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H I G H L I G H T S  

• Entropy and free convection of magnetic nanofluid in a wavy porous enclosure that includes two square cylinders are analyzed. 
• The dimensions of the square cylinders may well be changeable that could considerably affect the hydrothermal features. 
• Finite element method (FEM) might well be exerted to solve the governing equations.  
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A B S T R A C T   

The present article reveals the study of heat transfer via buoyancy-driven flow and entropy 
generation of magnetic Fe3O4–H2O nanoliquid inside a porous enclosure using two square cyl-
inders. The shape factor of diverse particle shapes may well be also considered. Numerical 
technique called FEM is implemented for the transformed governing equations. Results of Nusselt 
number, entropy generation, Bejan number along with the streamlines and the isotherms are 
obtained for disparate contributing parameters. Validation with earlier studies exhibits an 
excellent agreement in particular case and findings portray that entropy generation rises with 
growing Hartmann number and mounting Rayleigh number could overshoot the velocity gradient 
within the enclosure.   

1. Introduction 

In current scenario, due to extensive application in engineering process the heat transfer through natural convection (NC) is an 
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important phenomenon. Such processes are electronic cooling, solar collectors, environment comfort, etc. [1–3]. Many researchers 
have investigated their studies in the cavity focusing on the application of convection heat transfer both numerically and experi-
mentally. Davis [4] presented his pioneer work and examined the NC inside a cavity. His investigation was carried out by considering 
both the vertical walls are equipped with various temperatures. The methodology used and the output of the results have a great 
contribution to the society as it is useful to control the computer codes. It is seen that, the formed vortexes are enhancing with a growth 
in Rayleigh number. Moreover, augmentation in the Nusselt number is marked which follows from the cavity. 

Numerical exploration of the flow problem inside a cavity for the natural convection prepared and was performed by Shi and 
Khodadadi [5]. The vortex rotation is in clockwise due to the blade position. Further, a remarkable increase in current is obtained for 
high Rayleigh numbers regardless with the blade length and its position. The impact of diverse sizes, arrays, and number of heat 
sink-source couplings on the NC within a container loaded with air was explored by Dadvand et al. [6]. In an experimental work, Wu 
and Ching [7] presented their work through a cavity filled with air and there is a restriction on the top of the wall. The speciality of 
their investigation is that, the flow separation as well as the vortex formation is prevented by the baffle since the top walls are 
insulated. However, the flow structures of the vortex depend upon the two major factors i.e. the baffle location and the temperature at 
the top wall. In a conclusive remark it is observed that, an increase in baffle height the vortex flow spreads and when the top wall is 
insulated, the ambient temperature is close to the corner position of the baffle. Natural convection heat transfer study was presented by 
Dogetkin and Aztop [8]. In their study flow past a cavity with heated stairs where stairs location plays a vital role on the fluid 
movement. The outcome of the result indicates that, the rate of heat transfer grows with growing stair heights. Rehman et al. [9] 
inspected the NC of non-Newtonian liquid within a trapezium container with T-shaped fin inside. NC of Casson fluid within a square 
cavity heated partly from the bottom was examined by Aneja et al. [10]. They deduced that Casson liquid factor could ascend the flow 

Fig. 1. Geometry of current work.  

Table 1 
Analogy between current outcomes and previous works for Nuavg.  

Ra Ref. [41] Ref. [42] Current work 

103 5.093 5.107 5.048 
104 5.108 5.109 5.192 
105 7.767 7.761 7.774  
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circulation inside the system. Case studies via partitioned square containers for the problem on natural convection are presented by 
Yucel and Ozdem [11]. They have used a cavity in which the horizontal walls are insulated and side walls are placed with varied 
temperature. In concluding remarks they have presented that, substantial alteration in Nusselt number occurs with various Ra and 
increase of height. Kandasvamy et al. [12] examined the influence of baffles on the NC in a enclosure. In their study both the baffles are 
perpendicular to each other which augments the heat transfer with growing the length of vertical baffles. Radiation’s impact on the NC 
of air inside a tall enclosure was inspected by Kumar et al. [13]. Their work proved that the incorporation of radiation could possess a 
fundamental role in altering the thermal features. The influence of rotational rough cylinder possessing a specified amount of 
roughness constituents on the NC within an enclosure was perused by Hassanzadeh et al. [14]. The NC of water inside a below-heated 
circular container for varying middle angles has been examined by Mirabedin and Farhadi [15]. They ascertained that the descending 
central angle could lead the Nusselt number to ascend. Zhan et al. [16] experimentally dissected the NC within an air-loaded enclosure. 
Their work manifested ascending the temperature discrepancies among heat sinks and sources could lead the heat transfer to boost. 

Fig. 2(a). Comparison of current result with experimental data [43] and numerical result [44].  

Fig. 2(b). Analogy between the i) present work, ii) Paroncini and Corvaro –Experimental data [45], iii) Abbassi et al. –Numerical result [46] at Ra 
= 2.25 × 105. 

Table 2 
Features of H2O and Fe3O4.   

Cp  ρ  k  

Fe3O4 670 5200 6 
H2O 4179 997.1 0.613  
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Table 3 
Influence of Ω on Nuavg when Ha = 40, φ = 2%, Da = 100 and AR = 0.5.  

Ra Ω Nuave 

105 3 2.3918  
4.8 2.4172  
5.7 2.4233 

104 3 0.8782  
4.8 0.8851  
5.7 0.8882 

103 3 0.5574  
4.8 0.5667  
5.7 0.5703  

Table 4 
Impact of φ on Nuavg when Ha = 40, Da = 100 and AR = 0.5.  

Ra φ  Nuave. 

103 0 0.5339  
0.02 0.5703 

104 0 0.8657  
0.02 0.8882 

105 0 2.3447  
0.02 2.4233  

Fig. 3(a). The variation of isotherms and streamlines with Ha and Ra when Da = 0.01.  
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Most of the investigators have paid their attention to use nanofluids since the base fluids present within the cavity produces low 
conductivity which limits the rate of heat transfer studies. Enhancement in hear transfer is marked due to the insertion of high 
conductivity of nanomaterials in the base fluids. Ziaei-Rad and Kasaeipoor [17] and Chamkha et al. [18] have exhibited their study 
considering low volume fraction i.e. within the range of 1%–5% to the base fluids and suggested that the thermal conductivity of 
nanoliquid could be ascended by approximately 20%. Ma et al. [19] dissected the magnetic NC of hybrid nanoliquid inside a 
Shamse-knot-shaped enclosure. They displayed that magnetic field could supress the Nusselt number. Abdel-Nour et al. [20] analyzed 
the impact of non-regular heating walls on the hybrid nanoliquid NC inside a porous container. The study of heat source in a cavity 
embodying nanofluid for the aim of cooling processes is conducted by Aminosadati and Ghasemi [21]. As a result the generated heat 
wave fluctuates by heat source yields a variation in the movement and also affects the thermal factor which provides a useful in-
formation for the maintenance of electronic components. Mahmoudi et al. [22] proposed their study in a square cavity consisting of 
copper-water nanoliquid. They have presented the behaviour of several characterizing parameters i.e. Rayleigh number, nanoparticles 
volume fraction etc. on the heat transfer within the cavity. They discovered that the rate of heat transfer decelerates due to the increase 
of heat source. Sheikh Zadeh et al. [23] inspected the NC of nanoliquid inside a cavity and in their report it is seen that a growing 
volume fraction and Ra may cause the heat transfer to enhance. Analyse of NC within a hybrid nanoliquid-loaded porous enclosure was 
carried out by Mehryan et al. [24]. Their outcomes proved that the power of vortex could be enhanced drastically by ascending Ra. Aly 
and Ahmed [25] scrutinized numerically the influence of changeable magnetic field on NC of ferro-nano-liquid within a helix-equipped 
container. Their paper revealed that a growth in the helix’s length could lead the stream function to reduce. Keramat et al. [26] perused 
the NC of alumina-H2O nanoliquid within an H-shaped container. In this work, a V-shaped baffle was also considered and they deduced 
that heat transfer might be affected significantly by the baffle’s position. Moreover, there is a raft of remarkable investigation [27–32] 
done on the nanoliquid heat transfer matters. 

Moreover, the earlier literatures based upon the analysis of the first-law. Recently, investigations by the researchers are carried out 
for the analysis of second-law in the thermal systems known as entropy generation (En). The design and performance of the thermal 
system is measured by entropy generation. Several studies, Bejan [33–35] investigated the generation of entropy on the thermal 
engineering which destroys available work of system. The irreversibility of the process in the thermal system is measured by entropy. 
Very few studies are conducted on the same analysis in the presence of nanofluid in particular geometry like cavity. Shahi et al. [36] 
analyzed the En and NC inside the cavity loaded with nanoliquid. The influence of the size and position of heat source-sink on the En 
and magnetic NC within a porous nanoliquid-loaded container was inspected by Rashad et al. [37]. Analyse of entropy generation for 
the NC of hybrid nanoliquid inside an annulus was conducted by Tayebi and Oztop [38]. Bondareva et al. [39] dissected the En and NC 
inside a nanoliquid-loaded open triangular enclosure. They proved that boosting volume fraction of nano-materials could lead total En 
could to rise. Magnetic NC and En of hybrid nanoliquid within an enclosure that possesses a conducting cylinder has been analyzed by 

Fig. 3(b). The variation of velocities U and V with Ha and Ra when Da = 0.01.  
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Tayebi and Chamkha [40]. They derived that such cylinder could play a central role in managing the hydrothermal features and ir-
reversibilities inside the container. 

From the aforementioned survey, the present study aims to analyse the entropy generation for natural convection considering 
Fe3O4–H2O nanoliquid in a porous wavy enclosure includes two square cylinders of changeable dimensions that has not been dissected 
yet based on authors’ knowledge. One hot cylinder with outer wall temperature is considered as Th and another clod cylinder with 
outer wall temperature Tc is considered. The solution of complex nonlinear PDEs numerical method in particular Finite element 
Method (FEM) is imposed. The numerical and experimental validation with earlier studies of Kim et al. [41], Lee et al. [42], Krane and 
Jessee [43], Khanafer et al. [44], Paroncini and Corvaro [45], and Abbassi et al. [46] is obtained and shows excellent agreement. 
Variation of different physical parameters on the counters is obtained and presented via graphs. The computation of Nusselt number is 
also displayed in tabular form. 

2. Problem formalism 

Nano-liquid natural convection within a porous enclosure considering Fe3O4 nanoparticles submerged in water which includes two 
square cylinders is examined. In addition constant magnetic field is imposed in the normal direction of the flow (Fig. 1). The flow 
phenomena for the natural convection of time independent ferrofluid described as; 

∂u
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+
∂v
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= 0 (1)  
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Fig. 3(c). The variation of isotherms and streamlines with Ha and Ra when Da = 100.  
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(4)  

Here, eq. (1) is the mass conservation i.e. the equation of continuity, the LHS of both eqs. (2) and (3) is the convective terms for the 
equation of motion, the 1st term of the RHS is the pressure gradient, the second term is the viscous diffusivity. Again, the 3rd term of eq. 
(2) is the interaction of transverse magnetic field and the final is the resistive force offered by the permeability of the medium. 
Similarly, the 3rd term of eq. (2) is the free convection due to thermal buoyancy, 4th is the interaction of transverse magnetic field and 
the final is the resistive force offered by the permeability of the medium. The LHS of eq. (4) is the convective and the only term in RHS 
is the thermal diffusion. 

The properties for the nanofluid could be considered as: 
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here Ω signifies shape factor. 
In the special case, following [47] the viscosity comprised of magnetic field is considered as: 

μnf =
(
3.1B+ 0.035B2 + 4263.02φ − 27886.4807φ2 + 316.0629

)
e− 0.02T (6) 

By defining these dimensionless parameters: 

Fig. 3(d). The variation of velocities U and V with Ha and Ra when Da = 100.  
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X =
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y
L
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f
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(7) 

Eventually, the transformed governing equations with their boundary conditions are; 

U
∂U
∂X

+ V
∂U
∂Y

= −
ρf

ρnf

∂P
∂X

+
μnf

/
μf

ρnf
/

ρf
Pr
(

∂2U
∂X2 +

∂2U
∂Y2

)

+
σnf

/
σf

ρnf
/

ρf
Ha2Pr

(
B′

yB
′

xV − B′ 2
yU

)
−

νnf

νf

Pr
Da

U

(8)  

U
∂V
∂X

+ V
∂V
∂Y

= −
ρf

ρnf

∂P
∂Y

+
μnf

/
μf

ρnf
/

ρf
Pr
(

∂2V
∂X2 +

∂2V
∂Y2

)

+
σnf

/
σf

ρnf
/

ρf
Ha2Pr

(
B′

xB′

yU − B′ 2
xV

)
+
(ρβ)nf

ρnf βf
PrRaθ −

νnf

νf

Pr
Da

V

(9)  

Fig. 4(a). The variation of streamlines with AR.  
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U
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∂X
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Ψ = 0  on  every  wall 
∂θ / ∂n = 0  on  external  wall 
θ= 1  on  left  cylinder 
θ= 0  on  right  cylinder (11)  

where Pr = νf/αf , Ra = gβf (Th − Tc)L3/αf νf , Ha = B L
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σf/ρf νf

√
andDa = K/ L2. 

The Nusselt number (Local as well as average) along the hot cylinder can be characterized as: 

Nuloc. = −
knf

kf

∂θ
∂n
,Nuave. =

1
S

∫ S

0
Nuloc.ds (12)  

where n and S stand for the gradients along the normal direction and length of the hot cylinder, respectively. 

3. Analysis of entropy with Bejan number 

According to Seyyedi [48], the dimensionless form of the local entropy generation could be acquired as: 

Fig. 4(b). The variation of isotherms with AR.  
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(13)  

where, Enlocal,HT, Enlocal,FF, Enlocal,MF, and Enlocal,PM signify local En due to heat transfer, fluid friction, magnetic field and porous 
medium irreversibility, respectively. 

The total En can be acquired by: 

Entotal =

∫

V
EnlocaldV. (14) 

Additionally, the Bejan number (Belocal, Beave) could be represented as: 

Belocal = Enlocal,HT
/

Enlocal

Beave. =

∫

A
BelocaldA

/∫

A
dA (15)  

Fig. 4(c). The variation of velocity U with AR.  
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4. Numerical validation and the methodology 

The FEM is employed for the solution of transformed nonlinear governing equations. Moreover, the present code validation with 
numerical results and experimental data is shown in Table 1 as well as in Fig. 2(a) and (b) which portray a good concurrence with each 
other. 

5. Results and discussion 

The flow phenomena comprised of the parameters i.e. the Ra, Ha, φ, m, and AR on ferrofluid natural convection in a porous 
enclosure which includes two square cylinders are studied. The role of the shape factor discussion herewith is vital in the flow phe-
nomena. In present case we have consider various particle shapes such as m = 3 for spherical, m = 4.8 for cylindrical and m = 5.7 the 
platelet shapes. Table 2 displays the thermo-physical properties of the nanoparticle as well as the base fluid water. However, variation 
of Ra, the comparison of present computed result of Nuave with that of the works of Kim et al. [24] and Lee et al. [25] is obtained and 
portrayed in Table 1. It could be seen that, for Ra = 103 the % error in comparison to the result of [24] is nearly 0.89% whereas with the 
work of [25] it is nearly 1.16%. Similarly, for Ra = 104 and 105 the % error becomes 1.61%, 0.09% with [24] and 1.62%, 0.16% with 
[25] respectively. Supplementary to this, Fig. 2(a) and (b) portray another validation with experimental outcomes [26,28] and nu-
merical study [27,29]. These benchmark results confirm that the present methodology employed gives a road map for the further 
simulation of the pertinent parameters on the flow phenomena. Table 3 displays the influence of m and Ra on the Nuave. It could be seen 
that the rate of heat transfer boost up with growing Ra as well as the increase in the shape of the nanoparticles. Since earlier research 
indicates that rate of heat transfer is more in the case of Platelet shape nanoparticles than other ones thus the present simulation is 
conducted using Platelet shape of nanoparticles. Impact of volume fraction for different Ra on the Nuave is presented in Table 4. The 
present case deals with φ = 0, the case of pure fluid and φ = 0.02i.e. for the 2% volume fraction of Fe3O4 nanoparticles. The result 

Fig. 4(d). The variation of velocity V with AR.  
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indicates, the heat transfer rate goes up significantly with growing volume fraction for the corresponding augmenting in Ra. 
However, the demonstration of the temperature of the fluid and flow pattern of nanoliquid associated with platelet nanoparticles 

are obtained and displayed from the construction of isotherms and streamlines. Fig. 3(a) portrays the streamlines and isotherms at 

Fig. 5. The variation of Belocal with Ra, Da, and Ha when φ = 5%.  
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varied Ha and Ra. In the present case the range of the physical parameters described as 103 ≤ Ra ≤ 105 and 0 ≤ Ha ≤ 40. Both the 
square cylinders are place at equidistance from the centre of the porous enclosure deliberates the symmetric pattern of both the 
streamlines and isotherms. Therefore, the present problem deals with a two-fold symmetry about the centre. Increasing Ra causes 
higher fluid density differences resulted in upsurge velocity gradient within the enclosure. Therefore, stronger flow field is originated. 
It is also displayed in the figure that with regardless to the presence (Ha = 40)/absence (Ha = 0) of magnetic field, the flow field of 
nanofluid becomes stronger with increasing Ra as |Ψmax|nf showing ascending nature from 0.84865 to 12.7727 (Ha = 0) and from 
0.115871 to 5.42374 (Ha = 40). Moreover, flow field getting weaker and weaker with ascending Ha. Interaction of transverse applied 

Fig. 6(a). The variation of Nuloc with Ra, Ha and AR.  
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magnetic field causes a fact to produce Lorentz force an opposing force that resists the fluid velocity. The heat transfer would be 
overcome by conduction for Ra = 103. As an increment in Ra the heat transfer is significant owing to convection. It is interesting to 
detect that, on the down section the thermal boundary layer of the cold cylinder becomes thinner a thinner for the growing Ra. The role 
of convection heat transfer is more remarkable and thus a plume launches at the upper area of the cylinder could lead the isotherms to 
progress upward. The behaviour is symmetric about the centre of the enclosure regardless of the various values of Ha. 

Fig. 3(b) illustrates the influence of Ha and Ra on the velocity profiles (U,V) in the porous enclosure with 2%of nanoparticles. At Ha 
= 0 and Ra = 103 the movement of the velocity profiles U is horizontal and it could be seen that in the lack of magnetic field the profiles 
are more closure towards the top layer of the porous enclosure. However, with increasing Ra up to Ra = 105 the behaviour retards. 
Considering higher magnetic field (Ha = 40), the profiles ceases to close towards both the hot and cold cylinders. In fact, the opposing 

Fig. 6(b). The variation of Nuloc with Da, Ra and Ha.  
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forces i.e. both the insertion of porous matrix and magnetic field have retarding effect on the fluid velocity. Moreover, the transverse 
velocity profiles are separated by distinct vertical layers near the cold and hot cylinders. As Ra increases the clogging of the nano-
particles is more near the wall of the cylinders and it is owing to the fact that heavier density of the nanoparticles causes a strong 
retardation. However, inclusion of magnetic field, separation of the profile is more significant towards the boundary of the porous 
enclosures. 

Fig. 3(c) describes the behaviours of θ and Ψ with Ha and Ra in the presence of 2% of nanoparticles and when the enclosure is free 
from porous matrix. The profile seems to be similar in nature as described in Fig. 3(a). Due to the absence of porous matrix both the 
patterns of isotherms and streamline contours are more significant. Also, the similar tendency is exhibited in Fig. 3(d) to that of Fig. 3 
(b) that portrays the behaviour of velocity profiles of U and V for the various values of Ha and Ra in the absence of porous matrix. 

The impact of AR at various Ra on streamlines with fixed amounts of physical parameters such as Ha = 40, φ = 2%, and Da = 10− 2 

could be viewed in Fig. 4(a). An increasing AR decelerates the flow field of nanofluid whereas impact is reversed with increasing Ra. 
For 103 ≤ Ra ≤ 105 flow field boosts inside the range 0.170008 ≤ |Ψmax|nf ≤ 6.04522. At Ra = 103, the value decelerates within the 
range 0.170008 ≤ |Ψmax|nf ≤ 6.04522 and for Ra = 103, Ra = 104 and Ra = 105 with increasing AR from 0.3 to 0.5 the retardation 
ranges for the flow fields are 0.170008 ≥ |Ψmax|nf ≥ 0.115871, 1.38295 ≥ |Ψmax|nf ≥ 1.00311 and 6.04522 ≥ |Ψmax|nf ≥ 5.42374 
respectively. Fig. 4(b) illustrates the impact of AR at various Ra on isotherms forφ = 2%, Da = 10− 2 and Ha = 40. It could be found that 
isotherm-lines progresses towards warm wall by augmenting AR. Enhancement in heat transmission would be one of the elements for 
this perception. The distribution of the horizontal velocity profile U for alteration of AR and Ra is exhibited in Fig. 4(c). With an 
increasing enclosure’s dimension ration the velocity profiles retards towards the upper part of each of the hot and cold cylinder also it 

Fig. 7(a). The variation of Nuave with Ra, AR and Ha.  

Fig. 7(b). The variation of Nuave with Ha, Ra and Da: φ = 2%and AR = 0.5.  
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is noticed that increasing Ra the diminishing rate is greater. This is due to the heavier density of the Fe3O4 nanoparticles. However, the 
distribution of transverse velocity is displayed in Fig. 4(d) for the influences of AR and Ra. Maximum velocity observed near the 
vertical walls of both cylinders with growing AR and with raising Ra the profile retards significantly. 

Fig. 5 illustrates the local Bejan number, Belocal for the variation of Ra i.e. Ra = 103 and Ra = 104 and Ha within the range 0–20 for 
the influence of Da. In this case, the nanoparticle concentration is considered as 5%. It is observed that for Ha = 0 and Da = 10− 1 the 
Belocal ceases to be closed towards the outer layer of both the cylinders and further with an increasing Ha i.e. Ha = 20 and Da = 10− 2 the 
boost in the value is rendered. Moreover, an increase in Ra the impact reverses. 

Fig. 6(a) exhibits the trend of Nuloc for diverse characterizing parameters such as Ha, Ra, and AR. It could be observed that with 
augmenting Ra the Nuloc boosts whereas the opposite influence could be deployed with growing Ha. It may be fascinating to express 
that with an enhancement of the size of hot wall the local Nu lessens. The rate of heat transfer by means of Nuloc for impacts of Ha, Da 
and Ra is portrayed in Fig. 6(b). It is seen that decrement in the heat transfer occurs by growing Da; however, the influence of Ra and 
Ha would be identical as demonstrated previously. Fig. 7(a) illustrates the alteration of mean Nu for the varying values of Ha, AR, and 
Ra. Boosting Ra from 103 to 105 could lead mean Nu to grow. Further, it could be deduced that existence of Ha and ascendant of AR 
could retard mean Nu considerably. From Fig. 7(b) it is deployed that the existence of porous matrix decelerates the Nuavg in the entire 
range of 103 ≤ Ra ≤ 105. Fig. 8(a) demonstrates the entropy generation versus Ha within the range 0–20 for the influences of Ra and 
Da. It is observed that as increase in porosity the entropy decreases regardless the increasing values of Ra. Therefore, it is suggested that 
the irreversibility processes conducted in the heat transfer is useful in the existence of porosity. The alteration of Beave for varied 
amounts of Ra and Ha is depicted in Fig. 8(b). Based on this figure, one could perceive that the Beave declines with boosting Ra and the 

Fig. 8(a). The variation of Entotal with Ha, Ra and Da: AR = 0.5 and.φ = 2%  

Fig. 8(b). The variation of Beave with Ra and Ha: φ = 2%and AR = 0.5.  
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increase of average Bejan number with ascending Ha for higher Ra is inconsiderable. 

6. Conclusion 

Scrutiny of entropy generation on the NC of Fe3O4-water nanoliquid inside a porous enclosure equipped with two square cylinders 
is presented in the current study. FEM is implemented for the solution of governing equations. Simulations for the characterizing 
parameters on the various profiles along with Nu, En, and Be is also obtained and presented via graphs. In a concluding remarks the 
significant consequences are as follows;  

• Validation with earlier established results provides a convergence of the method employed for the present problem.  
• Simulation from the various shapes it is suggested that, rate of heat transfer boost up in the case of Platelet shape of nanoparticles.  
• Velocity gradient within the enclosure upsurges due to the increasing Rayleigh number causes higher fluid density differences.  
• Growing Ra could lead the rate of heat transfer to enhance whereas the opposite impact renders with increasing Ha.  
• Inclusion of porous matrix decelerates the production of entropy. 
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Nomenclature 

p Pressure 
g Gravitational acceleration 
Ha Hartmann number 
k Thermal conductivity 
n Normal direction 
Nu Nusselt number 
Pr Prandtl number 
U, V Velocity elements, dimensionless 
Ra Rayleigh number 
u, v Velocity elements 
Da Darcy number 
T Temperature 
Cp Specific heat  

Greek symbols 
β Thermal expansion coefficient 
α Thermal diffusivity 
ρ Density 
σ Electrical conductivity 
ν Kinematic viscosity 
φ particle concentration 
θ Dimensionless temperature 
Ω shape factor  

Subscripts 
f base fluid 
c/h Cold/Hot 
nf nanofluid 
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