40, respectively. A 60:40 
hybridisation ratio was chosen because results from the literature (e.g., 
[40]) showed significant improvement in thermal conductivity at this 
ratio. While a volume concentration of 0.3 % was chosen because a 
previous study [37] confirmed that this concentration resulted in better 
results than other volume concentrations. The fluids combination pre-
pared are Al2O3 (5 nm) - MWCNT (<7 nm), Al2O3 (20 nm) - MWCNT (<7 
nm), and Al2O3 (20 nm) - MWCNT (30–50 nm). 

Nanoparticles were weighed at a particle weight ratio of 60:40 
(Al2O3 (60 %) and MWCNT (40 %)) and dispersed respectively into DI 
water. To improve the stability of the fluid, 0.5 wt.% of SDBS surfactant 
was used. The mixture was then put to magnetic stirring for 30 min and 
then sonicated for 1 hour at an amplitude of 90 using an Ultra-sonicator, 
which breaks the particle’s agglomerations and properly disperses the 
nanoparticles in the base fluid. This approach was also used by Anoop 
et al. [38] and Nadooshan et al. [41], and the fluids were monitored for 
ten days without any sedimentation or agglomeration of the particles. 
This shows that the fluids have excellent stability, this is agreed with 
Krishnan et al. [40], who prepared and analysed the properties and 
stability of this hybrid nanofluid with different particle sizes using the 
same sonication and stirring parameters. Properties were characterised, 
including viscosity, thermal conductivity, electric conductivity, and pH. 
Fig. 1a presents the nanofluids immediately after preparations and after 

Table 1 
Summary of particles’ physical properties.  

Nanoparticles Particle sizes 
[nm] 

Purity Specific heat 
[J/kg K] 

Thermal 
conductivity [W/ 
mK] 

Al2O3 20 and 5 99 % 880 37 
MWCNT <7 and 

30–50 
>95 
% 

711 3000 

Source: Material Data sheets from Nano Research Materials Inc. (USA), 
(US4314) and Li et al. [39]. 
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ten days in Fig. 1b. 
Fig. 2. Shows the TEM images of the three nanofluids nanofluid 

prepared. 

2.3. Thermophysical properties of the hybrid nanofluid 

Fig. 3a shows the thermal conductivity of the hybrid nanofluids 
measured using a KD2 Pro-thermal conductivity meter at different 
temperatures between 10 ◦C and 30 ◦C. Results were compared with the 
Pak and Cho [42] correlation given by Eq. (1), and the correlation de-
viates from the measured result by less than 3 %. This is similar to the 
finding of Sharma et al. [43]. 

knf = kw(1+7.47φ) (1) 

Fig. 3b. shows the viscosity of the hybrid nanofluids measured using 
Sv–10 Vibro Viscometer (A&D, Japan), which has an uncertainty of less 
than 5 % when operating at full capacity. The viscosity is compared to 
the water viscosity predicted by the popular classical model of Bachelor 
(available in [44]) and with the regression Eq. (2), as shown in Fig. 3b. 
The comparison was found by the method used by Sharma et al. [43] and 
Osman et al. [34]. 

μnf = μw
(
1+2.5φ+6.2φ2) (2) 

Fig. 4 demonstrates the pH and electrical conductivity data for the 
hybrid nanofluids. It can be seen that Al2O3 (5) – MWCNT(<7) has the 
highest pH value, while Al2O3 (20) – MWCNT(30–50), has the lowest pH 
value. Results also show that nanofluid’s pH decreased with the 
increasing temperature, which is in accordance with the findings of 
Giwa et al. [35], Ibrahim et al. [45], and Krishnan et al. [40]. 

Electrical conductivity was measured using a CON 700 conductivity 
meter. The result shows that hybrid nanofluid electrical conductivity 
increases with the rise in temperature (Fig. 4b), which is similar to the 
finding of Giwa et al. [35]. Krishnan et al. [40] explained that the dif-
ferences in electrical conductivity because of particle sizes in the hybrid 
nanofluid were caused by particle charge density, which is reduced with 
an increase in particle sizes. 

The density of the hybrid nanoparticles of Al2O3 – MWCNT was 
calculated using Eq. (3) obtained from the literature [46], and it was 
found to be 3222 g/m3, while the heat capacity (specific) of the hybrid 

nanoparticles was determined from the similar correlation given by Eq. 
(3) [45,46] 

ρ(Al2O3 − MWCNT) =

(
ρAl2O3

PWCAl2O3

)
+ (ρMWCNTPWCMWCNT)

(
PWCAl2O3 + PWCMWCNT

) (3)  

c(Al2O3 − MWCNT) =

(
c(Al2O3)PWCAl2O3

)
+ (cMWCNTPWCMWCNT)

PWCAl2O3 + PWCMWCNT
(4) 

From the above equations, PWC is the percentage weight concen-
tration of the nanoparticles in the hybrid mixture, where Al2O3 is 60 % 
and MWCNT is 40 %. DI water, which was used as the base fluid, has a 
999 kg/m3 density. 

Specific heat capacity and density of the Al2O3 – MWCNT hybrid 

Fig. 1. Nanofluids preparations.  

Fig. 2. TEM image of the hybrid nanofluid morphology.  
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nanofluids were estimated from the following mixture rules (Eqs. (5) 
and (6)), which are widely used in the literature, for example, Naik et al. 
[32]. 

Specific heat capacity and density are evaluated at bulk fluid tem-
perature. This was by the work of Naik et al. [32]. 

ρhnf = (1 − φ)ρbf + φρp (5)  

chnf = (1 − φ)cbf + φcp (6)  

where ρhnf , chnf , φ, ρbf , cbf , cp and ρp are the hybrid nanofluids 
Density, heat capacity (specific), volume concentrations, base fluid 
density (DI water), the specific heat capacity of the DI water (base fluid), 
the specific heat capacity of the hybrid nanoparticles, and density of the 
hybrid nanoparticles. 

2.4. Experimental setup 

Fig. 5 shows the basic design of the experimental setup. The Force 
convection test setup Consists of a storage tank (8) that can store and 
supply ten litres of water / Nanofluid for use during testing via a mag-
netic gear pump with variable speed (1). The power supply was attached 
to the test section to create a consistent heat flux along the test section to 
heat the fluid (Nanofluid or water) from Ti to Te. The test section was 
well insulated with insulation material with a thickness of 70 mm and 
comprised of six layers to prevent the heat from being lost. The fluid left 
the test section through the Coriolis flow meter, which, when operating 
at full scale, had 0.05 % accuracy. Two flow meters were used, which 
have different flow ranges CmFs015, which has a range of 0.204 kg/min 
to 4.09 kg/min, and CmFs010, which is used to measure low flow rate 
operate between the range 0.068 kg/min to 1.36 kg/min, (4), a Heat 

exchanger (5) was used to cool the hot the fluid (Heated fluid from the 
Test sections (3)) where the heat was absorbed by water from a Thermal 
bath (6), the temperature at the input to the test section was kept con-
stant. The system was equipped with a data-capturing device that col-
lects information/signals from the power supply, flow meters, 
thermocouples, and pressure transducers and processes them in a com-
puter (9). Data was logged using a Lab View application designed to log 
in at 20 Hz. 

2.5. Test section 

The test portion used in this study is depicted in Fig. 6. The test part 
comprised two mixers, a heat transfer test section, and a 500 mm hy-
drodynamic entrance section. The heated part of the test sections is a 1 m 
copper tube with internal and external diameters of 8.00 mm and 9.50 
mm, respectively. The test area was insulated with six layers of insu-
lation material to prevent heat loss from the heated section. A Con-
stantine heating wire was used to heat the heat transfer test section at 
217.8 W (Re ≈8.67 kW/m2) using a DC power supply at 180 V and a 
current of 1.21A. 28 T-type thermocouples were evenly positioned 
throughout the test section wall at seven thermocouple positions, each 
with four thermocouples to measure the wall temperatures. These 
thermocouple positions were mounted on the test tube at 120, 250, 380, 
510, 640, 770, and 900 mm from the inlet. To do this, a tiny pilot hole 
was drilled into the test portion, and a drop of solder was used to fasten 

Fig. 3. a) Thermal conductivity and b) Viscosity of hybrid nanofluids.  

Fig. 4. a) pH value and b) Electrical conductivity of hybrid nanofluids.  
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the thermocouple securely on the tube. A gap of about 1 mm between 
the thermocouple’s positions and the tightly coiled Constantine wire 
was kept to maintain the constant supply of heat flux without interfering 
with the readings of the thermocouples. A similar process and gap were 
also maintained in the work of Evert et al. [29]. Two T-type thermo-
couples were situated at the tube inlet and outlet (test section) to record 
the inlet and outlet temperature. All these thermocouples were cali-
brated to within the accuracy of 0.1 ◦C. Fig. 7 

2.6. Experimental procedure 

The system was allowed to stabilise for at least one and a half hours 
after starting up to reach steady-state conditions. A steady state is 

believed to have been reached when there are no visible changes in the 
temperature, flow rate, and pressures. After the system reached a steady 
state, minor adjustments were made to the flow rates to attain the 
desired new flow rate for data collection. For every mass flow rate 
change (i.e., from a higher flow rate to a lower flow rate), it takes about 
10 min for the system to return to its steady state. Data were captured 
from the high flow rate to the lower flow rate to prevent any residual 
heat from being stored in the insulation and affecting the subsequent 
reading. For every data point analysis, two hundred readings were 
recorded by the data acquisition systems, and the average value was 
used. 

Fig. 5. Picture and the Schematic diagram of the experimental setup.  
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2.7. Data reduction 

The fluid local convective heat transfer coefficient h(x) was calcu-
lated using Newton’s cooling law, as given by Eq. (7). [45] 

h(x) =
q̇

Tsi(x) − Tf (x)
(7)  

Where q̇ is the heat flux obtained from the energy supplied to the system. 
Energy supplied from the Heater (input) Q̇e 

Q̇e = VI (8) 

Then, heat flux q̇ is calculated as given in Eq. (9). 

q̇ =
Q̇e

AS
(9) 

The internal surface area of the tube (surface area) AS 

AS = πDL (10) 

The heat flux of 8.67 kW/m2 supplied to the system remains constant 
throughout the experiment. 

The local inner surface temperatures (Tsi(x)) and (Tf (x)) were ob-
tained from the measured value of the outside wall temperature, (Tso(x)) 
measured by thermocouples, and resistance through the tube material 
(Rm), as shown in Eq. (11). 

Tsi(x) = Tso(x) − q̇Rm (11)  

Where Rm is given in Eq. (12). 

Rm =
ln Do

Di

2πkcuL
(12) 

kcu is the thermal conductivity of the copper and is calculated as 
defined by Abu-Eishah [47] and applied by Meyer et al. [31]. The mean 
fluid temperature Tf was obtained from the relations given in Eq. (13). 

Tf (x) = Ti +
q̇xp
ṁcp

(13) 

The average convective heat transfer coefficient havg was obtained by 
taking the average of the above equations along the tube length at all the 
seven thermocouples’ positions as given by Eq. (14). 

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

n
(14)  

where n = 7. 
Reynold number (Re) and Prandtl number (Pr) of the working fluid 

were determined from the following relations (Eqs. (15) and (16)). 

Re =
4ṁ

πDiL
(15)  

Pr =
μcp

k
(16) 

The average value of the Nusselt number (Nu) was computed from 
the heat transfer coefficient, (Average h(x)) havg 

Nuavg =
havgDi

k
(17) 

k Denotes the thermal conductivity of the fluids. For water, the 
thermal conductivity was determined at fluid bulk temperatureTb. 

Meanwhile, the Colburn – j factor (j) and friction factors were ob-
tained from Eqs. (18 and 19). Table 2 

j =
Nu

RePr
1
3

(18)  

f =
ΛPρDi

5π2

8(ṁ)
2L(x)

(19)  

Fig. 6. Schematic diagram of test section.  

Fig. 7. Validations of the experimental measurements and data with the 
correlations. 

Table 2 
Experimental condition and parameters for the experiments.  

Parameters Symbols Value / Ranges 

Internal Diameter Di 8mm 
External Diameter Do 9.5mm 
Length of the Test section L 1000mm 
Heat Flux q̇ 8.67 kW/m2 

Reynold Numbers Re 1000 - 5000 
Inlet Temperature (i.e., Nanofluid) Ti 23 OC 
Mass flow Rate [kg/s] ṁ 0.0057 – 0.032 kg/s  
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2.8. Uncertainty analysis 

Uncertainties of this experimental data were estimated within a 95 % 
confidence interval, using a similar method used by Osman et al. [34] 
and Everts et al. [48], and this method was adopted from the work of 
Dunn et al. [49]. Some important equations used for this analysis were 
given in Eqs. (20)–22. Table 3 provides the list of the measuring in-
struments and their uncertainties. Uncertainties were evaluated at 
higher and lower Reynold numbers of 4600 and 1000, a similar 
approach was used by Meyer et al. [31] and Osman et al. [34]. At high 
Reynold number of 4600, Nusselt number (Nu), coefficient of heat 
transfer (h), and Reynold number (Re) uncertainties were found to be 
8.9%, 6.7 %, and 11 %, respectively. While at the low Reynold number 
of 1000, the uncertainties were 5.8 %, 7.2 %, and 9.82% for the Nusselt 
number (Nu), coefficient of heat transfer (h), and Reynold number, 
respectively. 

δNu =

[(
δNu
δh

δh
)2

+

(
δNu
δD

δD
)2

+

(
δNu
δk

δk
)2

]1/2

(20)  

δh =

[(
δh
δq̇

δq̇
)2

+

(
δh
δTS

δTS

)2

+

(
δh
δTb

δTb

)2
]1/2

(21)  

δRe =

[(
δRe
δṁ

δṁ
)2

+

(
δRe
δD

δD
)2

+

(
δRe
δAc

δAc

)2
]1/2

(22)  

2.7. Validations of experimental setup and results 

Water was used to validate this experimental setup by performing 
measurements in the laminar and turbulent flow regimes. In this current 
study, experimental data of Nusselt number was compared with verified 
correlations as available in the textbook by Cengel and Ghajar [50]. 
Experimental results along the turbulent region are compared with the 
correlations of Gnielinski and Dittus – Boelter [50]. Gnielinski correla-
tion was found to underpredict the result within 3 % in the turbulent 

regime. Dittus – Boelter correlation was also found to validate this 
experimental data in the turbulent region, results shows that, the cor-
relation (i.e., Dittus Boelter correlation) over predicts the experimental 
results within 2 %. Similar findings with Dittus Boelter correlation were 
also reported within the Reynold number ranges of 2500 ≤ Re ≥ 10,000 
in the literature [51–57]. In contrast, in the laminar region, Siede and 
Tate’s correlation [50] correlates very well with the experimental data 
in the region. The correlation underpredicts the results with an average 
deviation of 9.0 %. This confirms the correctness of the measuring 
approach and validates the experimental data reduction procedure. 

3. Results and discussion 

3.1. Effects of particle sizes on Coburn j factors 

Fig. 8 shows the graph of Colburn j factor as a function of Reynold 
number for all the three nanofluids and DI water. The figure shows how 
the transitional flow regime appeared to have started at a different 
Reynold numbers. It’s worth noting that these nanofluids are of the same 
volume concentration (i.e., 0.3 %). They only differ from the combina-
tion of nanoparticle sizes in the hybrid mixture. (i.e., Al2O3 (20) – 
MWCNT(30–50), Al2O3 (5) – MWCNT(<7), Al2O3 (20) – MWCNT(<7)). 

Apart from pictorially showing how the transition ranges of the three 
fluids differ, it also presents the effects of the fluid thermophysical 
properties on the Colburn J factor. Results from the thermophysical 
properties of these hybrid nanofluids (i.e., Fig. 3), have shown that both 
thermal conductivity and viscosity were affected as the particle sizes 
varied. These effects were visibly noticed in the fluid heat transfer 
characteristics presented in Figs. 8 and 12. From Fig. 8 It can be seen that 
Al2O3 (20) – MWCNT(<7) nanofluid have the highest Colburn j factor, 
followed by Al2O3 (5) – MWCNT(<7) and Al2O3 (20) – MWCNT(30–50) 
respectively. But by comparing with Fig. 3, it can be concluded that 
Colburn J factors were more affected by viscosity. This may be due to the 
influence of viscosity on the Prandtl number. Because in Fig. 3, Al2O3 
(20) – MWCNT(<7) nanofluid has shown a slightly higher viscosity. 
Therefore, at a particular Reynold number, fluid with high viscosity 
tends to have a high colburn j value. This can be seen clearly when 
nanofluids are compared with the base fluid (i.e., DI water). 

3.2. Start of the transition flow regime 

One of the ways to determine the start of the transitional regime is by 
using the critical Reynold number (Recr), as explained by Cengal et al. 
[50]. To identify the Recr for the three nanofluids and water, a similar 
method used by Everts and Meyer [27] was used. This method was 
adopted from the work of Ghajar and Tam [58] as given by Eq. (23). 

Table 3 
Measuring instruments and their uncertainties.  

Measuring 
instruments 

Make / Type Specifications/ 
Range 

Uncertainty 

Thermocouples T – Type 
Thermocouples 

− 250 ◦C to 400 ◦C 0.1 ◦C 

Flow meters Coriolis flowmeter 
CmFs015 
CmFs010 

0.204 kg/min - 
4.09 kg/min 
0.068 kg/min - 
1.36 kg/min 

0.1% 

Pressure 
Transducers 

Omega 10WDWUI 0 - 17 Kpa 0.25 % 

Power Supply 
Voltage 
Current 

KIKUSUI PWR800M 0- 320 V 
0- 12.5 A 

0.33 V 
0.04 A 

Thermal 
Conductivity 

KD2 Pro-Thermal 
conductivity meter 

Controller: 0 to 50 
◦C 
Sensor; - 50 to 
+150oC 

5 % from 0.2 
to 2 W/mK 
and 
0.01 from 
0.02 to 0.2 W/ 
mK 

Viscosity Sv–10 Vibro 
Viscometer (A&D, 
Japan), 

Range; 0.3 - 
10,000 mPa⋅s 
Operating 
Temperature: 10 - 
40 ◦C 

Less than 1 % 
at Full scale 

pH Meter H198129 / H198130 
Waterproof pH 
COMBO. Henna 
Instruments 

0 - 4000 μs/cm 0.05 

Electrical 
conductivity 

CON 700 conductivity 
meter 

0 µS to 200.0mS 1%  Fig. 8. Colburn j factor as the function of Reynold for the three nanofluids 
and water. 
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Re = Recr,When Re =

(
dj

dRe

)

= 0 (23) 

The start of the transition or the point where transition starts in a 
tube flow has not been the same or constant, even though it was widely 
accepted in the literature to be at Re = 2300 [59]. Research shows that 
there are several reasons that affect the start and end of the transition 
regime. However, no work is reported in the literature investigating the 
factors that influence the start or end of the transition regime using 
nanofluids, more especially hybrid nanofluids. Neither the effect of 
nanoparticles on the start or end of the transition regime in a tube was 
investigated. Nonetheless, several works investigate the start of the 
transition regime in a tube with water as a working fluid. For example, 
Meyer and Oliver [59] explained that transition is affected by several 
parameters, which includes type of tubes (i.e., smooth tube or rough 
tube) and inlet configurations. It was found that transition is delayed 
mostly (i.e., Delayed start) in smooth tubes, while it occurs early in 
rough tubes [59,60]. Nagendra et al. [61], in one of the earlier works on 
the transitional flow regime, explained that the greater the disturbance 
along the tube, the earlier the transition occurs. So, the critical question 
is, as nanofluids contains nanoparticles, can the dispersed nanoparticles 
affect the start of the transition flow? To answer this question experi-
mentally, it is important to look critically at the literature on the re-
ported factors that affect the start of the transition and its range, then the 
present results can be analysed better. Ghajar and Madon [30] investi-
gated the influence of three different inlet configurations, i.e., an inlet 
with sudden contractions (i.e., Square-edged) and a tube protruding 
square-edged inlet called a re-entrant inlet and a bell-mouth inlet 
(smooth, gradual contraction). It was found that the start of the 

transitioning from laminar to turbulent flow occurs at different critical 
Reynold numbers (Recr) for the three inlets evaluated. This shows how 
the transition regime depends on inlet configuration. Effects of tube 
roughness, free convections, use of inserts, the heating method, and 
roughness height were also reported to influence the transition flow 
range significantly [62–65]. According to Eq. (23), the critical Reynold 
number (Recr) of Al2O3 (20) – MWCNT(30–50) nanofluid is evaluated 
and presented in Fig. 9a (i.e., The nanofluid with the bigger particle sizes 
combination) and transition appeared to have started at the Recr =

1898.5. Fig. 9b shows that transition was found to start at Recr = 1172 
for Al2O3 (5) – MWCNT(<7). While Al2O3 (20) – MWCNT(<7) nanofluid 
(i.e., Fig. 9c), and DI water (i.e., Fig. 9d) transition begins at the Recr =

1150 and 2077 respectively. 
These results demonstrate how nanoparticles dispersed in the base 

fluid have affected the start of the transitional flow regime. It also 
became more apparent that the dispersed nanoparticles have contrib-
uted to an increase in the disturbances in the flow, which resulted in the 
occurrence of the transition much earlier than in the base fluid. A study 
by Nagendra et al. [61] also confirmed that the greater the disturbance 
along the tube, the earlier the transition occurs. Therefore, the disper-
sion of these nanoparticles in the base fluids increased the fluid flow 
disturbances, resulting in the transition’s early starts. In this study the 
transition was delayed for Al2O3 (20) – MWCNT(30–50) nanofluid, then 
with Al2O3 (5) – MWCNT(<7), followed by Al2O3 (20) – MWCNT(<7) 
nanofluid. When compared with the base fluid (DI water), transitions 
appeared to have started earlier with the nanofluids than with the base 
fluid. 

Fig. 9. a. The gradient of Colburn j factor as a function of Reynold number to identify the Recr at which the transition starts for Al2O3 (20) – MWCNT(30–50) 
nanofluid. 
b. A gradient of Colburn j factor as a function of Reynold number to identify the Recr at which the transition starts for Al2O3 (5) – MWCMT(7) nanofluid. 
c. A gradient of Colburn j factor as a function of Reynold number for identifying the Recr at which the transition starts for Al2O3 (20) – MWCNT(<7) nanofluid. 
d. A gradient of Colburn j factor as a function of Reynold number for identifying the Recr at which the transition starts for base fluid (DI -Water). 
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3.3. Range of transitional flow regime (ΔRe)

To find the range of the transitional flow regime, it is necessary to 
identify the Reynolds number to which the turbulent flow starts. Cengal 
et al. [50] explained that the beginning of the turbulent flow can be 
determined by comparing the experimental results of Nusselt number or 
Colburn J factor values with turbulent correlation. Using this approach 
provided by Cengal et al. [50] and Everts and Meyer [27,66], it was 
possible to come up with the values of the Reynold number to which the 
transitional flow regime ends and the start of the turbulent regime. In 
this study, we compared the results with the correlations of Maiga et al. 
[67] and the Dittus – Boelter correlation [50] (Eqs. (24) and (25)), but 
Dittus - Boelter correlation (i.e., Eq. (25)) gives a better comparison and 
is presented in Fig. 10. The correlation of Dittus - Boelter (i.e., Eq. (25)) 

correlates better with the experimental data of hybrid nanofluids in the 
turbulent region. It validates the experimental results of Al2O3 (20) – 
MWCNT(<7) nanofluid with an average deviation of 16 %, while Al2O3 
(20)–MWCNT(30–50) and Al2O3 (5) – MWCNT(<7) with an average 
deviation of 14% and 18 % respectively. Therefore, using Eq. (25), we 
come up with an approximate or estimated Reynold number to which 
the turbulent flow starts. 

Nu = 0.085Re0.71Pr0.35 (24)  

Nu = 0.023Re0.8Pr0.4 (25) 

To appropriately compare the nanofluid and base fluid, a similar 
approach was followed to come up with the end of the transition for the 
base fluid as shown in Fig. 10. From the results it was found that the 
transition ends at the Reynold number of 2860 for the base fluid. 

This study found that the range of the transition regime for these 
three hybrid nanofluids varied significantly. This also proved the in-
fluence and impact of nanoparticles and their sizes on the hybrid 
nanofluids heat transfer characteristics. Table 4 summarises the results 
of transition regimes for the three hybrid nanofluids and base fluid used 
in this study. 

Table 4 clearly shows the influence of the nanoparticles sizes on the 
transitional flow regime. As both fluids behave differently within the 
flow regime. These findings makes it clear that, dispersing of these 
nanoparticles not only improves the heat transfer characteristics of the 
base fluid but also influences other essential flow characteristics that are 
very significant, especially when designing heat exchangers. Fig. 11 (a – 
d) shows the flow regime boundaries for the nanofluids and DI water 
evaluated from the present experimental data. 

3.4. Convective heat transfer characteristics 

Convective heat transfer performances for these three hybrid nano-
fluids were also investigated. The fluids (i.e., Al2O3 (20) – MWCNT 
(30–50), Al2O3 (5) – MWCNT(<7), and Al2O3 (20) – MWCNT(<7)) were 
found to behave differently as regards to the heat transfer enhancement. 
Fig. 12a shows Al2O3 (20) – MWCNT(<7) nanofluids performed 
exceptionally well across all regimes except the laminar regime. Because 
together with Al2O3 (5) – MWCNT(<7), they have recorded a very low 
enhancement as compared to water. Nonetheless, across the transition 
regime, the Nusselt number (i.e., Nu) was found to increase by 48.86 % 
for Al2O3 (20) – MWCNT(<7) nanofluid. While for the other two 
nanofluids (i.e., Al2O3 (5) – MWCNT(<7) and Al2O3 (20) – MWCNT 
(30–50)) Nusselt number showed an enhancement of about 37.06 % and 
37.55 %, respectively. Therefore, it can be suggested that for the hybrid 
nanofluid of Al2O3 and MWCNT, it is better to use a smaller particle size 
of the MWCNT. Because fluid with MWCNT (<7) nanoparticles exhibi-
ted better heat transfer enhancement compared to other sizes Fig. 12a. 
Another important aspect that is worth noting, because of it influence on 
the heat transfer performance and characteristics is the Brownian mo-
tion. The research work of Manay et al. [68] and Fani et al. [69] shows 
that Brownian motion significantly influences nanofluid heat transfer 
enhancement. Its impact were found to be deteriorating with the in-
crease in nanoparticle sizes. According to Fani et al. [69], the probability 
of particle collision decreases with the increase in particle sizes. This 
leads to the decrease in Brownian motion effects and, as such, results in 

Fig. 10. End of the transitional regime for the base fluid (DI- Water) and 
three nanofluids. 

Table 4 
Summary of the transitional flow data for the three fluids and water.  

Nanofluids and Base Fluid Particle sizes (nm) Transition flow regime (Re)  

Al2O3 MWCNT Start End 

Al2O3(20)− MWCNT(30–50) 20 30–50 1898.5 2655 
Al2O3 (5) – MWCNT(<7) 5 7 1172 2073 
Al2O3 (20) – MWCNT(<7) 20 7 1150 2035 
DI Water – – 2077 2860  
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the reduction of heat transfer enhancement of the nanofluids [69]. These 
findings agreed with the results of this research, because Al2O3 (20) – 
MWCNT (30–50) (i.e., fluid with much bigger particle sizes) have the 
lowest enhancement in Nusselt number compared to the other two 

nanfluids. But Al2O3 (5) – MWCNT (<7) appeared to behave contrary to 
the findings of Fani et al. [69]. Because Al2O3 (5) – MWCNT (<7) 
nanofluid have less heat transfer enhancement than Al2O3 (20) – 
MWCNT (<7), despite having much smaller particle sizes. But Manay 

Fig. 11. Colburn-J factor versus Re for identification of lamina, transition, and turbulent regions for (a) DI water, (b) Al2O3 (20) – MWCNT(30–50), (c) Al2O3 (5) – 
MWCNT(<7), (d) Al2O3 (20) – MWCNT(<7). 

Fig. 12. a) Variations of Nusselt number with Reynold number b) Variations of Nusselt number with mass flow rate for DI water and three hybrid nanofluids.  
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et al. [68] explained that thermophoresis, is highly related to the 
Brownian motion. The same opinion was also shared with Haddad et al. 
[70] and Sheikholeslami et al. [71].. Also the research work of Neild 
et al. [72] and Fani et al. [69] found that the combined effects of ther-
mophoresis and Brownian motion reduce Nusselt number. So, at this 
point, it will be tough to make conclusions on the effects of Brownian 
motion and thermophoresis on the heat transfer enhancement of these 
nanofluids. Because despite the significance of these phenomena (i.e., 
Brownian motion and thermophoresis), there are other critical factors 
which are equally important and were found to influence the heat 
transfer characteristics of nanofluids. Factors like the Dufour effect, 
buoyancy-induced secondary flow (natural or mixed convection effects), 
etc., and are very important on nanofluids heat transfer characteristics. 

Fig. 12b shows the effects of mass flow rate on particle sizes. Results 
show that nanofluids heat transfer enhancement deteriorates compared 
to the base fluid. A similar finding was also reported by Meyer et al. [31] 
when they compared heat transfer coefficient as a function of fluid ve-
locity for MWCNT – Water nanofluid. The same results were also re-
ported by Pak and Cho [73] and Yu et al. [74].. This was due to the 
disparity of their viscosity, where nanofluids have a much higher vis-
cosity than the base fluids [73,74]. However, comparing the three fluids 
based on the effects of particle sizes as a function of mass flow rate, 
similar findings to Fig. 12a were noticed. Al2O3 (20) – MWCNT (30–50), 
have shown the most minor performance as compared to the Al2O3 (20) 
– MWCNT (<7) and Al2O3 (5) – MWCNT (<7), nanofluids in the tran-
sition region. 

3.5. Effects on pressure drops, thermal efficiency, and thermal 
performance coefficient 

Other important heat transfer properties that were affected by the 
variation of particle sizes are Thermal efficiency, pressure drop, and 
friction factors. Similar findings were also reported by Meriläinen et al. 
[75], where effects of particle sizes were investigated for different single 
nanofluids of Al2O3 - water, SiO2 - water, and MgO - water nanofluids in 
the turbulent regime. Table 5 shows the thermal efficiency, pressure 
drop, friction factor, and Coefficient of thermal performances at a 
transitional Reynold number of Re ≈ 2000. This position was chosen 
because it is the Reynold number that falls within the transition range of 
all three fluids. This was similar to the method used by Anoop et al. [38]. 
Where heat transfer performance and particle size effects of Al2O3-water 
nanofluid are analysed at laminar Reynold number of 1500 [38]. 
Thermal efficiencies for the three hybrid nanofluids were computed 
according to Eq. (23), which was in accordance to the work of Gohar-
khah et al. [76] and Mehrali et al. [77]. However, the pressure drops and 
friction factors were also noticed to have varied, and they are very 
critical to the nanofluids heat transfer performance. Therefore, Eq. (24) 
was used to compute the coefficient of thermal performance (COP) of 
the hybrid nanofluid. This was in accordance with Nadooshan et al. 
[41], Goharkhah et al. [76] and Meriläinen et al. [75]. 

η =
hhnf

hbf
(26)  

hhnf
/
hbf

(
Ppumping

)

hnf

/(
Ppumping

)

bf

(27) 

From Table 5, results show that Al2O3 (20) –MWCNT (<7) nanofluid 
have the highest thermal efficiency, followed by Al2O3 (5) – MWCNT 
(<7), and Al2O3 (20) –MWCNT (30–50), respectively. Fig. 13 also notes 
that Al2O3 (5) –MWCNT (<7) nanofluid has the highest pressure drop 
and friction factor among all three fluids. However, its thermal effi-
ciency and coefficient of thermal performance (COP) were better than 
those of Al2O3(20) –MWCNT (30–50). This was similar to the findings 
reported by Meriläinen et al. [67], where SiO2 – water nanofluid (with 
6.5 nm particle size) at 0.02 % and 0.03 % volume concentration have 
shown higher friction factor and convective heat transfer efficiency than 
SiO2 – water nanofluid (with 28–110 nm particle size). According to 
Nadooshan et al. [41], a fluid has higher positive energy efficiency if its 
coefficient of thermal performance is more than one. Results in Table 5, 
have shown that Al2O3(20) –MWCNT (<7) and Al2O3(5) –MWCNT (<7) 
all have a coefficient of thermal performance that is greater than 1, with 
values of 1.539 and 1.202, respectively. While Al2O3(20) –MWCNT 
(30–50), nanofluid has the lowest value, with a value of 0.869. This 
shows that Al2O3(20) –MWCNT (<7) nanofluid has shown the best heat 
transfer properties in terms of Nusselt number enhancement, thermal 

Table 5 
Comparison of the effect of particle sizes on pressure drops and thermal effi-
ciency at Re ≈ 2000.  

S/ 
N 

Nanofluid Pressure 
drops 
(kPa) 

Friction 
factor 

Thermal 
Efficiency 

Thermal 
performance 
coefficient 

1 Al2O3(20) 
–MWCNT 
(30–50) 

0.166 0.0420 1.100 0.869 

2 Al2O3(5) 
–MWCNT 
(<7) 

0.180 0.0459 1.655 1.202 

3 Al2O3(20) 
–MWCNT 
(<7) 

0.157 0.0435 1.772 1.539  

Fig. 13. a) Variation of pressure drop with Reynolds number, b) Variation of 
Friction factor with Reynolds number. 
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efficiency, and coefficient of thermal performance (COP) as compared to 
the other two fluids. 

Fig. 13 presents the pressure drop and friction factor variation with 
the Reynold number along the lamina, transition, and turbulent regimes. 
Even though this research focuses primarily on the transition region, it is 
interesting to highlight the key findings. Results show that Al2O3(5) 
–MWCNT (<7) nanofluid has the highest pressure drop and friction 
factor across all the flow regimes. It was also noticed that, the difference 
in the friction factor and pressure drops between the three hybrid 
nanofluid fluids is more significant in the turbulent region than in the 
laminar region. This finding was consistent with the results reported by 
Meriläinen et al. [75]. 

4. Conclusions 

A forced convective heat transfer experiment was conducted with 
hybrid nanofluids of Al2O3 and MWCNT inside a copper tube, which is 
heated at a constant heat flux of 8.67 kw/m2. In this study, the main aim 
was to examine the influence of particle size on the heat transfer char-
acteristics along the transition regime. Two particle sizes for Al2O3 and 
MWCNT were used to prepare three hybrid nanofluids with different 
particle size combinations (i.e., Al2O3 (20) – MWCNT(30–50), Al2O3 (5) 
– MWCNT(<7), Al2O3 (20) – MWCNT(<7)). 

It is essential to point out that these observations were made from 
experimental data of a hybrid nanofluid with a percentage weight 
concentration of 60:40, which comprises 60 % Al203 and 40 % MWCNT. 
Since hybrid nanofluid properties changes when the percentage of each 
constituent particle changes, affecting both fluid thermal conductivity, 
density, and convective heat transfer characteristics. Therefore, these 
conclusions may not be extended and generalised to all hybrid nano-
fluids of Al2O3 – MWCNT. So these conclusions were specifically drawn 
from the experimental results, which are based on the 60:40 hybrid 
nanofluids of Al2O3 – MWCNT;  

• It was observed that the heat transfer characteristics of the base fluid 
(DI water) were improved by dispersing the nanoparticles. Both 
particle size combinations have remarkably enhanced heat transfer 
coefficients, especially in transition and turbulent regions.  

• Hybrid nanofluids with particle size combination 20 and <7 nm of 
Al2O3 and MWCNT have shown the best heat transfer performance 
along the transition flow regime. The Nusselt number was enhanced 
by 48.86 % along this region, while Al2O3(20) – MWCNT (30–50) 
and Al2O3(5) – MWCNT (<7) nanofluids have also shown an 
enhancement of Nusselt number by 37.5 % and 37.0 %, respectively. 

• Results also show that fluid thermal efficiency, pressure drops, fric-
tion factor, and coefficient of thermal performance of the nanofluid 
also varied as the particle size combination changed. Hybrid nano-
fluid of Al2O3(20) – MWCNT (<7) has shown a much better heat 
transfer characteristic. It has the highest thermal efficiency (i.e., 
1.772) and coefficient of thermal performance (i.e., 1.539) compared 
to the other fluids. It also had the lowest friction factor and pressure 
drop compared to the other hybrid nanofluids examined. The friction 
factor and pressure drop of Al2O3(20) – MWCNT (<7) nanofluid were 
lower than that of Al2O3(5 nm) – MWCNT (<7 nm) by 5.2 % and 
12.78 % respectively.  

• Furthermore, it was observed that the range of the Reynold number 
at which the transition occurs for the three nanofluids has also var-
ied, indicating that the nanoparticle sizes significantly influence the 
transition regime. The three nanofluids also appeared to have 
different critical Reynold numbers. The critical Reynold numbers are 
1152, 1172, and 1898 for Al2O3(20 nm) – MWCNT (<7 nm), Al2O3(5 
nm) – MWCNT (<7 nm), and Al2O3(20 nm) – MWCNT (30–50) 
respectively. 
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enhancement in turbulent tube flow using Al2O 3 nanoparticle suspension, Int. J. 
Numer. Methods Heat. Fluid. Flow. 16 (3) (2006) 275–292, https://doi.org/ 
10.1108/09615530610649717/FULL/PDF. 

[68] E. Manay, Emre Mandev, and E. Mandev, “Experimental investigation of mixed 
convection heat transfer of nanofluids in a circular microchannel with different 
inclination angles,” J. Therm. Anal. Calorim., vol. 135, 10.1007/s10973-01 
8-7463-9. 

[69] B. Fani, M. Kalteh, and A. Abbassi, “Investigating the effect of Brownian motion 
and viscous dissipation on the nanofluid heat transfer in a trapezoidal 
microchannel heat sink,” 2014, 10.1016/j.apt.2014.08.009. 

[70] Z. Haddad, E. Abu-Nada, H.F. Oztop, A. Mataoui, Natural convection in nanofluids: 
are the thermophoresis and Brownian motion effects significant in nanofluid heat 
transfer enhancement, Int. J. Therm. Sci. 57 (2012) 152–162, https://doi.org/ 
10.1016/J.IJTHERMALSCI.2012.01.016. Jul. 

[71] M. Sheikholeslami, M. Gorji-Bandpy, D.D. Ganji, P. Rana, S. Soleimani, 
Magnetohydrodynamic free convection of Al2O3–water nanofluid considering 
Thermophoresis and Brownian motion effects, Comput. Fluids. 94 (2014) 147–160, 
https://doi.org/10.1016/J.COMPFLUID.2014.01.036. May. 

[72] D.A. Nield, A.V. Kuznetsov, The effect of vertical throughflow on thermal 
instability in a porous medium layer saturated by a nanofluid, Transp. Porous 
Media 87 (3) (2011) 765–775, https://doi.org/10.1007/s11242-011-9717-x. 

[73] B.C. Pak, Y.I. Cho, Hydrodynamic and heat transfer study of dispersed fluids with 
submicron metallic oxide particles, Exp. Heat Transf. 11 (2) (1998) 151–170, 
https://doi.org/10.1080/08916159808946559. 

[74] W. Yu, D.M. France, D.S. Smith, D. Singh, E.V. Timofeeva, J.L. Routbort, Heat 
transfer to a silicon carbide/water nanofluid, Int. J. Heat. Mass Transf. 52 (2009) 
3606–3612, https://doi.org/10.1016/j.ijheatmasstransfer.2009.02.036. 
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