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A B S T R A C T   

In this research, an experimental investigation of hybrid nanofluid mixed convection heat transfer characteristics 
is conducted. The research specifically investigates the effects of percentage weight composition (PWC) of 
nanoparticles in the hybrid nanofluids on mixed convection heat transfer characteristics along the lamina, 
transition and turbulent regions. Transition boundaries, thermal entrance effects, and the influence of tube axial 
position were also critically investigated and analysed experimentally. Three hybrid nanofluids of Al2O3 – 
MWCNT (i.e., Al2O3 (60%) – MWCNT (40%), Al2O3 (50%) – MWCNT (50%) and Al2O3 (40%) – MWCNT (60%)) 
were prepared using two-step method and then subjected to a constant heat flux through a horizontal circular 
copper tube with an internal diameter of 8mm. Results show a significant change in heat transfer characteristics 
with different PWCs. Al2O3 (60%) – MWCNT (40%) have shown a better heat transfer enhancement among the 
three fluids investigated. Its Nusselt number has an enhancement of more than 5 % better than the other two 
fluids. Along the transition regime, critical Reynold numbers (Recr) of the three nanofluids were found to have 
differed slightly, with Recr = 2020, 2000 and 2100 for Al2O3 (60%) – MWCNT (40%), Al2O3 (50%) – MWCNT 
(50%) and Al2O3 (40%) – MWCNT (60%) respectively. Mixed convection effects were found to be more sig-
nificant with Al2O3 (60%) – MWCNT (40%) than with the other two fluids. At the axial position of 63.75, its 
mixed convection strength (Ὠ) was about 41%, which is the highest among the three fluids. Its strength of mixed 
convection was also found to deteriorate to about 14.75% with an increase in axial distance from the tube inlet. A 
similar observation was also noticed with other fluids. Thermal entrance effects were only found to be significant 
at x/d = 15 and 31.25, as their influence diminishes with an increased x/d distance from the tube inlet. It was 
concluded that both mixed convection and thermal entrance effects resulted in heat transfer enhancement, 
especially in the lamina region. Their influences decrease with an increase in axial distance from the tube inlet. 
Mixed convection influences were only present in the lamina and transition region, and their strength was 
reduced with an increase in Reynold number and axial position.   

1. Introduction 

Hybrid nanofluids are advanced heat transfer fluids with improved 
heat transfer characteristics and better thermo physical properties than 
single nanofluids and other convectional working fluids [1–3]. With the 
recent advancements in science and technology, the thermal manage-
ment of new advanced advice has become a great challenge and an 

obstacle to their performance and operation efficiency. Therefore, these 
fluids are believed to play an important role in the future thermal 
management of these new devices. However, to properly utilize their full 
potential, we mustfully understand their properties and performance 
characteristics. Research findings from the literature have shown that 
hybrid nanofluids’ force convective heat transfer characteristics differ 
significantly from those of single nanofluids [4]. Hybrid nanofluid heat 
transfer characteristics also differed when the percentage weight 
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compositions (PWC) of the nanoparticles in the hybrid mixture varied 
[5]. This was due to the significant influence of PWC on the fluids’ (i.e., 
HNF) properties. Among the notable properties that were reported to be 
affected by the variation of the PWC are viscosity and thermal conduc-
tivity [6]. These properties significantly influenced the heat transfer 
characteristics [7]. Therefore, it is paramount to investigate these effects 
on the heat transfer characteristics. However, despite their promising 
prospects, a lot remains to be learned about their properties and char-
acteristics. Research work by Hussien et al. [8] and Suresh et al. [4] has 
shown a significant improvement in forced convective heat transfer 
performance with hybrid nanofluids than with single or mono nano-
fluids. Giwa et al. [9] findings show that percentage weight composi-
tions, volume concentration, and particle sizes significantly influence 
the hybrid nanofluid heat transfer characteristics. Those aspects iden-
tified by the work of Giwa et al. [9] significantly affected the force 
convective heat transfer characteristics of hybrid nanofluids, more 
especially PWC. Research findings by Ramadhan et al [5] and Hameed 
et al. [10–11] have also reaffirmed the influence of the percentage 
weight composition of nanoparticles in the hybrid nanofluid mixture. 
However, the effects of this aspect (i.e., PWC) was not investigated in the 
transition region. Table 1 shows the summary of the important research 
studies using nanofluids in the transition region. Finding shows that no 
research investigated the transition characteristics of hybrid nanofluids. 
Despite the fact that the transition region have a very short range, some 
research findings have shown that there is a high tendency of having an 

improve heat transfer characteristics within the region. The region was 
largely neglected due to inadequate information, high uncertainty and 
unreliability that makes flow predictions uncertain [12]. To date very 
little was known about the hybrid nanofluid characteristics in the re-
gion. This can also be seen from Table 1, that no research investigates 
the heat transfer characteristics of these advance fluids in the region. 
Research findings from the work of Everts et al. [13] and Ghajar et al. 
[14] have shown that transition boundary can be effected by several 
factors. These factors includes working fluid characteristics, tube ori-
entations, inlet configurations, roughness of the tube, applied heat flux, 
etc. Still none of these aspects were investigated with hybrid nanofluids. 
Therefore this research, aimed at investigating the effects of hybrid 
nanofluid PWC on the transition boundary conditions. 

One of the critical reasons for developing new heat transfer fluids 
like nanofluids is to have a working fluid that can perform better in all 
conditions, for effective and efficient thermal management. However, it 
is essential to note that, at high heat flux, there is a tendency for free 
convection. Which has implications on fluid characteristics, especially 
heat transfer. Natural convection or free convection in tube flow is 
normally caused by buoyancy-induced secondary flow [22]. Buoyancy 
effects can often be so strong that they can be compared to forced 
convection, especially in practical scenarios where systems operate at a 
low flow rate and at a significant heat dissipation rate [23]. It is 
important to note that buoyant force direction in relation to the main 
fluid flow is critical to mixed convection heat transfer characteristics. It 

Nomenclature 

A Constants 
As Surface Area [m2] 
cbf Specific heat capacity of base [J/kgK] 
chnf Specific heat capacity of Hybrid [J/kgK] 
cp Specific heat capacity of Particles [J/kgK] 
Dsi Internal Tube diameter [m] 
Dso Outer Tube Diameter [m] 
g Acceleration due to gravity 
Gr Grashof Number 
Gz Graetz Number 
h(x) Local Heat transfer coefficient [W/m2K] 
havg Average Coefficient of Heat transfer [W/m2K] 
I Current [A] 
j Colburn J Factor 
k Thermal Conductivity [W/Mk] 
kcu Thermal conductivity of the copper [W/Mk] 
L Test Section Length [m] 
m
•

Mass flow Rate [kg/s] 
Nu(x) Local Nusselt Number 
Nuavg Average Nusselt Number 
P Perimeter of the tube [m] 
Pr Prandtl Number 

Q
•

e Electric Energy Supply Rate [W] 
q
•

in Heat flux [W/m2] 

Q
•

f Heat Transfer Rate [W] 
Ra Raleigh Number 
Re Reynold Number 
Ri Richardson Number 
Rcr Critical Reynold number 
Ta Ambient Temperature [oC] 
Ti Inlet Temperature [oC] 
Tf (x) Local Mean Fluid Temperature [ oC] 
Tsi(x) Inside wall temperature [oC] 

Tso(x) Outside wall temperature [oC] 
V Voltage [V] 
x Distance from the tube inlet [m] 

Greek Letters 
ρhnf Density of the Hybrid nanofluids [kg/m3] 
ρbf Base fluid density [kg/m3] 
ρp Density of Particles [kg/m3] 
μ Viscosity [kg/m.s] 
υ Kinematic viscosity [m2/s] 
ρ Density [kg/m3] 
φ Volume concentration 

Subscripts 
b Bulk 
w Wall 
p Particles 
o Outlet/Out 
i Inlet 
f Fluid 
s Surface 
a Ambient/ Atmospheric 
avg Average 
cr Critical 
hnf Hybrid nanofluids 
bf Base fluid. 
P Particles 
β Coefficient of Thermal expansion 
Φ Free convection effects 
Ω Heat transfer Parameter (another form of Nusselt number) 

Abbreviations 
PWC Percentage weight compositions 
HTC Heat Transfer coefficient 
HNF Hybrid Nanofluid 
UWT Uniform wall temperature 
UHF Uniform Heat flux  
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was found that natural convection presence in a tube may enhance or 
deteriorate the fluid’s force convective heat transfer performance. 
Because it all depends on the direction of the buoyant forces in relation 
to the direction of the main fluid flow. Oliver et al. [24] explained that 
natural convection enhanced the convective heat transfer coefficient in 
flow instances where forced fluid motion and buoyancy-induced motion 
are in the same direction. However, buoyancy reduces the heat transfer 
rate if they are in the opposite direction. Oliver et al. [24] also explain 
that natural convection influence in the laminar region is often very 
strong and may even enhance the heat transfer performance by a factor 
of approximately three to four above the prediction from analytical 
correlations. The same was also explained by Bergles et al. [25]. Con-
ditions, where natural convection exists with forced convection heat 
transfer, are regarded as mixed convection [26]. The presence of sec-
ondary flows may result in thermal stratification, the formation of 
rotating vortices, and increasing fluid pressure. It may also enhance heat 
transmission, shorten thermal entrance length, and cause an early 
transition to turbulent flow [27]. Despite the significance of this phe-
nomenon on heat transfer characteristics of working fluids, there is very 
little experimental data on mixed convection heat transfer characteris-
tics of hybrid nanofluids. Especially when compared to what is available 
with other working fluids (i.e., ethylene glycol, water, etc.). Table 2 
shows that no experimental research yet investigates and characterizes 
hybrid nanofluid mixed convection heat transfer. Research has shown 
that, due to nanofluids distinctive properties and characteristics, not all 
research findings with other working fluids would apply to them [28]. 
Therefore, it is imperative to investigate and adequately characterise 
their mixed convection heat transfer phenomena. 

In an experimental research study, Feng et al. [29] investigate the 
mixed convection laminar heat transfer of silicon oxide nanofluid. Water 
and ethylene glycol (EG) were used as base fluid in a ratio of (50:50). 
Findings show that experimental Nusselt numbers were much higher 
than the predicted values by empirical correlation. This was attributed 
to the presence of natural convection influences. Variation of fluid vis-
cosity and its effects on mixed convection has also been discussed by 
Shome et al. [27]. He explained that underestimating viscosity’s effects 
on mixed convection is unrealistic; doing so may result in a significant 
error. The reason is that most fluid viscosity varies significantly even at 
moderate wall-to-fluid temperature gradients. Moreover, this issue of 
viscosity is very concerning, especially with nanofluids. Research has 
shown that their viscosity is affected by different parameters. For 
instance, a review work by Mahbubul et al. [30] reported that particle 

size significantly affects nanofluid viscosity. In the literature, it was also 
widely reported that their viscosity reduces when the fluid temperature 
rises [31]. Understandably, nanofluid viscosity is affected by many 
factors. Most of these factors are peculiar to nanofluids alone. Factors 
like particle sizes, volume concentration, particle density, type of base 
fluids, etc. [31–34]. These varied characteristics influence their heat 
transfer performances, so they tend to behave differently from other 
heat transfer fluids. Therefore, it is important to understand these fluids 
fully and their characteristics under different conditions. 

Derakhshan et al. [35] investigate the mixed convection heat transfer 
characteristics of multi-walled carbon nanotubes (MWCNT) using in-
clined, horizontal, and fin tubes. Results show that the Nusselt number 
was enhanced significantly when the volume concentration increased at 
a particular Grashof number. Findings show that under aided flow cir-
cumstances, increasing the Grashof number boosted the heat transfer 
coefficient in the horizontal tube. Nevertheless, with the increase in tube 
inclination angle and Richardson number, the effect of nanoparticles on 
heat transfer enhancement diminishes. Additionally, the effect of vol-
ume concentration is more pronounced in the smooth tube than in the 
micro-fin tube. Ben Mansour et al. [36] insistent that there is a need for 
more research on the mixed convection effects on nanofluid heat 
transfer rates, citing the discrepancies that exist between the numerical 
studies and the very few experimental works available. Some numerical 
studies, particularly those of Ben Mansour et al. [37] and Khanafer et al. 
[38], demonstrate that nanofluid natural convection heat transfer in-
creases as particle concentration rises. On the other hand, experimental 
results [39] clearly show the opposite trend. This shows the wide gap 
that exists in the literature. Therefore, this research aims to bridge the 
gap in the literature by investigating and characterising the mixed 
convection heat transfer of hybrid nanofluids. Due to the nature and 
uniqueness of the hybrid nanofluids, this research, as a first step, will 
focus on investigating the effects of varying nanoparticle weight per-
centage composition (PWC) in the hybrid mixture. Also, the research 
considered both the lamina, transition and turbulent regions. Rather 
than just one flow regime. The literature survey (i.e., Table 2) shows that 
no research was done that investigated and characterized hybrid 
nanofluid force convection or mixed convection heat transfer in the 
transition region. The few studies that are available on mixed convec-
tions were limited to the lamina region, and they involved only single 
nanofluids [29,40]. 

Another important aspect considered in this research is the impor-
tance of axial positions and their influence on heat transfer 

Table 1 
Summary of Relevant experimental Studies on Convective Heat Transfer of Nanofluids in The Transition Region  

Reference Tube Base 
Fluid 

particles sizes Vol. Conc. Reynold 
No. Range 

Type of 
Nanofluid 

Key findings 

Meyer et al.  
[15] 

Circular tube Water MWCNT (OD:10- 
20 nm and L: 10- 
30um) 

0.33, 0.75, 
and 1.0% 

1000 -7000 Single Nanofluid viscosity increased significantly, while the Nu also 
increased by about 33.2%. 

Chougule and 
Sahu [16] 

Circular tube Water Al2O3 (<100 nm) 0.15 2400-4000 Single Nanofluid performance was enhanced to about 37.5%. 

Osman et al. 
[17] 

Rectangular 
tube 

Water Al2O3 (-) 0.3, 0.5, and 
1 % 

200 -7000 Single The most notable development in heat transfer was 54% in 
the transition regime, with just about an 11% increase in the 
turbulent power at 0.1% concentration. 

Sharma et al.  
[18] 

Circular tube Water Al2O3 (47 nm) 0.02 and 0.1 
% 

3000-9000 Single At Re = 9000 and a concentration of 0.1%, an enhancement 
of HTC of ~ 23.7% was reported. 

Yang et al.  
[19] 

Circular tube ATF Graphite (20–40 
nm) 

2wt.% 0- 120 Single HTC was found to have lower values than predicted by the 
correlations for homogeneous fluids or the conventional heat 
transfer correlations for heterogeneous fluids. 

Ma et al.[20] Circular tube Water Fe2O3 (-) 0.16 %, 
0.05%, and 
0.24% 

2400 -3200 Single A systematic drop in HTC with increasing nanoparticle 
concentrations in the transition regime was observed. 

Naik et al.  
[21] 

Circular tube Water CuO (50 nm) 0.025, 0.5, 
and 0.1 % 

2500- 
10000 

Single Nu values have increased to about 5.4 times with the helical 
inserts of 3.0 twist ratio, while the plain tube improves by 
about 28% at 0.5% of CuO.  
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characteristics. This aspect of heat transfer together with thermal 
entrance effects were not been investigated with hybrid nanofluids. 
Because of their importance, they were also investigated and charac-
terised in this research. Most of the research findings in the literature did 
not consider the effects of thermal entrance on heat transfer character-
istics. This aspect was largely neglected in the nanofluids literature. 
Research findings by Everts et al. [50] using water show that thermal 
entrance effects are often more significant in the lamina region than in 
the other regions. Thermal entrance effects are often more dominant at 
axial positions that are very close to the tube inlet. Ghajar et al. [51] and 
Everts et al. [50] suggested that at such tube positions (i.e., close to the 
tube inlet), enhancement of heat transfer was largely due to the thermal 
entrance effects rather than mixed convection. These two phenomena (i. 
e., mixed convection and thermal entrance) were often misunderstood 
and hardly differentiated. Therefore, in this research, both the thermal 
entrance effects, mixed convection effects, and the influence of axial 
position on hybrid nanofluid characteristics were thoroughly 

investigated, characterised, and differentiated. 

2. Nanofluid preparation 

2.1. Preparation of Al2O3 – MWCNT hybrid nanofluids 

The nanoparticles used in this study were bought from Nano 
Research Materials Inc. (USA) and used without any modifications. They 
have the following physical data and properties, as given in Table 3. 

To investigate the effects of percentage weight compositions (PWC) 
on this hybrid nanofluid. Three hybrid fluid nanofluids were prepared 
using a two-step method. Nanofluids prepared are Al2O3 (60%) – 
MWCNT (40%), Al2O3 (50%) – MWCNT (50%) and Al2O3 (40%) – 
MWCNT (60%). To prepare a nanofluid with Al2O3 (60%) and MWCNT 
(40%). Al2O3 and MWCNT nanoparticles were weighted and dispersed 
in deionised water (DI – Water) using a ratio of 60:40. To improve the 
fluid stability, Sodium Dodecylbenzene Sulfonate (SDBS) surfactant was 

Table 2 
Summary of experimental studies on convective heat transfer of hybrid nanofluids  

References Flow Regime Base 
Fluid 

Nanoparticles 
Used 

Preparation 
Method 

Concentration 
(vol.%) 

Enhancement /Remark 

Ramadhan 
et al. [5] 

Turbulent EG/ 
Water 

TiO2–SiO2 One-step method 1% The 40:60 mixture ratio gives the highest enhancement of 
about 36%, while 50:50 has the lowest enhancement. 

Suresh et al.  
[4] 

Laminar Water Al2O3–Cu two-step method 0.1% An enhancement of about 14% was recorded at Re=1730. 
Al2O3-DI water nanofluids have lower friction than 
Al2O3–Cu/DI water nanofluids. 

Syam et al. 
[41] 

Turbulent Water CNT - Fe3O4 two-step method 0.1 – 0.5% 31.10% increment was recorded for the plain tube while 
42.51% with twisted tape inserts at a Re = 22000. Pumping 
power was found to increase about 1.18 times. 

Balaji et al. 
[42] 

Laminar Water GNP- MWCNT two-step method 0.01 – 0.2% The convective HTC of nanofluid increased up to 85%. 

Hameed et al. 
[10] 

Laminar Water Al2O3–Cu and 
Al2O3 -MWCNT 

two-step method 0.1, 0.3 Al2O3–MWCN/water hybrid has a better enhancement of 
HTC of about 30.65%, while the Al2O3–Cu/water has an 
enhancement of approximately 20.48% at the same 
concentration of 0.3. 

Shahsavar 
et al.[43] 

Laminar Water Fe2O3 - CNT two-step method 0.5 -0.9% Fe3O4-MWCNT nanofluid shows better enhancement with 
the magnetic field (constant) than the alternating magnetic 
field without magnetic field excitations. An improvement of 
about 62.7% Nu was recorded at 0.5 % loading and Re =
2190. 

Gupta et al.  
[44] 

Laminar Water Zn-Fe2O4 two-step method 0.02 – 0.5 The HTC was improved to about 42.99% at 0.5 
concentration. 

Naddaf et al.  
[45] 

Laminar Diesel’s 
oil 

Gr- MWCNT two-step method 0.05–0.5 The HTC of the fluid increases with the increase of the fluid 
velocity at all weight concentrations. It shows that using 
nanoparticles improves heat transfer more than the friction 
factor. 

Hussien et al.  
[46] 

Laminar Water GNP- MWCNT two-step method 0.075–0.125 Findings show that the pressure drops rise by about 12.4%, 
while entropy generations drop by about 37.5% in the micro 
tubes for the hybrid nanofluid. 

Hussien et al.  
[8] 

Laminar Water MWCNTs/GNPs two-step method 0.075–0.25 wt% The heat transfer characteristics were highly improved using 
MWCNT and MWCNT- GNPs hybrid fluids. Adding GNPs to 
the MWCNT has proven vital as it significantly increases the 
heat transfer performance to about 43.4%, while the pressure 
drops only rise to a maximum of 11.0% compared to the 
water. 

Megatif et al. 
[47]  

Water TiO2–CNT modified 
hydrolysis 
technique 

0.1–0.2 wt.% Significant improvement of the heat transfer characteristics 
was reported at 0.2 wt. %. 

Gupta et al. 
[48] 

Laminar Water Ag-MWCNT two-step method 0.02–0.5 mass% 59.8% enhancement was obtained with the hybrid nanofluid 
of Ag-MWCT, while 67.5% was observed with MWCNT-distil 
water. 

Hameed et al. 
[11] 

Turbulent Water Al2O3-CNT two-step method 0,1, 0,3 Nu increased with an average value of 15.41% for 0.1% 
concentrations and an average value of 22.11% for 0.3%, 
compared to the plain tube with water. Also, the friction 
factor has the highest increment of 39.82% in the turbulent 
flow regime with 0.3. 

Mohammad 
et al.[49] 

Laminar, 
transient, and 
turbulent 

Water Fe2O3 - CNT two-step method 0.1% and 0.2% Results showed that the hybrid nanofluid of Fe2O3-MWCNT 
has the most significant heat transfer improvement 
compared to the base fluid. At 0.1 concentration, there is an 
increase in heat transfer by 13.54% and 27.69 % along the 
laminar and turbulent flow regimes, respectively.  
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added. The mixture was then subjected to magnetic Stirring for 30 mi-
nutes. It was then later followed by an ultra-sonication process for one 
hour at an amplitude of 90. This was to break any particle agglomera-
tions and properly disperse the nanoparticles in the base fluid. Anoop 
et al. [53] and Nadooshan et al. [54] also used a similar approach. The 
fluid temperature was controlled at 20oC using a thermal bath during 
the sonication process. 

The same approach was followed to prepare the other two fluids, 
Al2O3 (50%) – MWCNT (50%) and Al2O3 (40%) – MWCNT (60%). 

The density and heat capacity (specific) of the hybrid nanoparticles 
of Al2O3 – MWCNT were calculated using equation (1) and equation (2) 
as given by [55–56]. 

ρ(Al2O3 − MWCNT) =

(
ρ(Al2O3)

PWC(Al2O3)

)
+
(
ρ(MWCNT)PWC(MWCNT)

)

(
PWC(Al2O3) + PWC(MWCNT)

) (1)  

c(Al2O3 − MWCNT) =

(
c(Al2O3)PWC(Al2O3)

)
+
(
c(MWCNT)PWC(MWCNT)

)

(
PWC(Al2O3) + PWC(MWCNT)

) (2)  

Specific heat capacity and density of the Al2O3 – MWCNT hybrid 
nanofluids were estimated from the following mixture rules in equations 
(3) and (4), which were widely used in the literature, such as Naik et al. 
[21]. 

ρhnf = (1 − φ)ρbf +φρp (3)  

chnf = (1 − φ)cbf +φcp (4) 

Where ρhnf chnf φ ρbf cbf cp and ρp are the hybrid nanofluids density, 
heat capacity (specific), 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 the density of the hybrid 
nanoparticles. 

2.2. Stability and thermo physical properties of the hybrid nanofluids 

A viscosity measuring meter (SV–10 vibro viscometer A&D, Japan) 
was used to measure and monitor the fluid’s viscosity and to examine 
the stability of the nanofluids. Viscosity readings were taken at a con-
stant temperature of 25◦C, as indicated in Figure 1. The device is pro-
grammed to record and login data at an interval of 10 minutes for about 
six hours. Osman et al. [17] and Giwa et al. [57–58] also used a similar 
approach. Nanofluids were also visually monitored for ten days, and no 
sign of agglomeration or sedimentation was noticed. These show that 
the nanofluids prepared have satisfactory stability. Six hours (i.e., 6 
hours) were chosen because it takes roughly 3 to 3.5 hours to complete 
the experiments. 

2.2.1. Thermal conductivity 
Figure 2 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. Measurements were taken within 
an error limit of less than 0.1. The thermal conductivity of the hybrid 
nanofluid varied with a change in nanoparticle percentage weight 
composition. Al2O3 (40%) – MWCNT (60%) have shown higher thermal 
conductivity values, while Al2O3 (60%) – MWCNT (40%) have the 
lowest thermal conductivity. 

2.2.2. Viscosity of the hybrid nanofluid 
See Figure 3. Shows the viscosity of the hybrid nanofluids measured 

using Sv–10 Vibro Viscometer (A&D, Japan), which has an uncertainty 
of less than 3% when operating at full capacity. 

Results show that hybrid nanofluid viscosity also varied with 
changes in percentage weight composition (PWC). It has already been 
demonstrated that nanofluid viscosity decreases with increased tem-
perature [3]. This agrees with our research findings, as fluid viscosity 
decreased with temperature rise. 

3. Experimental setup and test section 

3.1. Experimental setup 

Figure 4 shows the basic design of the experimental setup. The Force 
convection test setup consists of a storage tank (8) that can store and 
supply 10 litres of nanofluid for use during testing. A magnetic gear 
pump with variable speed (1). The power supply was attached to the test 
section, which creates a consistent heat flux along the heat exchanger 
and heats the fluid from Ti to To . The test section was well insulated with 
insulation material, with a thickness of about 70mm and six layers. This 
was to prevent heat loss to the surroundings. The fluid left the test 

Figure 1. Stability checking at 25◦C for 6hr.  Figure 2. Thermal conductivity of the hybrid nanofluids  

Table 3 
Summary of nanoparticles used and their physical properties  

Nanoparticles  Particle 
sizes[nm] 

Purity 
[%] 

Specific heat 
[J/kg K] 

Thermal 
conductivity[ W/ 
mK] 

Al2O3  20 99 880 37 
MWCNT  30-50 95 711 3000 

Source: Material data sheets from Nano Research Materials Inc. (USA), (US4314) 
and Li et al. [52] 
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section through the Coriolis flow meter (CmFs015), which, when oper-
ating at full scale, had a 0.05% accuracy. This flow meter ranges from 
0.204kg/min to 4.09kg/min (4). A heat exchanger (5) was used to cool 
the hot fluid (i.e., fluid heated from the test sections (3)). The heat was 
then absorbed by water from a thermal bath (6), and the temperature at 
the inlet of the test section was kept constant. 

The system was equipped with a data-capturing device that collects 
information/signals from the power supply, flow meters, thermocou-
ples, etc., and processes them with the aid of a computer (9). Data was 
logged using a Lab view application (2014 version) designed to log in 
data at a frequency of 20 Hz. 200 readings were captured and then 
averaged for analysis for every single data point. 

3.2. Test section 

The test section used in this study is depicted in Figure 5 and com-
prises two mixers (i.e., at the inlet and outlet). Heat transfer section (i.e., 
Heat exchanger), and a 500 mm hydrodynamic entrance section. The 
entrance section or hydrodynamic length of the test section was calcu-
lated based on the correlation given by Dust et al. [59], as presented in 
Equation (5). Because of limited space on the experimental setup, the 

design was based on the Reynold of 1700, which resulted in L/D = 96.00 
and the maximum hydrodynamic entrance of 500mm. This was in 
accordance with the work of Meyer et al. [15]. 

L
D
=
[
(0.619)1.6

+ (0.0567Re)1.6
] 1

1.6 (5)  

The heated part of the test sections is made from a copper tube material 
with a wall thickness of about 1 mm. The tube has internal and external 
diameters of 8.00 mm and 9.50mm, respectively. The length of the test 
section is 1000mm. 28 T-type thermocouples were evenly positioned 
throughout the test section wall at seven thermocouple positions. Each 
position has four thermocouples measuring the wall temperature. These 
thermocouples were placed on the copper tube at 120, 250, 380, 510, 
640, 770, and 900mm from the tube inlet. A tiny pilot hole was drilled 
into the test section to fix the thermocouples, followed by a drop of 
solder, which was used to fasten the thermocouple securely on the tube. 
A gap of about 1mm between the thermocouple’s position and the 
tightly coiled Constantine wire was kept to maintain a constant supply of 
heat flux without interfering with thermocouple readings. A similar 
approach was also maintained in the work of Evert et al. [13]. Two T- 
type thermocouples, which record the inlet and outlet temperatures, 
were also situated at the tube inlet and outlet. 

All 30 thermocouples were calibrated to within the accuracy of 0.1 
◦C, between the temperatures of 10 to 60◦C, using a constant tempera-
ture thermal bath. 

A Constantine heating wire was used to heat the test section at 217.8 
W using a DC power supply at 180 V and a current supply of 1.21 A. 

3.3. Experimental procedure 

The experimental procedure was explained in [56] but will be briefly 
narrated here for clarity. Firstly, before readings are taken, the system is 
required to be stabilised. This takes about 90 minutes after starting up 
before it reaches steady-state condition. When there are no discernible 
temperature and flow rate changes, a steady state is thought to have 
been reached. Little adjustments were introduced to the fluid mass flow 
rates to achieve the desired new flow rate for data recordings after the 
system had attained a steady state. It takes around 10 minutes for the 
system to recover to its steady state for any adjustment in mass flow rate 
made (i.e., from a higher flow rate to a lower flow rate). To avoid any 

Figure 3. Viscosity of hybrid nanofluids  

Figure 4. Schematics Diagram of the Test Section  
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residual heat being retained in the insulation and distorting the subse-
quent measurement, data were collected from the high flow rate to the 
lower flow rate. For each data point, 200 readings were taken by the 
data acquisition systems and then averaged for analysis. 

3.4. Data analysis and validation 

3.4.1. Heat transfer 
The data analysis method used in this research is similar to the 

method followed by Meyer et al. [15], and it was also explained in 
Ibrahim et al. [56]. However, for clarity, we presented it here as follows. 

The fluid heat transfer h(x) coefficient obtained from the relation, 

h(x) =
qin
•

Tsi(x) − Tf (x)
(6)  

Where qin
•

is the heat flux computed from the heat transfer rate.Q
•

f 

qin
•
=

Q
•

f

As
(7)  

The rate of heat transfer to the fluid Qf
•

is computed from equation (8) 

Q•
f = m

•
cp(Tout − Tin) (8)  

As is the tube’s internal surface area. 

As = πDL (9)  

Supplied energy 

Qe = VI (10)  

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. This was also explained by Ibrahim et al. [56]. 

Tsi(x) = Tso(x) − q
•

inRw (11)  

Where. 

Rw =
ln Dso

Dsi

2πkcuL
(12)  

kcu the copper tube thermal conductivity was calculated as in the work 
by Abu-Eishah et al. [60] and Meyer et al. [15]. Tf which is defined as 
fluid local mean temperature was computed from the relation given in 
equation (13) [15]. 

Tf (x) = Ti +
q
•

inxp
m
•
cp

(13)  

Where; 
p is the perimeter of the copper tube. 
The coefficient of convective heat transfer (Average)havg was deter-

mined by averaging the preceding equation (6) along the tube length at 
all seven thermocouple points. Thus, by averaging the convective co-
efficient of heat transfer h(x) (local) at all thermocouple locations. 

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

n
(14)  

Where, 
n = 7. 
Hybrid nanofluids, Reynold, and Prandtl numbers were obtained 

from equations (15) and (16). 
Reynold number Re 

Re =
4m

•

πDL
(15)  

Prandtl number Pr. 

Pr =
μcp

k
(16)  

The average Nusselt number was obtained from havg given in equation 
(14). 

Nuavg =
havgD

k
(17)  

k represent the fluid’s thermal conductivity. For water, thermal con-
ductivity was determined using the correlation developed by Popiel 
et al. [61] at fluid bulk temperature Tb. 

Nanofluid thermal conductivity was estimated at bulk temperature 
using the correlations of Pak and Cho [62] given in equation (18). The 
viscosity of the hybrid nanofluid was determined at bulk temperature 
using a regression equation (19). This was in accordance with the 
method used by Sharma et al. [18], Osman et al. [17], and Ibrahim et al. 
[56]. 

knf = kw(1 + 7.47φ) (18)  

μnf = μw(1 + 2.5φ + 6.2φ2) (19)  

j =
Nu

RePr
1
3

(20)  

3.4.2. Mixed convection analysis 
Graez and Grashof numbers are evaluated from equations (21) and 

(22), respectively. 

Gz =
π
4

RePr
D
L

(21) 

Figure 5. Schematic diagram of the test section  
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Gr =
gβ(Ts − Tm)D3

υ2 (22)  

Rayleigh number from equation (23) 

Ra = GrPr (23)  

Richardson number Ri 

Ri =
Gr
Re2 (24)  

To analyse the effects of natural convection on the hybrid nanofluids, a 
similar analysis from the work of Feng et al. [29] is adopted. 

The simplified average Nusselt number relation is presented in 
equation (25). 

NuF

(
μw

μb

)0.14

=

⎧
⎪⎨

⎪⎩

1.75Gz
1
3..............(UWT)

2.11Gz
1
3.............(UHF)

(25)  

The two equations provided above are for the two conditions, Uniform 
wall temperature condition (UWT) and Uniform heat flux conditions 
(UHF), while the Gz is summarized as. 

Gz ≥ 26.2
(

RePr
D
L
≥ 33.3

)

(26)  

The term 
(

μw
μb

)0.14 
represents the radial viscosity variation in the tube, as 

suggested by [27]. The influence of natural convection cannot be 
ignored when there is a significant temperature difference or heat flux. 
Consequently, efforts have been made to correlate any deviations from 
the aforementioned relation [24,63,64]. 

Nu
(

μw

μb

)0.14

= A(Gz + Φ)
1
3 (27)  

Moreover, the parameter É¸ can be correlated to the Prandtl, Grashof, 
and Graetz numbers, which are expressed in equation (28). 

Φ =

[
1

2.11
Nu
(

μw

μb

)0.14
]3

− Gz (28)  

The parameter Φ or Φ
Gz measures the impact of natural convection on 

heat transfer. The greater the value of Φ or Φ
Gz, the greater the importance 

of free convection. 
Feng et al. [29] and Yang et al. [19] explained that it’s more 

appropriate and convenient to analyse the influence of mixed convec-
tion on the Reynold number and Nusselt number if the results are pre-
sented in terms of a parameter Ω , which is given in equation (29). 

Ω = Nu
(

μw

μb

)0.14(

Pr
D
L

)−
1
3

(29)  

From equations (29) and (21), we rewrite equation (25) as presented in 
equation (30) [19]. 

ΩF = Nu
(

μw

μb

)0.14(

Pr
D
L

)−
1
3
= 2.11

(
Re

π
4

)1
3
= 1.95Re−

1
3 (30)  

Therefore, in this study, equation (30) will be used as the datum or 
baseline to which the effect of natural convection will be measured or 
assessed. The higher the data deviate from equation (30) (i.e., the data 
point above equation (30), the more significant the natural convection 
effects are. This is in accordance with the work of Yang et al. [19]. 

3.5. Validations of experimental setup and results 

To validate the experimental setup, an experiment was carried out 
with the base fluid, where data were taken between the Reynold 
numbers of 1000 and 6000. Experimental data on the Nusselt number 
were compared with verified correlations, as available in the literature 
by Cengel and Ghajar [65]. Experimental results of the Nusselt number 
along the turbulent region are compared with the correlations of Dittus – 
Boelter and Notter and Rouse [65], as shown in Figure 6a. 

Notter and Rouse’s correlation correlates very well with the experi-
mental data. It under-predicts the experimental data in the turbulent 
region within a maximum of 8% deviation. While in the laminar regime 
correlation of Morcos and Bergles, Depew and August were used to 
compare the experimental data. It is important to note that these two 
correlations were developed for the laminar mixed convection heat 
transfer condition, and they were found to correlate very well with the 
experimental data. Depew and August’s correlation has shown a 
maximum deviation of 9.4%. Morcos and Bergle correlations correlate 
with experimental data within a maximum percentage deviation of 11%, 
with most of the data under 10% deviations, as shown in Figure 6b. On 
average, Morcos’ and Bergles’ correlations deviate from the experi-
mental data by 5.8%, while Depew and August are within 2.27% on 

Figure 6. a) Experimental data (water) compared to the correlations b) per-
centage deviation of the experimental data with correlations in the 
laminar region. 
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average. These findings imply that the experimental setup operates 
reasonably well, and the conditions conform to laminar mixed convec-
tion flow conditions. 

Dittus – Boelter Correlation 

Nu = 0.023Re0.8Pr0.4 (31) 

Depew and August Correlation 

Nu = A
(

μb

μw

)0.14
[

Gz + C
(

GzGr
1
3Pr0.36

)0.88
]1

3

(32)  

Where A = 1.75 or 2.11 depending on the and C = 0.12 
Morcos and Bergles correlations 

Nu =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⎡

⎣(4.36)2
+

⎡

⎣0.145

(
Gr*Pr
pw0.25

f

)0.265
⎤

⎦

2 ⎤

⎦

√
√
√
√
√ (33)  

Where. 
Gr* = GrNu Defined as Modified Grashof number, while Pwf is given 

as. 

Pwf =
hd
kwt 

Notter and Rouse’s correlation 

Nu = 0.015Re0.856Pr0.347 (34)  

3.6. Uncertainty analysis 

Uncertainties of this experiments were estimated using a similar 
method used by Osman et al. [17] and Everts et al. [50], and this method 
was adopted from the work of Dunn et al. [66]. The uncertainties of 
experimental data for Nusselt number (Nu), coefficient of heat transfer 
(h), and Reynold number (Re), were obtained using the equations (35) – 
(37). 

δNu =

[(
δNu
δh

δh
)2

+

(
δNu
δD

δD
)2

+

(
δNu
δk

δk
)2
]1 /2

(35)  

δh =

[(
δh

δq
• δq

•
)2

+

(
δh
δTS

δTS

)2

+

(
δh
δTb

δTb

)2
]1 /2

(36)  

δRe =

[(
δRe
δm

• δm
•
)2

+

(
δRe
δD

δD
)2

+

(
δRe
δAc

δAc

)2
]1 /2

(37)  

Nusselt number (Nu), coefficient of heat transfer (h), and Reynold 
number (Re) uncertainties were found to be 3.3%, 6.6% and 5% 
respectively. Table 4 provides the list of the measuring instruments used 
in this experiments and their Uncertainties. 

4. Results and Discussion 

4.1. Laminar regime 

Figure 7 shows that in the laminar regime, Al2O3 (60%) – MWCNT 
(40%) hybrid nanofluid has a much better-improved heat transfer 
characteristic than the other two hybrid nanofluids. When compared to 
Al2O3 (50%) – MWCNT (50%) nanofluid at Reynold number 1000, 
Al2O3 (60%) – MWCNT (40%) nanofluid has an enhancement of about 
5.37%. Moreover, it is better than Al2O3 (40%) – MWCNT (60%) 
nanofluid with 5.20%. This shows that Al2O3 (50%) – MWCNT (50%) 
nanofluid has a slightly lower heat transfer capability in terms of Nusselt 
number compared to the other two fluids. Data analysis shows that its 
Nusselt number was slightly lower than that of Al2O3 (40%) – MWCNT 
(60%) by 0.172%, at Reynold number (Re = 1000). Heat transfer 
enhancement appeared to increase with the increase in Reynold’s 
number. At Reynold number of approximately 1600, Al2O3 (60%) – 
MWCNT (40%) Nusselt number was found to be better than that of Al2O3 
(50%) – MWCNT (50%) and Al2O3 (40%) – MWCNT (60%) with 6.58% 
and 6.2% respectively. However, Nusselt number of Al2O3 (50%) – 
MWCNT (50%) further deteriorated when compared to the Al2O3 (40%) 
– MWCNT (60%) nanofluid. Because it is lower than that of Al2O3 (40%) 
– MWCNT (60%), by about 0.4 %, as against 0.172% at Re = 1000. 

Table 4 
Measuring instruments and their uncertainties  

Measuring instruments Make / Type Specifications/ Range Accuracy/ uncertainty 

Thermocouples T – Type Thermocouples -250◦C to 400◦C 0.1 oC. 
Flow meters(Coriolis flow 

meter) 
CmFs015 0.204kg/min - 4.09kg/min 0.1 % 

Pressure Transducers Omega 10WDWUI 0 - 17 Kpa 0.25% 
Power SupplyVoltageCurrent KIKUSUI PWR800M - 320V 

0 - 12.5 A 
V 
0.04 A 

Thermal Conductivity KD2 Pro Thermal conductivity meter Controller: 0 to 50◦CSensor; - 50 to +150◦C 5% from 0.2 to 2 W/mK and0.01 from 0.02 
to 0.2 W/mK 

Viscosity Sv–10 Vibro Viscometer (A&D, Japan), Range; 0.3 - 10,000 mPa・sOperating 
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 %  

Figure 7. Nusselt number as a function of Reynold number for the three 
hybrid nanofluids 
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4.2. Transition and turbulent regime 

In transition and turbulent regimes, analysis shows that Al2O3 (40%) 
– MWCNT (60%) nanofluid Nusselt number deteriorates as compared to 
the other two fluids in consideration. At a turbulent Reynold number of 
3700 and 3000, Al2O3 (50%) – MWCNT (50%) nanofluid was better than 
Al2O3 (40%) – MWCNT (60%) by 2.23% and 2.15%, respectively. While 
Al2O3 (60%) – MWCNT (40%) is better than Al2O3 (50%) – MWCNT 
(50%) nanofluid, with a very slight margin of about 0.0599 and 2.21% 
respectively. Al2O3 (60%) – MWCNT (40%) also performs better than 
Al2O3 (40%) – MWCNT (60%) with 2.28 and 4.32% at the same Reynold 
numbers. 

Nevertheless, in the transition regime, Al2O3 (50%) – MWCNT (50%) 
nanofluid performance was better. At Reynold numbers 2400 and 2550, 
its Nusselt number values are better than Al2O3 (60%) – MWCNT (40%) 
values with 11.7% and 3.0%, respectively. When compared with Al2O3 
(40%) – MWCNT (60%) nanofluid, Al2O3 (50%) – MWCNT (50%) is 
better with 23.36% and 21.79% at the same Reynold numbers. This 
shows that at the transitional flow regime, the enhancement in Nusselt 
number is better with the Al2O3 (50%) – MWCNT (50%) nanofluid. 
while in the turbulent and laminar regime, Al2O3 (60%) – MWCNT 

(40%) has the better heat transfer characteristics. 
These results portrayed the PWC’s significant influence on this 

hybrid nanofluid’s convective heat transfer characteristics. It also shows 
that having different PWC makes the fluid entirely different despite 
having the same nanoparticles and volume concentrations. 

4.3. Influence of the axial position on force convection heat transfer 

4.3.1. Effect on the temperature profile 
Heat transfer characteristics at different axial positions normally 

change from one axial position to another. Several factors are believed 
to be responsible for these variations. The most obvious ones are the 
thermal entrance effects and the temperature difference. Temperature 
differences may be due to the temperature gradient along the tube 
length or due to the radial temperature difference. This temperature 
difference is very important concerning the force convection heat 
transfer, especially with nanofluid. Because nanofluid viscosity is 
significantly affected by temperature. Ghajar and Tam [67] explained 
that the effects of radial temperature mainly result in free convection 
heat transfer. 

An increase in temperature along the tube length results in the radial 

Figure 8. Temperature Profile Graphs for the Three Hybrid Nanofluids  
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temperature increase across the tube length (i.e., with the increase of the 
distance from the tube inlet X/D). Figure 8a shows the tube internal wall 
temperature (Tw) as a function of the axial positions (X/D) at a Reynold 
number 1600. As the axial distance (X/D) increased, internal tube wall 
temperature also increased. This signifies that the fluid density and 
viscosity will decrease across the tube length. Experimental data from 
the literature and this study also confirmed that nanofluid viscosity 
decreases with an increase in temperature Figure 2. Figure 8d shows the 

radial temperature profile of the three fluids as a function of Reynold 
number. Results show that the fluid’s radial temperatures decrease with 
increasing Reynold number, and its peak value is at the laminar region. 
This shows the effects of Reynold’s number on the radial temperature. 
Therefore, it’s obvious that the radial temperature increases with the x/ 
d from the tube inlets and decreases as the Reynold number increases. 
This is very significant because it will help understand radial tempera-
ture’s influence on mixed convection. Ghajar and Tam [67] stress that 

Figure 9. Critical Reynold number  

I. Umar Ibrahim et al.                                                                                                                                                                                                                         



Applied Thermal Engineering 249 (2024) 123372

12

radial temperature is very significant with regard to the development of 
mixed convection. 

From Figure 8, it was also noticed that during force convection heat 
transfer, both the fluid main temperature (Tf ) and internal fluid wall 
temperatures decrease with the increase in Reynold number (i.e., as 
shown in Figure 8(b-c)). This reaffirmed that fluid properties, especially 
viscosity and density, will vary with the increase in Reynold’s number. It 
is also essential to note that not only viscosity and density are temper-
ature dependent, but thermal conductivity is also temperature depen-
dent. Variation of these temperature-dependent properties significantly 
affects the fluid heat transfer characteristics. 

4.4. Effects of PWC on critical Reynolds number 

Initially, it was widely believed that the critical Reynold number or 
transition start at a Re = 2300. However, experimental research works 
by Meyer and Oliver [68], Nagendra et al. [69], and Ghajar and Tam 
[70] proved otherwise, as their results show that the critical number is 
dependent on several factors. This includes the tube inlet configuration 
type, fluid properties, heat flux, etc. Osman et al. [17]. Research findings 
show that nanofluid viscosity was why the transition started earlier with 
nanofluid than with base fluid (water). In this research work, the critical 
Reynold numbers for the three fluids were identified using the method 
suggested by Everts et al. [71] and Andrade et al. [72], as presented in 
equation (38). Using this method, a critical Reynold number (Recr) is 
defined as the Reynold number at which the Colburn j factor gradient 
changes from negative to positive, or simply as the Reynold’s number at 
which gradient of Colburn J factor is equal to zero as shown in Figure 9. 

Re= Recr, When 

Re =

(
dj

dRe

)

= 0 (38) 

The critical Reynold numbers for the three hybrid nanofluids were 
found to differ slightly. For Al2O3 (60%) – MWCNT (40%), the start of 
the transition is 2020, and for Al2O3 (50%) – MWCNT (50%), the critical 
Reynold number is 2000, while for Al2O3 (40%) – MWCNT (60%) 
started at critical Reynold number of 2100. Figure 9 shows the graphical 
representation of equation (38). 

This finding shows that the PWC of hybrid nanofluids affects the 
force convective flow characteristics of these fluids. It’s obvious that 
force convective heat transfer of hybrid nanofluids also depends on the 
PWC. 

4.5. Laminar forced–mixed convection heat transfer of hybrid nanofluid. 

4.5.1. Thermal entrance effects 
Figure 10 shows the local Nusselt number at different axial positions 

as a function of the Reynold number. From the plot, it was noticed that 
from the axial position x/d = 15 to x/d = 112.5, there is variation in the 
Nu(x) with the Reynold number, which is obvious with all three hybrid 
nanofluids. This variation in Nu(x) with the axial position may be 
associated with free convection effects and thermal entrance effects. 
Free convection effects occur due to high radial temperature (i.e., 
Figure 8d), which results in the formation of buoyancy-induced sec-
ondary flow normally along the laminar region. 

Considering Figure 10, at X/D = 15 and X/D = 31.25, local Nusselt 
numbers increase as the Reynold number increases. And Nusselt 
numbers at X/D = 15 and X/D = 31.25 are much higher than those at the 
other axial position. In contrast, from the axial position X/D = 47.5, the 
trend of the Nusselt number changes. It starts to decrease with an in-
crease in Reynold’s number. Its values (Nusselt number) are lower 
compared to the first two axial positions (i.e., X/D = 15 and X/D =
31.25). The reason for the higher local Nusselt number at the first two 
axial positions is due to the thermal entrance effects. By carefully 
considering position x/d = 15 and x/d = 31.25, the Nusselt number is 
increasing with the increase of Reynold number. This signifies that the 
thermal boundary layer at that position is very thin (i.e., thermally 
developing region), and the flow can be regarded as thermally devel-
oping flow. Shome et al. [27] explained that at an axial position close to 
the tube inlet, the heat transfer increased due to the entrance effects and 
variable viscosity. Therefore, the enhancement in the Nusselt number at 
those two axial positions (x/d = 15 and x/d =31.25) are not due to the 
mixed convection but rather due to the entrance effects. However, the 
possibility of the free convection effect cannot be ruled out entirely for 
now. But, it is certainly not the dominant, as the thermal entrance effects 
are expected to be very significant at those two positions. There are 

Figure 9. (continued). 
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many criteria for differentiating the mixed convection boundary regions 
and other regions of the flow. Ghajar and Tam [51] and Everts et al. [71] 
have suggested different methods by which we can quantitatively and 
objectively characterise these regions. In this research, the method 
suggested by Everts et al. [71] was employed. 

According to Everts et al. [71], we can differentiate these two regions 
from each other by using equations (39) and (40). According to equation 
(39), the thermal entrance effect is dominant if the gradient of the 
Nusselt number with respect to the Reynold number is greater than zero. 
Mathematically; 

dNu
dRe

> 0 (39)  

Meanwhile, mixed convection effects are the most dominant if the 
gradient is less than zero. This can also be expressed mathematically as 
given in equation (40). 

dNu
dRe

< 0 (40)  

Therefore, in these experiments, we used these two equations, adopted 
from Everts et al. [71], to differentiate the regions around the tube 
where mixed convection effects are most dominant. 

Figure 11 presents the plots of the gradient of the local Nusselt 
number against the Reynold number at an axial position of X/D =15 for 
the three hybrid nanofluids. The plots show that the gradient is greater 
than zero along the laminar Reynold numbers for the three hybrid 
nanofluids. This shows that, at this axial position, the entrance effect is 
the most dominant and is responsible for the increase in the local Nusselt 
number at those two positions. This also signifies that the thermal 
boundary layer is still developing [71]. Subsequently, the flow can be 
categorized as a thermally developing flow. Since the thermal boundary 
layer is still developing. 

Figure 12 presents the plots of the gradient of the local Nusselt 
number against the Reynold number for the two axial positions of x/d =
63.75 and 96.25. It is important to note that, in this analysis, our 
consideration is only on the laminar regimes, and in this regard, Rey-
nold’s number between 1000 and 2400 is our primary consideration. 
Equation (40) shows that mixed convection influence becomes more 
significant at an axial X/D = 63.75 and X/D = 96.25. Because equation 
(40) becomes less than zero. This can be seen with all three hybrid 
nanofluids. The condition in equation (40) was satisfied. This also in-
dicates that thermal boundary layer thickness developed significantly at 
those axial positions. Yunus and Cengal [65] explained that thermal 
boundary layer thickness increases across the tube length (i.e., its 
thickness increases as the X/D distance from the tube inlet increases). In 

Figure 10. Variation of Local Nusselt number at different axial positions as a function of Reynold number.  
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contrast, the thermal entrance length decreases as the thickness de-
velops [71]. Therefore, free or buoyance-induced secondary flow starts 
to dominate, and this is because of the rise in radial temperature and 
wall temperature across the tube length, as shown in Figure 8. 

Figure 12 shows that mixed convection influences for Al2O3 (60%) – 
MWCNT (40%) hybrid nanofluid are only significant between the Rey-
nold number of 1000 to 1400. While with the Al2O3 (50%) – MWCNT 
(50%) and Al2O3 (40%) – MWCNT (60%) hybrid nanofluid is significant 
between the Reynold number range of 1000 – 1380. This shows that 
with regard to the range where the mixed convection influence is 
significantly more substantial, the difference between the three fluids is 
minimal. 

4.5.2. Evaluation of the mixed convection significance 
In Figure 13, experimental data is compared with the ΩF given in 

equation (30). As explained earlier, the higher the experimental data 
deviate from the ΩF the more significant the influence of mixed con-
vection. Two axial positions were considered in this regard (X/D 

= 63.75 and 96.25) since it was already established in section 7.5.1 
that at x/d = 15, the entrance effect is the most dominant and respon-
sible for the increase in heat transfer. It can be seen that, at an 
approximate Reynold number of 1000 and x/d = 63.75, experimental 
data deviate from equation (30) by a maximum of about 41.0%, with 
Al2O3 (60%) – MWCNT (40%). Which is the highest. This shows that the 
mixed convection effects showed better strength with the Al2O3 (60%) – 
MWCNT (40%) than with the other two fluids in the laminar region. 

However, the difference between them is not very significant. While at 
an axial position of X/D = 96.25, mixed convection strength tends to 
reduce significantly compared to the other axial position (i.e., X/D 
=63.75). 

Figure 13 shows Ω compared to equation (30) as a function of Rey-
nold number at the axial position of X/D = 96.25. Results show that all 
three fluids (Al2O3 (60%) – MWCNT (40%), Al2O3 (50%) – MWCNT 
(50%) and Al2O3 (40%) – MWCNT (60%)) deviate from the equation ΩF 
by almost the same percentage. Even more closed than what is experi-
enced in the previous position x/d = 63.75. This shows that varying 
their percentage weight compositions has not shown much difference in 
their mixed convection behaviour. As the fluids were barely different 
from each other in terms of the mixed convection characteristics. It is 
also noticed that the significance of the mixed convection decreases as 
the X/D distance from the inlet increases. Because, at X/D = 96.25 and 
Reynold number of 1000, Ω only deviate from the ΩF by about 14.7% 
with Al2O3 (60%) – MWCNT (40%). However, at X/D = 63.75, the de-
viation was 41.0%. This is because, at the axial position X/D = 63.75, 
the thermal boundary layer is still developing, so there is still an influ-
ence of the entrance effects, and together with the developing secondary 
flow influence, Ω was enhanced even further, Meyer et al. [66] described 
such conditions as mixed convection developing region. 

When the laminar Reynold number increases from 1000 to around 
2100, we notice that mixed convection significance decreases for both 
axial positions (X/D = 63.75 and 96.25) as the Reynold number in-
creases. At the Reynold number of 2100 and x/d = 63.75, Al2O3 (60%) – 

Figure 11. Gradient of Nusselt Number as A Function Reynold Number at X/D = 15 Axial Position  
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MWCNT (40%) deviate from the equation ΩF , by about 32.3% while 
Al2O3 (50%) – MWCNT (50%) and Al2O3 (40%) – MWCNT (60%), with 
29.2% and 27.93% respectively. 

While at the same Reynold number but at an axial position of X/D =
96.25, the deviation from equation (30) reduced significantly compared 
to the previous position. Al2O3 (60%) – MWCNT (40%) only deviated 
with about 9.29%, while Al2O3 (50%) – MWCNT (50%) and Al2O3 (40%) 
– MWCNT (60%) deviated with 8.66% and 9.07%. At a low Reynold 
number of approximately 1000, mixed convection influence appeared to 
have reduced as the X/D distance from the inlet increased. Percentage 
deviation by the three fluids reduced to 14.7 %, 12.79 %, and 14.48%, 
respectively. Feng et al. [29] and Li et al. [23] reported similar results 
where the mixed convection influence of SiO2 nanofluid reduced 
significantly with the increase in Reynold number, which agrees with 
our finding. The reason behind the reduction in the mixed convection 
influence, as the Reynold increases, is that both the radial temperature 
and fluid mean temperature decrease as the Reynold number increases 
(Figure 8). This reduction in fluid and radial temperature results in an 
increase in fluid viscosity and density. High fluid density and viscosity 
restricted dispersed nanoparticle motion, and low wall temperature 
limit suppressed the formation of the buoyance-induced secondary flow. 
These conditions suffocated the natural convection influence and sub-
sequently reduced its impact. 

To better understand the Reynold number effect on the mixed con-
vection. Figure 14 shows another dimensionless parameter called 
Raleigh number (Ra). Ra number also signifies the strength of the mixed 
convection. From figure 14, Ra also decreases as the Reynold number 
increases. Ra number magnitudes are much higher in the laminar region 
than in the transition and turbulent regions. However, it is interesting to 
know that axial position has very little or no influence on its magnitudes 
(Ra) as presented. (i.e., Figure 14). 

4.6. Mixed convection in transition and turbulent regions 

To analyse our experimental data in the transition and turbulent 
region, we are going to consider Figure 8, Figure 10, Figure 14, and 
Figure 15. Due to the nature of the transition regime, Figure 13 cannot 
be used to analyse the results. Because there are no satisfactory pure 
force convection correlations that are valid within the transition regime, 
especially with the nanofluids. Thus, it would be better to analyse the 
results based on the Richardson number and Raleigh number. 

It is well known that transition and turbulent regimes are charac-
terised by high fluctuations due to high flow rates as compared to lamina 
regimes. From Figure 8, we noticed that an increase in Reynold’s 
number resulted in a temperature decrease, which is true with all tem-
perature profiles. (i.e., internal tube wall temperature, radial 

Figure 12. The gradient of Nusselt number as a function Reynold number at X/D = 63.75 and 96.25 axial Positions  
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temperature, and mean fluid temperature). This significantly impacts 
the development of free convection because as the temperature de-
creases, the fluid viscosity increases. The increase in fluid viscosity will 
suppress the secondary induced buoyance force (i.e., free convection 
effects). As such, the impact of the free convection within transition and 
turbulent flow is not very significant. By considering Figure 14 which 
shows the influence of the Reynold number on the Raleigh number at 
two axial positions (i.e., X/D = 63.75 and 96.25). Results show how Ra 
number decreases as the Reynold number increases. This decrease in the 
Ra signifies the reduction of the free convection influence. 

Figure 15 presents a graph of the Richardson number against the 
Reynold number. As explained by Cengal et al. [65] and Evert et al. [73], 
the Richardson number is a dimensionless parameter which represents 
the ratio of buoyant forces (i.e., secondary flow) to the viscous force. It is 
a parameter that quantifies the strength of free convection. When the 
Richardson number is below 0.1, the flow is expected to be dominated 
by forced convection. In contrast, if the Richardson number is above 10, 
it was expected that the flow was purely dominated by free convection. 
However, when the Richardson number fluctuates between 0.1 and 10, 
the flow is anticipated to be in the mixed convection flow regime. 

From Figure 15, it can be seen that all the lamina data were within 
the mixed convection region, which agreed with our earlier analysis 
with parameter Ω. From the result shown in Figure 15 and according to 

the interpretation of Evert et al. [71], mixed convection exist in the 
transition region at both the two axial positions x/d =63.75 and 96.25. 
Because Ri number values fall within the range of 0.1 – 0.4, which shows 
a mixed convection condition exists. While, in a turbulent region, there 
is no sign of mixed convection, more especially from the Reynold 
number above 3000. Because Ri’s number was below 0.1. This shows 
that force convection was dominant in the turbulent region. Similar to 
the Ra number, the Richardson number was also found to be indepen-
dent of the axial position. The absence of free convection in the turbu-
lent region is not surprising because of the influence of the fluid viscosity 
and density, which increase with the decrease in temperature. Manay 
et al. [40] explained that the slip mechanism in nanofluid convective 
transports differs and is highly inconsistent, but the most significant 
ones are due to the thermophoresis and Brownian motion. Considering 
these two important parameters, Figure 8 explains why free convection 
effects decrease with the increase in the Reynold number. The most 
obvious reason is that they are temperature-dependent. Therefore, a 
decrease in temperature not only affects the fluid viscosity but also re-
sults in the reduction of Brownian motion and thermophoresis, and as 
such, results in the decrease or suppression of the free convection effects. 

Figure 12. (continued). 
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4.7. Thermal entrance effects on the transition and turbulent region 

From Figure 10, we already established that the entrance effect was 
dominant at the axial position X/D = 15 and x/d = 31.25. The increase 
of the Nusselt number with Reynold is due to the developing thermal 
boundary thickness, which is very thin, which results in the laminar 
Nusselt number trend differing from the other axial positions. Subse-
quently, by considering the transition and turbulent region, we notice 
that along the two axial positions, x/d =15 and x/d = 31.25, the trends 
at the end of the transition differ from the rest of the axial positions. 
There is a fluctuation of the Nusselt number just before the turbulent 
region (i.e., between the line cc and bb), and this was seen with all three 
fluids. Everts et al. [71] explained that, just before the turbulent region, 
there is another regime called the quasi-turbulent regime. This is 
another distinctive flow regime with characteristics that differ from the 
transition and turbulent region. This regime is often regarded as part of 
the transition region. Because the flow was not fully turbulent at that 
point [71,74]. Detailed characteristics of this flow regime have not yet 
been investigated. However, Everts et al. [71] found that this flow 
regime is affected by axial positions. Its start and end, i.e., the Range of 

the Quasi-turbulent, often varied as the X/D changes. Figure 10 shows 
that this flow regime (i.e., Quasi –Turbulent flow regime) exists only at 
the tube axial positions where thermal entrance effects are very signif-
icant. As the distance X/D from the tube inlet increases, its influence or 
its existence disappears. This shows that this flow regime is significant at 
positions where the thermal boundary layer thickness is very thin and 
tends to disappear as the flow develops into a fully thermally developed 
flow. 

5. Conclusion 

An investigation into force and mixed convection heat transfer 
characteristics of hybrid nanofluids is conducted with three hybrid 
nanofluids of Al2O3 – MWCNT (i.e., Al2O3 (60%) – MWCNT(40%), Al2O3 
(50%) – MWCNT(50%) and Al2O3 (40%) – MWCNT(60%)). From the 
experimental results and analysis, conclusions were drawn and sum-
marised as follows;  

• Results show that percentage weight composition PWC significantly 
influences hybrid nanofluid heat transfer characteristics. In lamina 
region heat transfer was better enhance with Al2O3 (60%) – MWCNT 

Figure 13. Graphs of Parameter Ω Compared to ΩF as a function of Reynold 
number at Axial position X/D = 63.75 and 92.25 

Figure 14. Graphs of Raleigh number as a function of Reynold number at Axial 
position X/D =63.75 and 92.25. 
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(40%), then followed by Al2O3 (40%) – MWCNT(60%) with 5.37% 
and 5.20% better than Al2O3 (50%) – MWCNT(50%). In the transi-
tion region, Al2O3 (50%) – MWCNT(50%), nanofluid has the best 
heat transfer enhancement, with an enhancement of about 11.7% at 
a Reynolds number of 2400.  

• It was also found that varying the PWC of hybrid nanofluids also 
affects their transition boundaries. This was clearly shown as the 
critical Reynold number of the three hybrid nanofluids differs despite 
having the same volume concentration and particle sizes. Results 
show that transition starts at different critical Reynold numbers. The 
critical Reynold number of Al2O3 (40%) – MWCNT(60%) is 2100, 
while Al2O3 (60%) – MWCNT(40%) and Al2O3 (50%) – MWCNT 
(50%) are 2020, and 2000 respectively. Even though the PWC varied 
by only by 10%, its significance was shown in the fluid 
characteristics.  

• Thermal entrance effects resulted in a much higher heat transfer 
enhancement than mixed convection effects. This was true for all the 
flow regimes (i.e., lamina, transition, and turbulent). It was also 
found that, unlike the mixed convection effects, entrance effects 
extend to all the flow regimes. Along the entrance region, the local 
Nusselt number increases with the increase in Reynold number.  

• It was found that equations (39) and (40) correctly characterise and 
identify the boundaries between entrance region and mixed con-
vection dominant region. It correctly distinguishes the entrance and 
region where mixed convection influence is the most dominant. 
These findings would help in analytical studies of hybrid nanofluids.  

• Results show that mixed convection effects are more significant in 
the laminar region than in the transition and turbulent region. 
However, the impact of the mixed convection varied with both the 
axial position and Reynold number. Al2O3 (60%) – MWCNT (40%) 
have shown higher strength of the mixed convection than the other 
two hybrid nanofluid fluids with Ὠ value of about 41%. It was also 
found that mixed convection effects decreased with the increase in 
axial position from tube inlet. Its value deteriorates from 41% at x/ 
d = 63.75 to 14.7% at x/d = 96.25. 

6. The future scope and limitation 

This research findings were based on thermally developing flow 
conditions. Fully developed flow conditions were largely not considered 
in this research. Therefore, it is suggested that hybrid nanofluids forced – 
and mixed convection heat transfer characteristics to be investigated 
under fully developed flow conditions as well. 
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