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Highlights 

• Using hybrid nanofluids yield enhanced in natural convection. 
• Al2O3-MWCNT/water hybrid nanofluids prepared at different weight percentage. 
• Natural convection of the hybrid nanofluids was experimentally examined. 
• The influence of weight percent, ΔT, and Ra on Nuav, hav and Qav has been investigated. 
• The arrangement for maximum heat transfer performance was investigated. 

 

Abstract 

Hybrid nanofluids as a new class of nanofluids known for their improved thermal and flow properties 
over single-particle nanofluids. However, experimental studies on the natural convection of hybrid 
nanofluids in enclosures are very scarce in the public domain. This paper investigates the natural 
convection of Al2O3−MWCNT/water nanofluids at various bi-nanoparticles’ percent weights 
(Al2O3:MWCNT; 80:20, 60:40, 40:60, and 20:80) for 0.1 vol% in a square cavity. The Nuav, hav, Ra and 
Qav at varying temperature gradients (20 °C–50 °C) were considered. The viscosity and thermal 
conductivity of the stable nanofluids and base fluid were experimentally measured at a temperature 
range of 20 °C–50 °C. The obtained experimental data for these properties were engaged in the study. 
The range of Ra considered in this work was 1.65 × 108–3.80 × 108. A direct relationship was noticed 
between Ra and Nuav. Temperature gradient and percent weight of bi-nanoparticles in the nanofluids 
were observed to augment Nuav, hav, and Qav. The hybrid nanofluid with 60:40 wt% of Al2O3 and 
MWCNT nanoparticles was identified to have the highest value for Ra, Nuav, hav, and Qav at various 
temperature gradients. Furthermore, maximum enhancements of 16.2%, 20.5%, and 19.4% were 
recorded for Nuav, hav, and Qav, respectively, at ΔT = 50 °C, in relation to the base fluid. The 
engagement of Al2O3−MWCNT/water nanofluids in a square cavity has shown improved natural 
convection performance. A new correlation as related to Ra and bi-nanoparticles ratio has been 
developed for predicting Nuav. Results from this study further corroborate the advantage afforded by 
hybrid nanofluids over single-particle nanofluids. 

 

Keywords: Hybrid nanofluids; Natural convection; Heat transfer; MWCNT; Al2O3, Square cavity 



2 
 

 

1. Introduction 

Nano-sized materials have been employed in the field of heat and fluid transfer as advanced fluids with 
improved thermal and flow properties relative to conventional fluids. The suspension of nano-scaled 
materials into various conventional fluids to synthesize nanofluids have been researched and accepted 
to possess superior thermophysical properties relative to the existing traditional fluids. As the thermo-
physical properties of nanofluids are augmented, the convective heat transfer performance of 
nanofluids is also enhanced. Subject to this, nanofluids have been investigated as thermal transport 
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media in relevant fields of study and applied in heat exchangers, electronics and thermal transport 
systems as coolants. Natural convection as a thermal transport mechanism is extensively employed in 
different applications in which thermal cooling is primarily due to density difference of the working fluid 
engaged. 

The wide application of natural convection in engineering discipline has been responsible for the use of 
nanofluids as better working fluids in relation to the traditional fluids. The application of natural 
convection includes heat exchangers, electronic cooling devices, nuclear energy, solar energy 
collectors and desalination, geophysics, electric ovens, and other industrial processes such as melting 
and solidification and lubrication. Khanafer et al. [1] pioneered the study of thermo-convection 
characteristics of nanofluids (Cu-water) in a square cavity using a numerical technique. Thereafter, 
numerous studies have been carried out on the natural convection of diverse nanofluids contained in 
several shapes (square, rectangular, trapezoidal, L, cylinder, complex, etc.) of enclosures and 
subjected to various thermal and boundary conditions using both numerical and experimental 
techniques [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12]. However, limited studies on the experiment-
based free convection of nanofluids in enclosures of various configurations have been investigated 
relative to the numerical works published [3,9,[13], [14], [15], [16], [17], [18], [19], [20]]. 

Putra et al. [19] was the first to study the natural convection of nanofluids in an enclosure. They utilized 

distilled water-based Al2O3 and CuO nanofluids  filled into a differentially-heated 
horizontal cylinder with aspect ratios (ARs) of 0.5–1.5. Result revealed the attenuation of heat transfer 
for the nanofluids as a function of φ, AR, and nanoparticle density Ghodsinezhad et al. [16] 
experimentally examined the influence of different volume concentrations (0.05%–0.6%) of Al2O3/water 
nanofluid contained in a differentially heated rectangular enclosure on the natural convection heat 
transfer coefficient with Ra range of 3.49 × 108 to 1.05 × 109. The convective heat transfer coefficient 
was augmented by a maximum value of 15% obtained at 0.1 vol%, in comparison to the base fluid. Li 
et al. [21] utilized ZnO/deionized water-ethylene glycol (75:25, 85:15, and 95:5 vol%) nanofluid with 
φ = 5.25 wt% in a square cavity and demonstrated that heat transfer was attenuated for the nanofluids 
relative to deionized water-ethylene glycol. This observation was noticed to increase as the ethylene 
glycol quantity in the base fluid increased. Hu et al. [22] engaged deionized water-based TiO2 (3.85 - 
10.71 wt%) nanofluid in a vertical square and they noticed that heat transfer was attenuated relative to 
the deionized water. Kouloulias et al. [20] studied the natural convection of Al2O3/water (0.01–
0.12 vol%) nanofluid in a square cavity and they also observed deterioration of heat transfer of the 
nanofluid in comparison to water. 

Using MWCNT/water and Al2O3/water nanofluids, Joshi and Pattamatta [18] experimentally investigated 
the natural convection heat transfer of these nanofluids in a square cavity. The work was conducted at 
Ra range of 7 × 105–1 × 107 and volume concentration ranges of 0.1–2% (Al2O3/water nanofluids) and 
0.1–0.5% (MWCNT/water nanofluids). They showed that for both nanofluids, Nu was enhanced as Ra 
increased. Also, Nu was improved by 35% for MWCNT/water nanofluid at 0.1 vol% and Ra = 1 × 106, in 
relation to the base fluid. The highest augmentation of Nu for both types of nanofluids was observed at 
0.1 vol%, with MWCNT/water nanofluid having a considerable improvement in Nu compared to 
Al2O3/water nanofluid, all in relation to the base fluid. Additionally, Garbadeen et al. [17] studied the 
heat transfer behavior of MWCNT/water nanofluid for a volume concentration range of 0–1% contained 
a square cavity and at Ra of 108. An optimum heat transfer augmentation of 45% was reported for the 
concentration of 0.1 vol%. 

Solomon et al. [3] have studied the effect of ARs (1, 2, 4) of cavities on the heat transfer performance of 
Al2O3/water nanofluids. They showed that the coefficient of convective heat transfer and Nu were 
significantly related to the AR of the cavities. The maximum heat transfer for each AR of the cavity was 
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observed to be a function of the volume concentration. For the square cavity (AR = 1), the maximum 
heat transfer and convective heat transfer coefficient were achieved at 0.1 vol%. Both the buoyancy 
and Nu were found to be strongly connected to Ra. Joshi and Pattamatta [23] examined the natural 
convection of Al2O3, MWCNT, and graphene/distilled water (0.1–0.5 vol%) nanofluids contained in a 
square enclosure. In comparison to distilled water, the maximum improvement in Nu for all the 
nanofluids was noticed for φ = 0.1 vol% with the MWCNT/distilled water nanofluid showing the highest 
value of 35%. 

A recent study by Ilyas et al. [9] investigated the natural convection of MWCNT/thermal oil (0–1 wt%) 
nanofluid in a vertical rectangular cavity (AR = 4) and revealed the depreciation in h and Nu as φ 
increased. Sharifpur et al. [10] employed TiO2-deionized water (0.05–0.8 vol%) nanofluid in a 
rectangular cavity to study the natural convection behavior. They reported optimum heat transfer 
enhancement of 8.2% at φ = 0.05 vol%. In addition, Choudhary et al. [24] engaged Al2O3/deionized 
water (0.01 and 0.1 vol%) nanofluid contained in a rectangular cavity having AR = 0.3–2.5 to examine 
the natural convection heat transfer performance. They observed that the natural convection 
performance depended on AR, Ra, and φ, with the maximum augmentation of 29.5% for 0.01 vol% (at 
Ra = 7.89 × 108 and AR = 0.5). 

The emergence of a new class of nanofluids (hybrid nanofluids) proven to possess better thermal and 
convective properties than the mono-particle nanofluids has spurred studies on the natural convection 
of hybrid nanofluids in cavities. The open literature has revealed that limited studies have been 
conducted on the natural convection heat transfer behavior of hybrid nanofluids in selected cavities 
[25], [26], [27], [28], [29], [30]. However, these existing works were noticed to be conducted using 
numerical techniques of which the experimentally performed studies were lacking. Ashorynejad and 
Shahriari [25] numerically studied the natural convection heat transfer characteristics of a hybrid 
nanofluid (water based Al2O3 Cu) filled into a waxy-walled open cavity under a uniform magnetic 
field. They showed that Nu was deteriorated with an increase in Ha and it was enhanced as Ra and φ 
increased. At Ra = 105, Nu was observed to be enhanced as φ and ψ increased. Maximum heat 
transfer improvement was achieved at Ha = 90 and the lowest at Ha = 30. 

Rashad and Co-workers [29] used a numerical technique to examined the MHD natural convection of a 
water based hybrid nanofluid (Cu-Al2O3/water) inside a triangular cavity heated from the bottom wall. 
The result revealed that heat transfer rate was improved with an increase in D and Ra, and reduction in 
B, but it depreciated with the rise of Qp and Ha. The influence of increasing φ was noticed to be 
pronounced when Ra was low, Ha was high and when D and B increased. No significant difference in 
heat transfer enhancement augmentation was noticed for the hybrid and single-particle nanofluids. 
Mehryan et al. [26] conducted a numerical study on the thermo-convection heat transfer behavior of the 
hybrid nanofluid in a porous square cavity. They demonstrated that at Ra of 10–100, φ of 0–2% and 
porosity (ɛ) of 0.3–0.9, the rate of heat transfer of Al2O3 and Cu nanofluids in the cavity was higher than 
that of hybrid nanofluid (Al2O3 Cu at 96.2%:3.8%). The Nuave was observed to decline with an 
increase in volume concentration for the studied porosity values except 0.9. 

The above survey showed that experimental studies on the natural convection of hybrid nanofluids in 
various configurations of cavity are evidently scarce in the open literature. The identified gap has been 
filled by conducting experimental work on the natural convection heat transfer behavior of Al2O3-
MWCNT/water nanofluids contained in a square cavity under varying temperature gradients. In this 
present work, different percent weights of Al2O3-MWCNT nanoparticles suspended in water to 
formulate hybrid nanofluids at 0.1 vol% have been examined in the cavity for their natural convection 
performance. 
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2. Materials and methods 

2.1. Nanofluids formulation and characterization 

The hybrid nanoparticles of γ-Al2O3 and MWCNT were utilized in this study. The γ-Al2O3 nanoparticles 
(20–30 nm diameter as specified by the manufacturer) was sourced from Nanostructured and 
Amorphous Materials Inc., Houston, Texas, USA and the MWCNT nanoparticles (lengths, inner and 
outer diameters of 10–30 μm, 3–5 nm and 10–20 nm, respectively) were purchased from MKnano 
Company, Ontario, Canada. The sodium dodecyl sulfate (≥ 98.5% purity) was used as a surfactant and 
bought from Sigma-Aldrich, Germany. A two-step procedure was engaged in the formulation of the 
hybrid nanofluids using Al2O3 and MWCNT nanoparticles at various percent weights (80:20, 60:40, 
40:60 and 20:80) suspended in water. Appropriate weights of both types of nanoparticles depending on 
the percent weight and surfactant at 1% dispersion fraction were added to 1.4 l of water to obtained 
0.1% volume concentration according to Eq. (1). The mixture was then homogenized using an 
ultrasonicator (Qsonica Q-700; 700 W and 20 KHz) with a 7 s pulse on 2 s pulse at an amplitude of 
85% for a period of 2 h in a water bath (LAUDA ECO RE1225). The absorbance of the formulated 
hybrid nanofluids was determined using (UV–visible spectrophotometer; Jenway (model 7315)). Both 
the absorbance (for 20 h) and visual inspection (few weeks) were used to monitor the stability of the 
hybrid nanofluids [3]. In addition, the viscosity of the hybrid nanofluids was measured using vibro-
viscometer (SV-10; A&D; Japan; ± 1% accuracy) at a temperature range of 20 °C–50 °C. The electrical 
conductivity was measured using electrical conductivity meter (EUTECH Instrument (CON700); ± 1% 
accuracy) for the hybrid nanofluids at the temperature range considered in this study. 

It is noteworthy to mention that the volume concentration of 0.1% employed in this work is subject to 
the findings reported by previous studies. They showed that water-based Al2O3 and MWCNT nanofluids 
contained in square cavities attained a maximum enhancement of heat transfer at 0.1 vol% [3,[16], [17], 
[18]]. 

      (1) 

2.2. Description of experimental setup and procedure 

A square cavity (96 mm × breadth 96 mm × height 105 mm) containing the hybrid nanofluids was 
engaged in the investigation of the thermo-convection heat transfer performance. The bottom and top 
walls of the cavity were thermally insulated whereas the opposite vertical walls were differentially 
heated. The cavity was well-insulated (2-cm with k = 0.033) to reduce heat loss to the surrounding. T-
type thermocouples (Omega Engineering Inc., USA) were mounted at various points inside (walls (6) 
and spaces (11)) and outside (inlet (2) and outlet (4) pipes) the cavity. This was to determine different 
temperatures around the cavity (outside and inside) as the experiment proceeded. Prior to the 
commencement of this work, the thermocouples were calibrated between a temperature range of 5 °C–
60 °C. For the insulated thermocouples outside the cavity, 3% heat was lost subject to the temperature 
difference between them and the environment. 

Constant temperatures were maintained at the two differentially heated walls of the cavity using the 
isothermal shell and tube heat exchangers (counter-flow). Water at different constant temperatures 
(5 °C–55 °C) was circulated through the heat exchangers using programmable water baths (PR20R-30 
Polyscience; −30 and 200 °C; 0.005 °C accuracy). The flow rates of the water circulating between the 
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heat exchangers and the water baths were measured using flow meters (Burkert Type 8081; ±0.01% 
accuracy (full scale) +2% (measured value)) mounted at the inlets to the heat exchangers. The 
obtained data (flow rate and temperature) from the experiments were logged into the computer with the 
aid of a data logger (National Instrument; type SCXI-1303; 32 channels) and a LABVIEW software 
(2014 version). The experimental set up for this study is provided in Fig. 1. 

 

Fig. 1. Experimental setup of this study. 

Samples of water and hybrid nanofluids were filled into the cavity. Four runs of experiments per sample 
were carried out at four different ΔT (20, 30, 40 and 50 °C) between the hot and cold walls of the 
differentially heated cavity. At each given ΔT, a thermal equilibrium was ensured in the cavity for the 
given sample contained in it. For the equality of the rate of heat extracted and added within the cavity 
subject to ΔT, a maximum value of 5% was maintained for each run of the experiment. 

2.3. Data reduction 

The obtained temperatures and flow rates along with the thermal properties of the nanofluids and base 
fluid were employed to estimate various key parameters (Ra, Nuav, hav Qav, etc.) investigated in this 
study. Eq. (2) and Equations 3–5 were empirical and theoretical mixture correlations sourced from the 
literature [29] for the estimation of the density, thermal expansion coefficient, and specific heat of hybrid 
nanofluids, respectively. The thermophysical properties of water, MWCNT, and Al2O3 nanoparticles 
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were provided in Table 1 while the experimentally obtained viscosity of the base fluid and hybrid 
nanofluids are given in Table 2. 

     (2) 

     (3) 

      (4) 

     (5) 

Table 1. Thermophysical properties of studied materials. 

Properties Water MWCNT Al2O3 

Density (kg/m3) 997 2100 3970 

Thermal conductivity (W/mK) 0.613 2000 40 

Heat capacity (J/kgK) 4179 710 765 

Thermal expansion coefficient (1/K) 2.1 × 10−4 2.1 × 10−5  

Particle size (nm) – lengths, inner and outer diameters of 10–30, 3–5 and 10–20. 20 - 30 

Table 2. Viscosity of base fluid and hybrid nanofluids at different percent weights. 

Temperature 
Viscosity (hybrid nanofluids; percent weights) 

Viscosity (base fluid) 
80:20 60:40 40:60 20:80 

15 1.27 1.27 1.25 1.23 1.13 

25 1.07 1.06 1.04 1.02 0.92 

35 0.94 0.93 0.92 0.90 0.78 

45 0.82 0.81 0.80 0.79 0.67 

The heat transferred within the cavity subject to the differential heating of its vertical walls was 
expressed using Eq. (6). 

           (6) 

The h, Ra and Nu of the natural convection of the hybrid nanofluids and water in the cavity were 
expressed and estimated with Eqs. (7)-(9). 

           (7) 



8 
 

          (8) 

           (9) 

2.4. Validation and uncertainty analysis 

To validate the obtained experimental result (water) for this study, the models proposed by Berkovsky 
and Polevikov model [3], Leong et al. [31] and Cioni et al. [16] were employed. These models are 
expressed in Eqs. (10) [31], 11 [16] and 12 [3]. 

      (10) 

     (11) 

     (12) 
 
Where 

 

To show the reliability of the obtained data, the uncertainty analysis was carried out. The primary 
sources of errors were the measurements taken for the temperatures and flow rates. Eqs. (13)–15 were 
used in estimating the uncertainty related to Q, Nu, and h, respectively. 

    (13) 

   (14) 

     (15) 

Maximum uncertainties of 8.47%, 2.12%, and 1.85% were calculated for Q, Nu, and h, respectively, 
using the applicable Equations. 
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Fig. 2. TEM pictures showing (a) Al2O3-MWCNT (80%:20%)/water and (b) Al2O3-MWCNT (20%:80%)/water nanofluids. 

 

Fig. 3. Stability of hybrid nanofluids monitored via UV-visible spectrophotometer. 

 

3. Results and discussion 

3.1. Morphology and stability of hybrid nanofluids 

The particle size and morphology of Al2O3-MWCNT/water nanofluids for 80:20 and 20:80 percent 
weights were monitored using TEM. The TEM images for the hybrid nanofluids are presented in Fig. 2. 
Both nanoparticles (Al2O3; spherical-shaped and MWCNT; cylindrical-shaped) were identified and 
noticed to be well suspended in the base fluid (Figs. 2a and b). The Al2O3 nanoparticles have a size 
range of 15.42 nm–49.87 nm and observed to be attached to the surface of the MWCNT nanoparticles 
(size ranging from 5.63 nm to 16.98 nm). From Fig. 3, the stability of the hybrid nanofluids for 
nanoparticles’ percent weights of 80:20, 60:40 and 40:60 (Al2O3:MWCNT) has been checked by 
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measuring the absorbance using a UV-visible spectrophotometer. For 20 h duration, relatively constant 
values of absorbance were observed for the hybrid nanofluids, which indicate their stability within this 
time frame. The absorbance diminished with an increase in the MWCNT nanoparticles proportion 
(reduction in alumina nanoparticles quantity) for the hybrid nanofluids (Fig. 3). The Al2O3−MWCNT 
(40:60)/water nanofluid was noticed to have the best stability of the three. The wavelength range of 
291–301 nm was determined for the nanofluids of which wavelength of 225 nm has been reported for 
water-based Al2O3 nanofluids [16]. The increase in the wavelength could be attributed to the 
hybridization of the nanofluids through the addition of MWCNT nanoparticles in various proportions. 
After two months of bi-weekly observation, the hybrid nanofluids were observed to be visually stable. 

3.2. Viscosity and electrical conductivity of hybrid nanofluids 

Fig. 4 illustrates how the measured effective viscosity of the hybrid nanofluids relates to temperature 
rise for different percent weights of the hybrid nanoparticles. The effective viscosity of the various 
hybrid nanofluids was augmented with a rise in the proportions of MWCNT nanoparticles (with a 
corresponding reduction in Al2O3 nanoparticles) suspended into the base fluid. The effective viscosity of 
the nanofluids was noticed to diminish with a temperature rise. This observation agrees with the 
literature regarding the relationship between viscosity and temperature [32], [33], [34]. Relative to the 
base fluid, a maximum augmentation of 24.56% was achieved for Al2O3-MWCNT (80%:20%)/water 
nanofluid at 0.1 vol% and 55 °C. The absence of an existing model to predict the obtained experimental 
data as a function of nanoparticles’ percent weights (R) and temperature in the literature has led to 
proposing a new correlation. The proposed correlation is articulated in Eq. (16).(16) 

 

Fig. 4. Effective viscosity of hybrid nanofluids against temperature. 

An illustration of the effective electrical conductivity of the hybrid nanofluid as a function of temperature 
is presented in Fig. 5. It can be observed that the effective electrical conductivity increases with a 
temperature rise. Generally, the dispersion of hybrid nanoparticles into water was noticed to 
significantly enhance the effective electrical conductivity of water. This is because Al2O3 and MWCNT 
nanoparticles possess higher electrical conductivity values than water. In comparison to water, the 
electrical conductivity of the hybrid nanofluids was enhanced by 134.12%–255.34% for the 
temperatures considered. The Al2O3−MWCNT (80%:20%)/water nanofluid was noticed to yield the 
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highest values (1127–1265 μS/cm) of electrical conductivity at the various temperatures studied 
(Fig. 5). Using the measured data of electrical conductivity for the hybrid nanofluids, a correlation was 
developed. Eq. (17) expresses the electrical conductivity of Al2O3−MWCNT/water nanofluid as a 
function of percent weight (R) of hybrid nanoparticles and temperature. 

    (17) 

 

Fig. 5. Comparison of various correlations for predicting Nusselt number as a function of Rayleigh number. 

3.3. Cavity validation 

The performance of the square cavity engaged in this work was validated using the base fluid, water. 
Numerical models previously reported in the literature were used to validate the obtained experimental 
data of Nu [3,16,31]. Fig. 5 illustrates the Nu plotted against Ra for water using the developed models 
and the experimental data derived from this study. From Fig. 5, it can be noticed that all the correlations 
underestimated the Nu experimentally obtained in this work. The Ra range (104 < Ra< 108) for the 
model proposed by Leong et al. [31] was lower than the values (1.65 × 108 < Ra < 3.80 × 108) recorded 
in this study while that of Cioni et al. [16] was higher (3.7 × 108 < Ra < 7 × 109). Although the Ra range 
obtained in this work is within the range (Ra ≤ 1010) of the Berkovsky and Polevikov model [3], 
however, the Nu values reported in this study were higher than that of this model. This result agrees 
with a previous study in which experimentally-obtained Nu for water in a square cavity was higher than 
that evaluated via Berkovsky and Polevikov model [3]. However, a previous study has reported a lower 
Nu (experimental) for water in a square cavity than the Nu estimated using Berkovsky and Polevikov 
model [3]. 

3.4. Heat transfer behavior of hybrid nanofluids 

The performance of different percent weights of Al2O3-MWCNT/water nanofluid at 0.1 vol% in a square 
cavity under natural convection condition has been investigated for the hav, Nuav, and Qav. The Ra as a 
function of the hybrid nanofluid with different percent weights of the hybrid nanoparticles under various 
ΔT is presented in Fig. 6. An increase in the ΔT was generally observed to increase the Ra for all the 
samples (water and hybrid nanofluids). At each ΔT, the nanofluids were noticed to have higher Ra 
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values than that of the base fluid. The suspension of the hybrid nanoparticles into the base fluid at 
different proportions was seen to cause a rise in the Ra because of the change in the fluid properties 
and composition. The hybrid nanofluid with 60:40 percent weight of Al2O3:MWCNT was noticed to have 
the highest Ra value followed by those of 80:20, 40:60, and 20:80, for each ΔT. With the ΔT (20 °C–
50 °C) considered in this work, the Ra range obtained was 1.65 × 108 < Ra < 3.17 × 108 and 1.76 × 108 
< Ra < 3.80 × 108 for water and nanofluids, respectively. 

 

Fig. 6. Rayleigh number against hybrid nanofluid at different temperature gradients. 

The experimentally obtained Nuav values for the samples (water and nanofluids) examined in this study 
at different ΔT are shown in Fig. 7. It is apparent that the Nuav for all the hybrid nanofluids is higher than 
the Nuav for the base fluid, and this parameter is noticed to enhance with an increase of ΔT. On the 
engagement of the hybrid nanofluid, the Nuav augmented for Al2O3-MWCNT (80:20)/water nanofluid in 
relation to the base fluid, which improved further when the MWCNT nanoparticles’ proportion was 
increased to 40 wt% while the Al2O3 nanoparticles’ reduced to 60 wt%. Thereafter, the Nuav 
deteriorated for the Al2O3-MWCNT/water nanofluids with further reduction (Al2O3) and increment 
(MWCNT) of nanoparticles. Thus, the Nuav of the base fluid improved on the use of hybrid nanofluids 
with the maximum value occurring for Al2O3-MWCNT (60:40)/water nanofluid. At ΔT = 50 °C, the Nuav 
was enhanced by 13.3%, 16.2%, 12.2% and 10.2% for the hybrid nanofluids with percent weights of 
80:20, 60:40, 40:60 and 20:80, respectively, in relation to the base fluid. These values are slightly lower 
than the earlier published enhancements of Nuav by 11.8% and 17.2% for the same Al2O3-
MWCNT/water nanofluid type but at percent weights of 95:5 and 90:10, respectively [35]. The 
correlations utilized in the previous work for estimating the thermal properties were observed to be 
inadequate and thus, overestimated the properties which consequently caused the high augmentation 
of Nuav earlier reported. 
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Fig. 7. Average Nusselt number against hybrid nanofluid at different temperature gradients. 

 

Fig. 8. Nusselt number against Rayleigh number at different percent weight of hybrid nanoparticles in nanofluids. 

In addition, a linear relationship was observed between Nuav and Ra for each of the studied sample 
(Fig. 8). It depicts that the Nuav was enhanced as the Ra increased. This can be explained that as the 
buoyancy increased for the samples, heat transfer was also improved, which agrees with earlier studies 
in the literature [3,16,18]. The Al2O3−MWCNT/water nanofluid with 60:40 percent weight of the 
nanoparticles recorded the highest Nuav and Ra (Fig. 8). The experimentally derived data for Nuav and 
Ra and percent weight ratios (R) of the hybrid nanoparticles were utilized to develop a model. The 
existing models for estimating the Nuav of nanofluids’ performance in cavities are mainly functions of Ra 
and φ, which are inappropriate for this present study [16,36,37]. As expressed in Eq. (18), the Nuav of 
the hybrid nanofluids can be predicted from Ra and R with high accuracy (coefficient of correlation and 
determination of 0.988 and 0.994, respectively). 
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       (18) 

The proposed correlation can estimate the experimental data with a margin of deviation of −2.43% to 
3.58%, root mean square error of 1.079, and average percent error of 0.011%. Fig. 9 demonstrates the 
relationship between the predicted and experimental data for Nuav. An illustration of hav in relation to the 
studied samples of water and hybrid nanofluids at various ΔT is provided in Fig. 10. The hav was 
noticed to enhance with the rise in ΔT and the engagement of nanofluids. It is obvious from Fig. 10 that 
the hav of the Al2O3−MWCNT/water nanofluids increased to a peak as the percent weights of the hybrid 
nanoparticles contained in the nanofluids changed from 80:20 to 60:40 (Al2O3:MWCNT) and then 
diminished progressively to the least hav for percent weight of 20:80. At ΔT = 50 °C, the hav of the 
Al2O3-MWCNT/water nanofluids was augmented by 17.6%, 20.5%, 15.7% and 12.5% for 80:20, 60:40, 
40:60, and 20:80 percent weights of the bi-nanoparticles, respectively, in comparison with the base 
fluid. It is pertinent to mention that previous studies have reported 15% [16] and 18% [38] augmentation 
of hav for Al2O3/water nanofluids, however, enhancement of 45% [17] was reported for MWCNT/water 
nanofluid filled into a square cavity. With the obtained result for hav enhancements in this present study, 
it is sufficing to state that the employment of hybrid nanofluids (Al2O3-MWCNT/water) provided an 
improved hav in comparison to single-particle nanofluids. The observed augmentation of hav in this study 
can be explained by the synergetic effect afforded by hybridizing MWCNT and Al2O3 nanoparticles. A 
comparison of the obtained enhancements for hav in this work to an earlier report of 12.7% and 19.4% 
improvements of hav for Al2O3-MWCNT/water nanofluids at 95:5 and 90:10 percent weights, 
respectively, shows a case of overestimation of the thermophysical and convective properties as a 
result of the models and correlations used in their estimation as previously discussed. 

 

Fig. 9. Relationship between predicted and experimental Nusselt number for hybrid nanofluids in a square cavity. 
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Fig. 10. Average convective heat transfer coefficient against hybrid nanofluid at different temperature gradients. 

 

Fig. 11. Average heat transfer against hybrid nanofluid at different temperature gradients. 

The quantities of heat transferred by the studied samples across the cavity due to varying ΔT are 
illustrated in Fig. 11. An identical pattern as earlier reported for Ra, Nuav, and hav was observed for Qav. 
It is evident that the enhancement of Qav is a function of the percent weights of the nanoparticles in the 
hybrid nanofluid and ΔT. Expectedly, more heat was transferred by the hybrid nanofluids than the base 
fluid due to the enhancement of the thermal properties of the base fluid by the suspension of the bi-
nanoparticles. Fig. 11 shows that increasing the percent weight of MWCNT nanoparticles (leading to a 
reduction in Al2O3 nanoparticles’ ratio) from 80:20 to 60:40 in the nanofluids was found to augment Qav, 
which later diminished as the MWCNT nanoparticles’ percent weight was further increased to 20:80. 
Apparently, Al2O3-MWCNT (60:40)/water nanofluid has the highest value of Qav (105.13 W) at 
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ΔT = 50 °C with 19.4% enhancement in comparison to the base fluid. The Qav of other hybrid 
nanofluids was augmented by 16.6% (Al2O3−MWCNT (80:20)), 11.5% (Al2O3-MWCNT (40:60)), and 
7.2% (Al2O3-MWCNT (20:80)) at ΔT = 50 °C, relative to the base fluid. 

4. Conclusions 

A study of Al2O3-MWCNT/water nanofluids at various nanoparticles’ percent weights for 0.1 vol% in a 
square cavity has been carried out. The range of Ra considered in this work was 1.65 × 108–3.80 × 108. 
It was noticed that the Nuav enhanced with an increase in Ra. Nuav, hav, and Qav were noticed to 
augment with the rise in ΔT and percent weights of bi-nanoparticles in the nanofluids. Hybrid nanofluid 
with 60:40 percent weight of Al2O3:MWCNT nanoparticles was observed to have the highest value for 
Ra, Nuav, hav, and Qav at each ΔT. In addition, maximum enhancements of 16.2%, 20.5%, and 19.4% 
were achieved for Nuav, hav, and Qav at ΔT = 50 °C, in comparison to the base fluid. The engagement of 
hybrid nanofluids was noticed to improve the thermal and flow properties of the base fluid which 
consequently enhanced the natural convection behavior of this new class of nanofluids in a square 
cavity. The results from this study further demonstrated the benefit offered by utilizing hybrid nanofluids 
over mono-particle nanofluids in heat transfer studies. It is worth stressing that the employment of 
appropriate experimentally derived correlations or experimental data for estimating thermo-physical 
properties is vital to an experimental study on thermo-convection heat transfer of a hybrid nanofluid in 
cavities. 

Acknowledgement 

The funding provided by the National Research Foundation of South Africa under the Renewable and 
Sustainable Energy Doctoral Scholarships is hereby acknowledged. 

References 

[1] K. Khanafer, K. Vafai, M. Lightstone, Buoyancy-driven heat transfer enhancement in a two-dimensional 
enclosure utilizing nanofluids, Int. J. Heat Mass Transf. 46 (2003) 3639–3653,                                    
doi:10.1016/S0017-310(03)00156-X .  
 
[2] S.Y. Motlagh, H. Soltanipour, Natural convection of Al 2 O 3 -water nanofluid in an inclined cavity using 
Buongiorno’s two-phase model, Int. J. Therm. Sci. 111 (2017) 310–320, doi: 10.1016/j.ijthermalsci.2016.08.022  
 
[3] A. Brusly Solomon, J. van Rooyen, M. Rencken, M. Sharifpur, J.P. Meyer, Experimental study on the 
influence of the aspect ratio of square cavity on natural convection heat transfer with Al 2 O 3 /water nanofluids, 
Int. Commun. Heat Mass Transf. 88 (2017) 254–261, doi: 10.1016/j.icheatmasstransfer.2017.09.007.  
 
[4] C.C. Liao, Heat transfer transitions of natural convection flows in a differentially heated square enclosure filled 
with nanofluids, Int. J. Heat Mass Transf. 115 (2017) 625–634, doi: 10.1016/j.ijheatmasstransfer.2017.08.045.  
 
[5] A.A. Minea, W.M. El-Maghlany, Natural convection heat transfer utilizing ionic nanofluids with temperature-
dependent thermophysical properties, Chem. Eng. Sci. 174 (2017) 13–24, doi: 10.1016/j.ces.2017.08.028.  
 
[6] S.M. Al-Weheibi, M.M. Rahman, M.S. Alam, K. Vajravelu, Numerical simulation of natural convection heat 
transfer in a trapezoidal enclosure filled with nanoparticles, Int. J. Mech. Sci. 131–132 (2017) 599–612,             
doi: 10.1016/j.ijmecsci.2017.08.005.  
 
[7] N.L. Cadena-de, la Peña, C.I. Rivera-Solorio, L.A. Payán-Rodríguez, A.J. García-Cuéllar, J.L. López-Salinas, 
Experimental analysis of natural convection in vertical annuli filled with AlN and TiO 2 /mineral oil-based 
nanofluids, Int. J. Therm. Sci. 111 (2017) 138–145, doi: 10.1016/j.ijthermalsci.2016.08.010.  



17 
 

[8] R. Mohebbi, M.M. Rashidi, Numerical simulation of natural convection heat transfer of a nanofluid in an L -
shaped enclosure with a heating obstacle, J. Taiwan Inst. Chem. Eng. 72 (2017) 70–84,                                            
doi: 10.1016/j.jtice.2017.01.006  
 
[9] M. Torki, N. Etesami, Experimental investigation of natural convection heat transfer of SiO 2 /water nanofluid 
inside inclined enclosure, J. Therm. Anal. Calorim. 135 (2019) 1197–1209, doi: 10.1007/s10973- 019- 08445- 9  
 
[10] M. Sharifpur, A.B. Solomon, T.L. Ottermann, J.P. Meyer, Optimum concentration of nanofluids for heat 
transfer enhancement under cavity flow natural convection with TiO 2 – water, Int. Commun. Heat Mass Transf. 
98 (2018) 297–303, doi: 10.1016/j.icheatmasstransfer.2018.09.010  
 
[11] A. Baïri, Experimental study on enhancement of free convective heat transfer in a tilted hemispherical 
enclosure through water-ZnO nanofluid saturated porous materials, Appl. Therm. Eng. 148 (2019) 992–998,           
doi: 10.1016/j.applthermaleng.2018.11.115.  
 
[12] A. Baïri, N. Laraqi, Experimental quantification of natural convective heat transfer within annulus space filled 
with a H 2 O-Cu nanofluid saturated porous medium. application to electronics cooling, Exp. Heat Transf. 32 
(2019) 364–375, doi: 10.1080/08916152.2018.1526230  
 
[13] Y. Hu, Y. He, C. Qi, B. Jiang, H. Inaki Schlaberg, Experimental and numerical study of natural convection in 
a square enclosure filled with nanofluid, Int. J. Heat Mass Transf. 78 (2014) 380–392,                                                
doi: 10.1016/j.ijheatmasstransfer.2014.07.001  
 
[14] S.U. Ilyas, R. Pendyala, M. Narahari, Rheological behavior of mechanically stabilized and surfactant-free 
MWCNT-thermal oil-based nanofluids, Int. Commun. Heat Mass Transf. 87 (2017) 250–255,                            
doi: 10.1016/j.icheatmasstransfer.2017.07.015  
 
[15] M. Mahdavi, M. Sharifpur, H. Ghodsinezhad, J.P. Meyer, Experimental and numerical investigation on a 
water-filled cavity natural convection to find the proper thermal boundary conditions for simulations, Heat Transf. 
Eng. (2017) 1–15, doi: 10.1080/01457632.2017.1305835  
 
[16] H. Ghodsinezhad, M. Sharifpur, J.P. Meyer, Experimental investigation on cavity flow natural convection of 
Al 2 O 3 –water nanofluids, Int. Commun. Heat Mass Transf. 76 (2016) 316–324,                                                
doi: 10.1016/j.icheatmasstransfer.2016.06.005  
 
[17] I.D. Garbadeen, M. Sharifpur, J.M. Slabber, J.P. Meyer, Experimental study on natural convection of 
MWCNT-water nanofluids in a square enclosure, Int. Commun. Heat Mass Transf. 88 (2017) 1–8,                     
doi: 10.1016/j.icheatmasstransfer.2017.07.019 
 
[18] P.S. Joshi, A. Pattamatta, Enhancement of natural convection heat transfer in a square cavity using 
MWCNT/water nanofluid: an experimental study, Heat Mass Transf (2017), doi: 10.10 07/s0 0231- 017- 2098- 0 .  
 
[19] N. Putra, W. Roetzel, S.K. Das, Natural convection of nano-fluids, Heat Mass Transf. 39 (2003) 775–784 
Und Stoffuebertragung., doi: 10.1007/ s0 0231-0 02-0382-z  
 
[20] K. Kouloulias, A. Sergis, Y. Hardalupas, Sedimentation in nanofluids during a natural convection experiment, 
Int. J. Heat Mass Transf. 101 (2016) 1193–1203, doi: 10.1016/j.ijheatmasstransfer.2016.05.113  
 
[21] H. Li, Y. He, Y. Hu, B. Jiang, Y. Huang, Thermophysical and natural convection characteristics of ethylene 
glycol and water mixture based ZnO nanofluids, Int. J. Heat Mass Transf. 91 (2015) 385–389, doi: 
10.1016/j.ijheatmasstransfer.2015.07.126  
 
[22] Y. Hu, Y. He, S. Wang, Q. Wang, H.I. Schlaberg, Experimental and numerical investigation on natural 
convection heat transfer of TiO 2 -water nanofluids in a square enclosure, J. Heat Transf. 136 (2014) 022502, 
doi: 10.1115/1.4025499  



18 
 

[23] P.S. Joshi, A. Pattamatta, Buoyancy induced convective heat transfer in particle, tubular and flake type of 
nanoparticle suspensions, Int. J. Therm. Sci. 122 (2017) 1–11, doi: 10.1016/j.ijthermalsci.2017.07.030  
 
[24] R. Choudhary, S. Subudhi, Aspect ratio dependence of turbulent natural convection in Al2O3/water 
nanofluids, Appl. Therm. Eng. 108 (2016) 1095–1104, doi: 10.1016/j.applthermaleng.2016.08.016  
 
[25] H.R. Ashorynejad, A. Shahriari, MHD natural convection of hybrid nanofluid in an open wavy cavity, Results 
Phys 9 (2018) 440–455, doi: 10.1016/j.rinp.2018.02.045  
 
[26] S.A.M. Mehryan, F.M. Kashkooli, M. Ghalambaz, A.J. Chamkha, Free convection of hybrid Al 2 O 3 -Cu 
water nanofluid in a differentially heated porous cavity, Adv. Powder Technol. 28 (2017) 2295–2305,               
doi: 10.1016/j.apt.2017.06.011 .  
 
[27] H. Sajjadi, A.A. Delouei, M. Izadi, R. Mohebbi, Investigation of MHD natural convection in a porous media by 
double MRT lattice Boltzmann method utilizing MWCNT – Fe 3 O 4 /water hybrid nanofluid, Int. J. Heat Mass 
Transf. 132 (2019) 1087–1104, doi: 10.1016/j.ijheatmasstransfer.2018.12.060  
 
[28] K. Kalidasan, P. Rajesh Kanna, Natural convection on an open square cavity containing diagonally placed 
heaters and adiabatic square block and filled with hybrid nanofluid of nanodiamond - cobalt oxide/water, Int. 
Commun. Heat Mass Transf. 81 (2017) 64–71, doi: 10.1016/j.icheatmasstransfer.2016.12.005  
 
[29] A.M. Rashad, A.J. Chamkha, M.A. Ismael, T. Salah, Magnetohydrodynamics natural convection in a 
triangular cavity filled with a Cu-Al 2 O 3 /water hybrid nanofluid with localized heating from below and internal  
heat generation, J. Heat Transf 140 (2018) 072502, doi: 10.1115/1.4039213  
 
[30] S. Manjunatha, B.A. Kuttan, S. Jayanthi, A. Chamkha, B.J. Gireesha, Heat transfer enhancement in the 
boundary layer flow of hybrid nano fl uids due to variable viscosity and natural convection, Heliyon (2019) 
e01469, doi: 10.1016/j.heliyon.2019.e01469  
 
[31] W.H. Leong, K.G.T. Hollands, A.P. Brunger, Experimental nusselt numbers for a cubical-cavity benchmark 
problem in natural convection, Int. J. Heat Mass Transf. 42 (1998) 1979–1989,                                                        
doi: 10.1016/S0017-9310(98)00299- 3.  
 
[32] S.A. Adio, M. Mehrabi, M. Sharifpur, J.P. Meyer, Experimental investigation and model development for 
effective viscosity of mgo-ethylene glycol nanofluids by using dimensional analysis, FCM-ANFIS and GA-PNN 
techniques, Int. Commun. Heat Mass Transf. 72 (2016) 71–83, doi: 10.1016/j.icheatmasstransfer.2016.01.005  
 
[33] M. Sharifpur, S.A. Adio, J.P. Meyer, Experimental investigation and model development for effective 
viscosity of Al 2 O 3 -glycerol nanofluids by using dimensional analysis and GMDH-NN methods, Int. Commun. 
Heat Mass Transf. 68 (2015) 208–219, doi: 10.1016/j.icheatmasstransfer.2015.09.002  
 
[34] S.A. Adio, M. Sharifpur, J.P. Meyer, Investigation into effective viscosity, electrical conductivity, and pH of γ -
Al 2 O 3 -Glycerol nanofluids in Einstein concentration regime, Heat Transf. Eng. 36 (2015) 1241–1251,              
doi: 10.1080/01457632.2015.994971  
 
[35] S.O. Giwa, M. Shafirpur , J.P. Meyer , Heat transfer enhancement of dilute Al 2 O 3 -MWCNT water based 
hybrid nanofluids in a square cavity, in: Proceeding of the 16th International Heat Transfer Conference, Beijing, 
China, 2018, pp. 5365–5372. August 10-15.  
 
[36] B. Takabi, S. Salehi, Augmentation of the heat transfer performance of a sinusoidal corrugated enclosure by 
employing hybrid nanofluid, Adv. Mech. Eng. (2014) (2014), doi: 10.1155/2014/147059  
 
 
 



19 
 

[37] S.U. Ilyas, R. Pendyala, M. Narahari, An experimental study on the natural convection heat transfer in 
rectangular enclosure using functionalized alumina-thermal oil-based nanofluids, Appl. Therm. Eng. 127 (2017) 
765–775, doi: 10.1016/j.applthermaleng.2017.08.088  
 
[38] C.J. Ho, W.K. Liu, Y.S. Chang, C.C. Lin, Natural convection heat transfer of alumina-water nanofluid in 
vertical square enclosures: an experimental study, Int. J. Therm. Sci. 49 (2010) 1345–1353,                                    
doi: 10.1016/j.ijthermalsci.2010.02.013 


