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A B S T R A C T   

A numerical study is conducted to evaluate the flow, heat exchange and irreversibilities of micro- 
polar Al2O3-water nanofluid during the thermal buoyancy convection engendered by two heated 
cylinders inside an inclined I-shaped enclosure having cold top and bottom walls and adiabatic 
sidewalls. A numerical approach based on the finite element method was used to solve the 
equations that govern the phenomenon. For various scenarios for the position of the active cyl-
inders and inclination angle of the system, the macro-flow and micro-rotations structures, tem-
perature fields, the origin of entropy production, and heat exchange rates were determined for 
varied values of the control parameters, namely: Rayleigh (Ra), vortex viscosity parameter (K), 
geometric aspect ratio (AR), enclosure inclination angle (χ), and nanoparticles’ concentration (φ). 
All of these variables were discovered to have significant influences on the strength of macro-and 
micro-nanofluid flows, as well as the entropy production and the rate of heat transfer. The rate of 
heat exchange escalates as the Ra and AR parameters rise but decreases when the K parameter 
rises.   

1. Introduction 

The micropolar fluid (MPF) theory [1,2] is an extension of the Navier–Stokes theory for modeling fluids in which the 
micro-rotations (local rotations) of their constituents play a major role in influencing flow characteristics. This theory is being 
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indispensable in many flows such as ferrofluids, liquids crystals, animal bloods, bubbly liquids, colloidal suspensions, polymers, etc., 
also known as polar fluids, which act as non-Newtonian fluids and have a wide variety of technical applications. It is interesting to 
introduce micropolar fluids to investigate convective heat transfer in various thermic systems due to their potential applications. The 
thermal convection of MPF in cavities has been the subject of several published articles. Wang and Hsu [3] investigated thermal free 
convection in an inclined chamber with various geometric aspect ratios containing MPF. The most important finding was that the 
thermal exchange rate detracts as the vortex viscosity parameter (K) grows whatever the inclination angle of the system except for the 
angle of − 90◦. Hsu and Chen [4] described the thermal free convection of a MPF in a 2D cavity. They revealed that the heat exchange 
rate of a MPF is lower than that of a Newtonian fluid. Aydin and Pop [5] simulate the steady laminar thermal natural convection (NC) 
of MPFs in a square container using the finite difference method. Micropolar fluids were revealed to have less heat transfer than the 
Newtonian fluid. Increases in the vortex viscosity parameter have also been shown to decline the heat transfer. Similar results were 
reached by Zadravec et al. [6] in their numerical study in which they utilized the boundary element method (BEM) to solve the 
equations governing the phenomena of NC within a square cavity loaded with MPF. Gibanov et al. [7] investigated thermal-NC inside a 
trapezoidal chamber with cold sides and a hot bottom wall using a micropolar fluid. The vortex viscosity parameter was found to lessen 
macro-flow and heat exchange rate. Sheremet et al. [8] numerically analyzed time thermal convection in a wavy-walled container 
filled with micropolar fluid using the finite difference technique. The K is discovered to diminish heat transfer and reduce the 
macro-flow. Here, we can refer to other works such as refs. [9–18]. 

The Nanofluid (NF) can act as a MPF since it is a colloidal suspension. Because most simulation procedures on nanofluids ignore the 
effects of constituent micro-rotations, there is frequently a disparity between numerical and experimental findings. For this purpose, 
Bourantas and Loukopoulos [19] investigate unsteady magnetic thermal free convection of a MPF in an inclined cavity. They used 
Al2O3 nanoparticles in water. For all evaluated Rayleigh numbers, the heat transfer rate for a MP-NF was found to be lower than that of 
a Newtonian nanofluid. In another study of them, Bourantas and Loukopoulos [20] used various types of nanoparticles for investi-
gating thermal NC of a MP-NF in a square domain. They observed that micro-rotations generally reduce total heat exchanges and 
therefore should not be ignored as a result. Izadi et al. [21] explored a micropolar nanofluid convective flow generated by differential 
heating in a rectangular porous cavity. The porous media was modeled using the LTNE approach. They observed that micro-flow is 
enhanced when vortex viscosity increases and heat transfer rates decrease. Magneto-thermal free convection of a MP-NF inside a 
radiative porous enclosure containing an oval heat source under LTNE approach is considered by Hashemi et al. [22]. Radiation was 
discovered to increase the power of particle micro-flows. Mehryan et al. [23] investigate conjugate thermogravitational transmission 

Fig. 1. The inspected geometry.  
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within a porous domain loaded by MP-NF using a LTNE concept. To solve the model’s equations, the Galerkin finite element method is 
used. At higher Rayleigh numbers, heat exchange was shown to be totally dependent on the K. Hashemi et al. [24] perused thermal-NC 
of a MP-NF in a permeable square cavity. The influence of heat production in both phases of the porous media is examined. They stated 
that a growth in the Darcy number causes a small decrement in the intensity of micro-rotations of particles. Ahmed et al. [25] explored 
the mixed convection of MP-NF in a lid-driven chamber using CFD simulations. Water containing various sorts of nanoparticles served 
as the micropolar nanofluid. In the recent work of Izadi et al. [26], the magneto-thermal free convection in the presence of thermal 
radiations of micropolar nanoliquid flowing inside a closed porous domain with an elliptic centred heater is investigated. The 
properties of the porous medium and the micropolar nanofluid, as well as the influence of the magnetic field and the intensity of the 
buoyancy forces, were all examined. 

It seems from the survey of the literature that the study of the convective flow behaviors of micropolar nanofluids is limited and still 
a fertile area for further investigations. Therefore, this paper numerically treats thermal free convective flow characteristics and heat 
transfer along with the entropy production analysis of a micropolar nanofluid in a complex geometric system consisting of an inclined 
I-shaped enclosure with two hot cylinders. A correlation equation relating the examined parameters to the average rate of heat transfer 
inside the system was reported. This study could have several potential thermal applications in heat exchangers, solar collecting 
devices, thermal-hydraulic nuclear reactors, melting and solidification processes, thermal design of buildings and electronic devices, 
and other applications where the working fluid behaves as a micropolar fluid. 

2. Governing equations 

The natural convection of micro-polar Al2O3-water nanofluid inside the inclined I-shaped enclosure with two hot cylinders inside is 
addressed. Three scenarios for the positions of these cylinders are assumed as portrayed in Fig. 1. The top and bottom walls may be kept 
at cold temperature while the side walls are adiabatic. The angular momentum equation is used in combination with the mass and 
linear momentum equations to accurately describe the motion of local micro-constituents along with the energy equation. Considering 
the Boussinesq prospect and adequate assumptions, the governing equations of micro-polar nanofluid (MPNF) may be indicated as: 

∂xu+ ∂yv = 0 (1)  

ρnf
(
u∂xu + v∂yu

)
= − ∂xp +

(
μnf + ε

)(
∂xxu + ∂yyu

)

+ρnf βnf g(T − Tc)sin(χ) + ε∂yn
(2)  

ρnf
(
u∂xv + v∂yv

)
= − ∂yp +

(
μnf + ε

)(
∂xxv + ∂yyv

)

+ρnf βnf g(T − Tc)cos(χ) − ε∂xn (3)  

j
(
u∂xn+ v∂yn

)
=

λnf

ρnf

(
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)
−

2εn
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+
ε
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(
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)
(4)  

(
u∂xT + v∂yT

)
=

knf
(
ρCp
)

nf

(
∂xxT + ∂yyT

)
(5) 

Here ∂(x,y) = ∂
∂(x,y), ∂(xx,yy) = ∂2

∂(x,y)2, and n, T, ε, λ, p, j, and χ denote the microrotation velocity, temperature, vortex viscosity, spin- 
gradient viscosity, pressure, micro-inertia density, and enclosure inclination angle, respectively. It may be assumed λnf could be 
characterized as: 

λnf =
(

μnf +
ε
2

)
j (6)  

and the following correlations may be considered for the Al2O3-water nanofluid to determine the effective properties of the mixture 
(See Table 1): 

knf

kf
= 1 + 2.944φ + 19.672φ2,

μnf

μf
= 1 + 4.93φ + 222.4φ2, (ρβ)nf = (1 − φ)(ρβ)f + φ(ρβ)s

ρnf = (1 − φ)ρf + φρs,
(
ρCp
)

nf = (1 − φ)
(
ρCp
)

f + φ
(
ρCp
)

s

(7)  

Table 1 
Thermo-physical attributes of Al2O3 and H2O.   

Cp(J /kg K) ρ(kg /m3) k(W /m K)

Al2O3 765 3970 40 
H2O 4179 997.1 0.613  
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here μ, ρ, and k denote viscosity, density, and thermal conductivity. To achieve the non-dimensional arrangement of Eqs. (1)–(5), the 
following parameters ought to be demonstrated: 

θ =
T − Tc

Th − Tc
, K =

ε
μf

, (V,U) =
(v, u)L

αf
,

γ =
L2

j
, (Y,X) =

(y, x)
L

, N =
nL2

αf
, P =

pL2

ρf α2
f

(8) 

Accordingly, such arrangement would be depicted as: 
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/

kf
(
ρCp
)
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/(
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)

f
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here Pr, K, and Ra denote Prandlt number, vortex viscosity parameter, and Rayleigh number, and the boundary conditions of the 
defined geometry may be characterized as: 

V,U,N = 0 on whole walls θ = 1 on hot circles
θ = 0 on top and bottom cold walls ∂θ/∂n = 0 on adiabatic walls (13) 

The heat transfer rate on the top wall could be described as: 

Nuloc. = −
knf

kf
∂Y θNuave. =

∫

Nuloc. (14) 

In the current paper, we also dissect the entropy generation (En) as one of imperative factors in analysing thermal-natural con-
vection inside enclosures. The En (local and total) for this paper may be characterized as: 

Enlocal =

(
μnf

μf
+ K

)

ϑ
[
2(∂Y V)

2
+ 2(∂XU)

2
+ (∂Y U + ∂XV)

2]

+
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[
(∂Y θ)2

+ (∂Xθ)2]
(15)  

Entotal =

∫

V
EnlocaldV. (16) 

And accordingly, the Bejan number could be stated as: 

Belocal =
Enlocal,HT

Enlocal

Beave =

∫

A
BelocaldA
∫

A
dA

(17)  
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3. Numerical method and validation 

Eqs. (9)-(12) along with expressed boundary conditions may well be solved through finite element method (FEM). The reason for 
implementing such a formidable method is that an exact and reliable solution could be gained via FEM. Further, in order to manifest 
the reliability of FEM, a comparison was carried out with the Aydin and Pop [5] results which is portrayed in Fig. 2. According to this 
figure, it could be deduced the outcomes of this paper are valid. 

4. Results and discussion 

In this section, we look at the flow, heat transmission and entropy production features of a micropolar water-based nanoliquid 

Fig. 2. Aydin and Pop results [5] against the outcomes of current paper.  

Table 2 
Influence of φ on Nuave for K = 1.  

Ra φ(%) Nuave. 

104 2 2.6066 
3 2.7023 
4 2.8076 

105 2 2.7320 
3 2.8041 
4 2.8849  

Fig. 3a. Ψ, N, and θ for various K and Ra (φ = 2%, χ = 0, and AR = 0.4).  
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generated by thermal-free convection within a tilted I-shaped enclosure with two thermally active cylinders. This is accomplished by 
examining the impact of each of the non-dimensional influencing elements, such as Ra: Rayleigh number, K: vortex viscosity 
parameter, AR: Aspect ratio (l/L) (please see Fig. 1), and χ: enclosure inclination angle. The use of Al2O3 nanoparticles enhances the 
rate of heat transfer, as seen in Table 2. 

Fig. 3a shows the evolution of Ψ, N, and θ contours as a function of K and Ra when φ = 2%, χ = 0, and AR = 0.4. We can observe that 
the macro-flow structure of nanofluid which is represented by (Ψ) iso-lines consists of two facing vortices of equal intensity rotating in 
two different directions, each with multiple cores of different strength whose role is to transport the hot nanofluid close to the two hot 
cylinders throughout the cavity. At low Ra, the conduction mechanism prevails the heat transfer as the macro-flows are weak. The 
macro-nanofluid movement accelerates with increasing Ra and is confined to the top of the cavity as the upper vortex cores become 
stronger and the lower cores fuse with each other. The macro-flow, on the other hand, regresses when the vortex viscosity (K) in-
creases, owing to the increased total viscosity and then the interior resistance of MP-NF because the additional forces act in the 

Fig. 3b. U and V for various K and Ra (φ = 2%, χ = 0, and AR = 0.4).  

Fig. 4a. Ψ, N, and θ for various AR and Ra (φ = 2%, χ = 0, and K = 1).  
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opposite way of the buoyant forces, as shown by the linear momentum equations above. The micro-rotations (micro-flow) contours (N) 
which are portrayed the angular velocity of NF particles obey the streamlines’ behavior. The enhancement K leads to a strengthening of 
the micro-flow vortices because of the increase in the angular momentum applied to NF particles. Increasing the macro-flow of NF by 
increasing the buoyant forces led to an increase in the micro-rotations of the nanofluid particles. It was also discovered that when Ra 
increased, the temperature iso-lines distortion increased and the temperature gradients on the top cold wall increased as well. In 
contrast, the effect of K on temperature iso-lines was inverse but less severe. It should be noted that the macro-flow and micro-rotations 
contours are symmetrical in respect of the vertical mid-line of the system owing that the geometry and boundary conditions are 
symmetric regardless of the values of Ra and K. 

Fig. 4b. U and V for various AR and Ra (φ = 2%, χ = 0, and K = 1).  

Fig. 5a. Ψ, N, and θ for various χ and Ra (φ = 2%, AR = 0.4, and K = 1).  
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The linear velocity components contours shown in Fig. 3b confirm the rotational property of the macro-nanofluid flow within the 
cavity, where negative and positive values of horizontal and vertical velocities indicate flow directions. Large absolute values of 
vertical velocity (V) and horizontal velocity (U) indicate the strength of convection in those regions. When Ra is increased while K is 
decreased, both components of the linear velocity increase. 

Fig. 4a and b illustrate the dependency of Ψ, N, and θ as well as U and V on AR and Ra. Generally, allowing more space for the 
nanofluid to move freely within the cavity, whether by bringing the two cylinders closer or farther apart from each other, results in 
increased nanofluid momentum and, as a result, increased macro-flow and micro-rotation vortices intensities, with a relative 
advantage to the geometric configuration of AR = 0.2 at low Rayleigh numbers and for the configuration AR = 0.6 at high Rayleigh 
numbers. Isotherms are observed to be more clustered in the upper cold wall with increasing AR, revealing a higher heat transfer rate 
there. 

Fig. 5a displays the influence the inclination angle, (0◦ ≤ χ ≤ 90◦) and Rayleigh number, Ra (104 ≤ Ra ≤ 106) on macro-nanofluid 
flow, temperature and micro-rotation fields at φ = 2%, AR = 0.4, and K = 1. The streamlines in this figure indicate that the inclination 
angle of the cavity has a significant impact on the flow structure as well as the temperature distribution within the system. At Ra = 104, 
creating a horizontal thermal gradient on the cavity sides (χ = 90◦) produces the strongest natural convection nanofluid flow. As 
Rayleigh increases, the flow tends to be stronger as the angle of inclination decreases, so the optimum angle of inclination for the 
strongest natural convection flow is χ = 30◦ at Rayleigh 106. The micro-rotation profiles exhibit similar characteristics. As the χ in-
creases, the temperature gradients in the upper cold wall become more severe. In addition, it was discovered that the vertical velocity 
component of the linear velocity is more affected by a growth in the χ than the horizontal velocity (Fig. 5b). 

Fig. 6a depicts the multiple influences of the Ra, AR, and K parameters on local Bejan number profiles (Belocal). Thermal irre-
versibilities were found to be the major contributor to the entropy formed within almost the entire system during weak natural 
convection at low Ra values, as indicated by the large Belocal values. Because of the relatively high flow velocity in those regions, 
minimum Belocal values are observed in the centre of the vertical walls, indicating that viscous dissipation effects predominate over 
entropy formation. When convection is significant at higher Ra, the irreversibility of the system is primarily due to flow effects. It also 
appears that the flow effects are responsible for the majority of the entropy generation within the system as AR and K increase. The 
distribution of Belocal within the enclosure is greatly influenced by the system’s inclination, as shown in Fig. 6b. At low Rayleigh (104), 
flow increases with increasing inclination angle, so regions with low Belocal values appear in the cavity’s centre. Belocal features show a 
gradual shift from a heat transfer dominated-entropy generation to that of viscous effects dominated-entropy generation with 
increasing χ. 

Fig. 5b. U and V for various χ and Ra (φ = 2%, AR = 0.4, and K = 1).  
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Influences of AR and K parameters as a function of Ra on the Entotal and Beavg values are represented in Fig. 7a. The largest Beavg 
values are recorded at low Ra, showing that heat effects irreversibilities are the primary source of entropy production because of the 
weak natural convective flow inside the system. The Beavg values decrease as Ra increases, showing that the nanofluid friction irre-
versibilities are much more important than the heat effects irreversibilities, since increasing buoyant forces increases the macro- 
natural convective nanofluid flow i.e., increases the flow factors causing friction irreversibilities. Besides, the overall entropy 
formed inside the system is found to increase as Ra grows. Furthermore, raising the value of the K parameter results in a decrement in 
the overall entropy, and as a result, the corresponding values of Beavg are gradually increased as K is increased. On the contrary, it was 
revealed that increasing the AR parameter’s value increases the overall entropy, leading to a drop in Beavg values. It is worth noting that 
the effects of K and AR on Beavg values are significant at moderate Ra, that is when the thermal and flow effects are more or less 
balanced. Moreover, Entotal values are found to be independent of AR at higher Ra, and independent of K at lower Ra. 

To evaluate the heat transfer rate in terms of effective parameters, a correlation for the average Nu has been generated as:  

Nuave. = 1.00039 + 7.66891✕10− 6✕Ra-0.18223✕K+5.21955✕AR-1.22501✕10− 6✕Ra✕K- 
3.14071✕10− 6✕Ra✕AR+0.17401✕K✕AR                                                                                                                             

R2 = 0.9888                                                                                                                                                                        

The interactive influences of Ra, AR, and K parameters on the mean heat exchange rate may be portrayed in Fig. 7b. It may be 
illustrated the utmost rate of heat transmission was gained for higher Ra (which is the most controlling factor) and geometric aspect 
ratio (AR) and lower K. 

5. Conclusion 

The below prominent outcomes were gained via this examination:  

- Dispersing Al2O3 nanomaterials increases the thermal-free exchange rate.  
- Increasing the K weakens the macro-nanofluid flow (linear velocity).  
- By boosting K, the viscous force and angular momentum applied to the nanofluid constituents are increased. 

Fig. 6a. Belocal for diverse AR, K, and Ra.  

T. Tayebi et al.                                                                                                                                                                                                         



Case Studies in Thermal Engineering 31 (2022) 101813

10

Fig. 6b. Belocal for diverse χ and Ra.  
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Fig. 7a. Beave and Entotal for diverse K, AR, and Ra  
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- Increasing macro-nanofluid flow by boosting Rayleigh, Ra leads to a rise in the micro-flow of nanofluid constituents (angular 
velocity).  

- As Ra increases, the micro-flow and macro-flow tend to be stronger as the angle of inclination decreases, so the optimum angle of 
inclination for the strongest natural convection flow is χ = 90◦ at Ra = 104 and χ = 30◦ at Ra = 106.  

- The results confirmed that the total entropy formed within the system exacerbates primarily with Ra, whereas Beavg decreases 
primarily as the Ra increases.  

- Increasing the K parameter decreases Entotal and increases Beavg. Increasing the AR parameter, on the other hand, increases Entotal 
values while decreasing Beavg. Furthermore, the effects of K and AR on Beavg values are significant at moderate Ra.  

- High values of Ra and AR, and low values of K, resulted in the highest rate of heat exchange. 
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