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A B S T R A C T   

Natural convection heat transfer in a porous prismatic enclosure emplacing two movable hot 
baffles may well be executed in this research. The domain may be loaded with ternary hybrid 
nanofluid and the governing energy and Navier-Stokes equations might well be solved using finite 
element approach. The simulation is devised for a wide range of Darcy number, Rayleigh number, 
non-dimensional length between hot baffles. Examination of the influence of flow and thermal 
fields through isotherms, vertical and horizontal velocities, streamlines and Nusselt and Bejan 
numbers is carried out lucidly. Water + Carbon Nanotube (cylindrical)+ Al2O3(spherical)+
Graphene (platelet) is regarded as heat transfer medium within the enclosure. Results indicate 
that amplification of Darcy number upgrades vertical and horizontal velocities up to 88.51% and 
83.77%, respectively, streamlines up to 88.12% as well as Nusselt numbers and isotherms 
effectively. Augmented Rayleigh number gives rise to intensification of isotherms, vertical and 
horizontal velocities, and streamlines while it exhibits reverse effect for average Bejan number. 
Moreover, rise of non-dimensional length between hot baffles from 0.4 to 0.6 leads to the 
encumbrance of maximum streamline, horizontal and vertical velocities by 11.32%, 8.6% & 
5.12% respectively and lifts up average Bejan number by 24.17%.   

1. Introduction 

Obiquitous and significant applications of nature and diversified engineering including electronic systems, solar thermic devices, 
fire control, and measurement of air movement in several enclosures demand heat transfer, HT, through natural convection, NC, flow 
so as to meet the required cooling. In the past couple of decades many researchers studied the heat transfer aspects in disparate 
geometrical shapes or regions (plane/square/trapezoidal/cubic/rectangular/prismatic etc.) and explored the flow and thermal field 
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characteristics subject to different thermal constraints and flow conditions. For instance, Aich and Omri [1] was first who studied HT 
within a prismatic enclosure and found that the shape of enclosure significantly impacted the thermal and flow fields. The work Aich 
and Omri was further extended by Walid et al. [2] who observed in their study that rise in Ra accounts for the amelioration of HT effect 
while that of aspect ratio contributes reverse effect. Later, Yaseen and Diyala [3] implemented strip warmer on the lowest surface of 
the prismatic container and declared that the flow and thermal fields could be remarkably impacted by the position of strip heater and 
number of heaters used. The analysis of magnetic turbulent NC and entropy within a liquid sodium-loaded domain with roundish 
blocks inside was conducted by Hashemi-Tilehnoee et al. [4]. In this research, the authors proposed two correlations for entropy 
generation and Nusselt number and reported that these parameters rise with growing Rayleigh number. Hydrothermal properties of 
NC flow inside a domain with a hot roundish obstacle inside was explored by Seyyedi et al. [5]. The oblique magnetic field’s impact on 
the entropy and NC within an elliptic container with a wavy-shaped cylinder inside which act as a cooler was analyzed by Seyyedi et al. 
[6]. They revealed that by ascending the Hartmann number entropy generation may possess a maximum figure while Nusselt number 
may have a decreasing trend. 

Nanofluids as mixture (through proper dispersion and stabilization) of nanoparticles (≤100 nm diameter) improve thermophysical 
characteristics and thermal performance (convective HT and thermal conductivity) of base fluid even at lower concentrations [7–11]. 
Because of such advantages nanofluids have been utilized in several industries for cooling requirements. Many researchers have 
carried out their investigations in enhancing the heat transfer rate/cooling effect considering different geometries with several con-
figurations subject to sundry nanofluids [12–14]. Nevertheless, the vast industrial applications of nanofluids, numerous engineering 
applications need a drastic change among disparate characteristics of mono nanofluids so as to achieve better thermophysical and 
rheological properties. In order to fulfil such aspects a novel sort of fluids named hybrid nanofluid, HNFs, was developed to obtain the 
admixture of appropriate specifications of several nanoparticles inside a single base liquid. HNFs may gain the synergistic efficacy of 
significantly high thermic conductivity, high exchange rate of thermal energy, better chemical inertness and stability due to suitable 
mingling of several nanoparticles (Babu et al. [15], Huminic and Huminic [16], Ahmadi et al. [17]). Such fluids may possess vital 
usages in the HT systems involved in transportation, manufacturing, nano-fluidizer etc. Nayak et al. [18] studied showed the HT 
upgradation because of double diffusive NC in C-shaped domain emplacing wavy baffles of diverse structures using hybrid nanofluid. 
They found that the streamlines ameliorate by 23.91%, 141.65%, 69.77%, and 245.64% with increase in amplitude of wavy baffle, Ra, 
Lewis number, and buoyancy ratio respectively while that peters out by 25.4% with raise in number of wave. Prominent thermal as 
well as solutal stratifications occur inside the whole of container. Local Nusselt number of HNF exhibits effective amelioration with rise 
in Ra. Shaw et al. [19] analyzed the influence of linear, nonlinear and quadratic thermal radiations on hydromagnetic flow of Cross 
HNF with any Prandtl number. Conjugate NC of HNF considering the interior heat production and absorption in a roundish zone was 
inspected by Tayebi et al. [20]. Results displayed that in the case of amplifying heat production’s strength the HNF will be more 
effectual. Gorla et al. [21] analyzed the efficacy of heat sink/source on the magnetized NC inside a domain filled with HNF. They 
reported that Nu number can be boosted by enhancing the volume fraction of HNF. Kadhim et al. [22] inspected the NC of HNF inside 
an inclined wavy porous zone. They deduced that using HNF in place of convectional NF could enhance the HT efficiency. Selime-
fendigil and Chamkha [23] explored HT characteristics of NC in a triangular zone filled with HNF and considering an opening. It was 
deduced that HT rate may possess a direct relationship with volume fraction of HNF. 

Ahmed [24] examined a mixed convection flow in an inclined wavy domain occupied by HNFs. The forced flow is contributed from 
an inlet section of bottom wavy surface and a vent placed at the top wavy wall. Their study disclosed that a growth in order of fractional 
derivatives leads to a diminution in Nusselt number. Intensive visualization conveys that the exponential raise in manufacturing arena 
and the miniaturization of constituents brings challenge to the existing cooling technologies. In view of this, the modern designed 
equipments are developed by the scientists who explored a tremendous amelioration in the thermal efficiency (heat transfer 
augmentation) by mixing three nanoparticles in the base fluid subject to extended surfaces, natural convection techniques, multiphase 
cooling, vortex generators, porous media, mini and microchannels. Such emerging fluid is named as ternary hybrid nanofluid. The 
novelty of the development of such composite nanofluid is to accomplish tremendous improvement of thermophysical and heat 
transfer characteristics. Experimental investigations confirm that thermal conductivities of such fluids are superior to that of hybrid 
and mono NFs [25,26]. Maheshwary et al. [27] synthesized CuO,MgO&Al2O3-water nanofluid and found that the cubic shaped Al2O3 
-water nanofluid with concentration 2.5 wt% exhibited the best thermal conductivity than base liquid by a factor of 3.13. Further, 
Jeong et al. [28] analyzed the comparative thermal conductivity of spherical and almost rectangular shapes of ZnO nanomaterials. 
They reported that thermal conductivity of ZnO NFs augmented up to 18% and 12% for nearly oblong and spherical shapes at a 
concentration of 5.0 vol%, respectively. 

Close visualizations on the recent past investigations on the essential applications of porous materials in disparate sectors of science 
and engineering involving energy transportation through porous materials via mixed convection flow has dragged huge attention of 
numerous researchers. Introduction of porous media generates a bigger surface contact area between working ternary hybrid nanofluid 
(THNF) and solid surface (porous structure) and as a result, they ameliorate the heat transfer rate in the system. Further, nanoparticles 
dispersed in THNF augments the effective thermal conductivity. For these reasons, use of both porous media and THNF can upsurge the 
thermal efficiency that means produce very effective cooling of typical physical systems such as solar radiation collecting devices, oil 
manufacturing, hydro-thermal systems, geothermal bodies, nuclear waste, food manufacturing, electro-mechanical cooling, building 
thermal insulation, transportation of pollutants in ground water, grain storaging, drying systems etc. Significantly. Many noteworthy 
researchers namely Nield and Bejan [29], Merkin [30], Vafai [31], Ingham and Pop [32–34], Pop and Ingham [35], Bejan et al. [36, 
37], Vadasz [38] and Bear [39] investigated several porous medium problems implementing theoretical or experimental approaches. 
Sheremet et al. [40] examined the intensification of heat transfer using nanofluids subject to wavy porous geometry. Chamkha et al. 
[41] studied through numerical analysis the transient conjugate convective flow of HNFs in semicircular domains. Sheremet et al. [42] 

Y. Shao et al.                                                                                                                                                                                                           



Case Studies in Thermal Engineering 40 (2022) 102507

3

implemented thermophoresis and Brownian movement mechanism to explore the effect of double-diffusive mixed convection flow in 
an open porous container occupied with a NF. Ghalambaz et al. [43] analyzed the conjugate free convection of Ag–MgO HNF in a 
porous enclosure. Goudarzi et al. [44] reported the efficacy of migration of nanomaterials of HNFs on NC within a wavy-shaped zone. It 
was detected that the enhancement of HT rate by 11% can be obtained by ascending thermophoresis diffusion. Entropy dissection of 
HNF for a NC within a porous zone was performed by Abu-Libdeh et al. [45]. Magnetized NC of HNF inside an opening zone with wavy 
surfaces was analyzed by Ashorynejad and Shahriari [46]. They reported that rising the volume fraction of HNF may lead the HT rate to 
be raised. 

Based on literature surveyed, some research gaps found as follows:  

• To the best of authors’ knowledge, no investigation has been carried out on THNF subject to prismatic enclosure.  
• Very few studies have been analyzed on heat transfer aspects due to the combination of porous medium and THNF.  
• No study has been conducted considering movable hot baffles within a prismatic enclosure. 

The objective of the current study is to investigate natural convection heat transfer of Water + CNT + Al2O3+ Graphene THNF 
inside a porous prismatic enclosure emplacing two movable hot baffles. The novelties of the present study include:  

• THNF subject to prismatic enclosure is introduced.  
• Combination of porous medium and THNF in an enclosure is considered.  
• Two movable hot baffles within prismatic enclosure subject to THNF are newly introduced. 

2. Physical model: governing equations 

Ternary hybrid nanofluid (THNF) natural convection within a porous prism-shaped enclosure with two baffles inside is dissected 
(Fig. 1). These baffles might well have the ability to move and this movement may influence the hydrothermal feature of THNF natural 
convection. The ternary hybrid nanofluid embodies three kinds of nanoparticles i.e. CNT, Al2O3, and Graphene with diverse nano-
particle shapes of cylindrical, spherical, and platelet, respectively. The assumptions made for the following problem are:  

• The flow is steady, incompressible and laminar.  
• The base fluid (water) and nanoparticles (CNT, Al2O3, and Graphene) are in thermal equilibrium.  
• The porous medium is isotropic and homogenous.  
• The enclosure is featured with bottom, left and right vertical walls as adiabatic and top inclined walls as cool.  
• The enclosure emplaces two hot baffles which are movable in nature. 

The flow may be assumed to be laminar and incompressible and impacted by Boussinesq theory. Therefore, governing equations 
can be characterized as [21–23]: 

∂yv+ ∂xu = 0 (1)  

ρthnf
(
v∂yu+ u∂xu

)
= − ∂xp+ μthnf

(
∂xxu+ ∂yyu

)
−

μthnf

K
u (2) 

Fig. 1. The geometry considered in this study.  
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ρthnf

(
v∂yv+ u∂xv

)
= − ∂yp+ μthnf

(
∂xxv+ ∂yyv

)
−

μthnf

K
v + ρthnf βthnf g(T − Tc) (3)  

(
v∂yT + u∂xT

)
=

kthnf
(
ρCp

)

thnf

(
∂yyT + ∂xxT

)
(4)  

Here, (u,v), βthnf , μthnf , ρthnf , kthnf may be velocities, thermal expansion coefficient, dynamic viscosity, density, and thermal conductivity 
of THNF, K is the permeability of, and T is temperature of THNF. 

The thermophysical properties of THNF are [47]: 

ρthnf = (1 − φ1 − φ2 − φ3)ρbf + φ1ρs1 + φ2ρs2 + φ3ρs3

βthnf = (1 − φ1 − φ2 − φ3)βbf + φ1βs1 + φ2βs2 + φ3βs3
(
ρCp

)

thnf = (1 − φ1 − φ2 − φ3)
(
ρCp

)

bf + φ1
(
ρCp

)

s1 + φ2
(
ρCp

)

s2 + φ3
(
ρCp

)

s3

μthnf =

(
φ1μnf 1 + φ2μnf 2 + φ3μnf 3

)

φ
, kthnf =

(
φ1knf 1 + φ2knf 2 + φ3knf 3

)

φ

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

(5)  

μnf 1 =
(
1 + 2.5φ1 + φ2

1

)
μbf

μnf 2 =
(
1 + 13.5φ2 + 904.4φ2

2

)
μbf

μnf 3 =
(
1 + 37.1φ3 + 612.6φ2

3

)
μbf

knf 1 =

[
k1 + 2kbf + 2φ1

(
k1 − kbf

)

k1 + 2kbf − φ1
(
k1 − kbf

)

]

kbf

knf 2 =

[
k2 + 3.9kbf + 3.9φ2

(
k2 − kbf

)

k2 + 3.9kbf − φ2
(
k2 − kbf

)

]

kbf

knf 3 =

[
k3 + 4.7kbf + 4.7φ3

(
k3 − kbf

)

k3 + 4.7kbf − φ3
(
k3 − kbf

)

]

kbf

φ = φ1 + φ2 + φ3

(7)  

here 1, 2, and 3 are for Al2O3, CNT, and Graphene, respectively. 
For the governing equations to be changed to non-dimensional form, the following parameters are considered: 

θ=
T − Tc

ΔT
,P=

pL2

ρbf α2
bf
, ( V,U)=

(v, u)L
αbf

, (Y,X)=
(y, x)

L
(8) 

Accordingly the new form of governing equations of the current problem with the related boundary conditions can be stated as: 

(V∂Y U +U∂XU)= −

[
1

ρthnf
/

ρf

]

∂XP +

[μthnf
/

μf

ρthnf
/

ρf

]

Pr
(

∂XXU + ∂YY U −
U
Da

)

(9)  

(V∂Y V +U∂XV)= −

[
1

ρthnf
/

ρf

]

∂Y P+

[μthnf
/

μf

ρthnf
/

ρf

]

Pr
(

∂XXV + ∂YY V −
V

Da

)

+
[
βthnf

/
βf
]
Ra Pr θ

(10)  

(V∂Y θ+U∂Xθ) =

[
kthnf

/
kf

(
ρCp

)

thnf

/(
ρCp

)

f

]

(∂YY θ+ ∂XXθ) (11)   

θ = 0,U = 0,V = 0 on top inclined surfaces 
θ = 1,U = 0,V = 0 on baffles 
∂nθ = 0,U = 0,V = 0 on bottom and side surfaces  

Here, p&P are dimensional and non-dimensional pressures respectively, Pr,Da &Ra are Prandtl, Darcy and Rayleigh numbers 
respectively. 

Nusselt number (Nu) on the top surfaces as well as Bejan number (Be), on the other hand, as the pivotal objectives of this paper may 
well be ascertained as [48]: 

Y. Shao et al.                                                                                                                                                                                                           



Case Studies in Thermal Engineering 40 (2022) 102507

5

Nuloc. =

[
kthnf

kbf

]

∂nθ,Nuave. =
1
Q

∫ q

0
Nuloc.dq (15)  

Beloc =

[
kthnf
kbf

][
(∂Y θ)2

+ (∂Xθ)2]
Entropy due to heat transfer

[
kthnf
kbf

][
(∂Y θ)2

+ (∂Xθ)2]
Entropy due to heat transfer

+
[

μthnf
μbf

]
δ

⎡

⎣
2(∂XU)

2

+(∂XV + ∂Y U)
2

+2(∂Y V)
2

⎤

⎦

Entropy due to fluid friction

+
[

μthnf
μbf Da

]
δ
[
U2 + V2

]
Entropy due to porous media

,

(16)  

Beave =

∫

ABelocdA
∫

AdA  

Here Q and δ may be the cold surfaces’ length and irreversibility distribution ratio, respectively. 

3. Numerical approach 

The governing equations of ternary hybrid nanofluid natural convection within a prism-shaped enclosure with two baffles inside 
are solved through a numerical method called finite element method. This method may well separate the domain into a raft of un-
structured and triangle-shaped parts and then each node’s residual equations within these parts can be created via Galerkin approach. 
Accordingly, these equations may be solved through Newton-Raphson technique. The solution procedure can be continued till ful-
filling the convergence criterion which is 10− 5. More detailed description of the applied method can be gained from Refs. [49,50]. 

On the other hand, in order to check the exactitude of the utilized method, the outcomes of this work was compared with the results 
of Kahveci [51] in the case of natural convection inside an inclined foursquare domain occupied with nanofluid as illustrated in Fig. 2. 
Based on this figure, one can infer that the findings of this paper are correct and valid. 

4. Results and discussion 

In view of exploration of fluid flow and heat distribution behavior within the prismatic shaped cavity, we have drawn the 
streamlines and isotherms. In addition, horizontal velocity, vertical velocity, local and average Bejan and Nusselt numbers’ profiles are 
delineated to reveal their behavior in response to the flow of THNF in presence of vertically emplaced two baffles within the cavity. The 
influencing parameters involved in the present discussion are such as Darcy number (Da), Rayleigh number (Ra), non-dimensional 
length between two baffles (β) with their values chosen in the range, 10− 3 ≤ Da ≤ 10− 1, 5 × 104 ≤ Ra ≤ 105 and0.2 ≤ β ≤ 0.6. 
The fluid motion and heating patterns are studied subject to different constraints such as lower horizontal adiabatic wall, vertical left 
and vertical right adiabatic walls and upper inclined cooler walls of the cavity. 

4.1. The efficacy of diverse parameters on streamlines, isotherms, velocities, and Bejan number 

4.1.1. The impact of Darcy number 
On the onset of our discussion, it is to be revealed that Fig. 3 manifests the behavior of streamlines (ψ), isotherms (θ), horizontal 

velocity (U), vertical velocity (V), local Bejan number (Beloc) and average Bejan number (Beave) for sundry Da at fixedRa = 105,β =

0.6,φ = 1.5%. Because of symmetrically emplaced two hot baffles, two symmetric contours with clockwise rotation (adjacent to top 
right inclined cool wall) and anti-clockwise rotation (adjacent to top left inclined cool wall) are formed within the cavity. In elabo-
ration, the THNF adjacent to either hot baffle becomes hot and thereby less dense. This moves upward to the cold part. Because of the 
top walls’ inclination two rotating vertices, anti-clockwise at left half and clockwise at right half within the domain may be created 
(See Fig. 3(i)). Further, two small circulations are created in the gap between two hot baffles. They are oppositely oriented (See Fig. 3 
(i)). In this case clockwise and anti-clockwise flows are portrayed via negative and positive signs of streamlines, respectively. The 
magnitude of maximum streamline is 0.518515 at low Da(Da = 10− 3). In fact, THNF near the heated baffles becomes hotter which in 
turn produces strong streamlines indicating the dominancy of convection mechanism. From Fig. 3 (i-iii) it is visualized that ampli-
fication of Da(Da= 10− 3, 10− 2,10− 1) gives rise to effective intensification of streamlines ((|ψmax|Da=10− 3 = 0.518515, |ψmax|Da=10− 2 =

4.36438,|ψmax|Da=10− 1 = 5.84226). Such behavior is accomplished by the strengthening of convective motion and energy transport for 
high medium permeability. According to the feature portrayed in Fig. 3 (iv), at Da = 10− 3 during conduction dominant HT, thermal 
contours specified by θ = 0.95 take place symmetrically surrounding the hot baffles of the domain. Here, isothermal lines may be 
almost parallel to each other. This is because of weaker convection in the central sector of container due to low Raleigh number (Ra =

105). Further, thermal contours represented by θ = 0.05 − 0.75 occur symmetrically and extend over the area between the hot baffles 
and the inclined top cooler walls of the domain. This discussion implicates that heat spreads in the cavity except in the cold inclined 
walls and makes most of the ternary hybrid nanofluid hot near the heated baffles. Later, because of high temperature in the central 
region of the cavity, patterns of isotherm undergo significant distortion. With further increase of Da(Da = 10− 2,10− 3), THNF carries 
more heat producing more distortion accompanied by more convection heat transfer [See Fig. 3 (v-vi)]. From Fig. 3 [(vii)-(ix)] it is 
understood that as Da rises, the horizontal velocity U lifts up. The velocity contours are featured with clockwise oriented contours near 
the left inclined cooler wall and anti-clockwise oriented contours near the right inclined cooler wall of the prismatic shaped cavity. 
Further, anti-clockwise rotations appear adjacent to the left hot baffle while clockwise rotations appear near the right hot baffle. In 
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addition, oppositely oriented two tiny circulations are created in the lower gap between the hot baffles. Maximum values of U-velocity 
are 4.28182,26.3863& 35.0794 at Da = 10− 3, 10− 2&10− 1 respectively. From the above observation and discussion it is clear that 
amplifying Da leads to U-velocity amelioration which is due to the effect of high convection heat transfer from hot THNF near the hot 
baffles to the inclined cool walls. At Da = 10− 3, two oppositely oriented vertical velocity contours (V-contours) of lower magnitude 
(due to low convection) are created near the upper two inclined cooler walls of the cavity as shown in Fig. 3 (x). Apart from this, nearly 
prismatic shape type V-contour is formed in the core area of the domain. Upper part of it and the region adjacent to the hot baffles 
contain hot ternary hybrid nanofluid due to significant convection. The lower region between two hot baffles contains circulations 
(clockwise) of lower magnitude. When Da hikes, two clockwise contours appear near two inclined cooler walls and they surround an 
anti-clockwise contour in the upper part of the cavity. The side contours represent the V-velocity of lower magnitude while the middle 
contour indicates V-velocity of strong magnitude. Above all when Da increases(Da = 10− 3,10− 2,10− 1), magnitude of vertical velocity 
amplify. The maximum and minimum values of vertical velocity are (− 4.28245,4.42968), (− 24.8186,38.5429)& 
(− 32.6446,53.5497) atDa = 10− 3,Da = 10− 2&Da = 10− 1 respectively [Fig. 3 (x-xii)]. Close observations reveal that rise in Da gives 
rise to strong convection which in turn enhances vertical velocity of ternary hybrid nanofluid inside the cavity. Fig. 3 (xi-xv) depicts the 
plots for local Bejan number (Beloc) at different estimations of Da(Da= 10− 3, 10− 2,10− 1) and indicates the respective evaluated 
average Bejan number(Beave). Fig. 3(xiii) reveals that local Bejan number is prominent (attains maximum value) in the region sur-
rounding the hot baffles (exhibiting Dolphin shape) and the corner region between two inclined cool walls of the prismatic cavity. 
Local Bejan number attains least value in the region between two baffles which is adjacent to the bottom adiabatic surface of the 
container. As Da enhances, Beloc is prominent in the area surrounding the two hot baffles (though comparatively less intensified than 
the previous case) and the top corner region between two inclined walls while it is minimum in the central region and the area adjacent 
to the bottom adiabatic wall. The average value of Bejan number emaciates with rise in Darcy number i.e., Beave = 6.75418e− 001,

3.397077e− 001&3.327722e− 001 at Da = 10− 3, 10− 2&10− 1 respectively. 

4.1.2. The impact of Rayleigh number 
The impact of different Rayleigh numbers (Ra= 104, 5×104) on isotherms, streamlines, velocities, and Bejan numbers at fixed Da 

= 10− 1, β = 0.6, φ = 1.5% is highlighted in graphical forms in Fig. 4(i–x). Ra betokens the relative significance between convection and 
conduction HTs. In case of low Ra (Ra = 104), streamline pattern comprises of two vertices that was manifested in Fig. 4 (i). Clockwise 
vortex is developed in the right area of container while counter-clockwise vortex is visualized in the left section. As the Rayleigh 
number amplifies (Ra = 5 × 104), the feature of streamline contours is similar to that in case of low Ra (Ra= 104) except the strength 
[See Fig. 4 (ii)]. When Rayleigh number enhances, the vortex becomes stronger owing to stronger convective HT. At both low and high 
Rayleigh number cases, oppositely oriented contours are created in the region above two hot baffles and between two inclined cool 
walls of the cavity. The Ra’s influence on isotherms is neatly portrayed in Fig. 4 (iii-iv). Collateral lines (in the region very adjacent to 
inclined cool walls) implicate that the HT may well be chiefly conductive whereas distorted lines indicate the dominancy of convective 
heat transfer irrespective the value of Rayleigh numbers (low/high). For low Rayleigh number, parallel contour lines indicating steep 
temperature gradient (Because of prevailing conductive HT) and less distorted lines (Because of comparatively less conductive HT) are 
formed. High Rayleigh number generates strong distorted lines due to strong convective heat transfer originated by two hot baffles and 
accompanied by hot THNF near the hot baffles. The influence of Rayleigh number on horizontal velocities is depicted in Fig. 4 (v-vi). It 
is seen that two oppositely oriented vertices (clockwise rotating vortex adjacent to the left top inclined cool wall and counter-clockwise 
rotating vortex adjacent to the right top inclined cool wall) are developed. Further, two oppositely oriented rotating vertices are 

Fig. 2. The validation of the results with Kahveci ones [51].  
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created between two hot baffles. It is of worthy to note that the velocity contour adjacent to left inclined cool wall is stronger than that 
situated just below it and above left hot baffle. It is only because of strong convective HT from the hot fluid near the left hot baffle. 
However, on the right part of the cavity, the top right vortex is weaker compared to just below vortex. Above all, the vertices in the 

Fig. 4. The Ψ, θ, U, V, Belocal, and Beave for sundryRa (Da = 10− 1, β = 0.6, φ = 1.5%).  

Fig. 3. The Ψ, θ, U, V, Belocal, and Beave for sundry Da (Ra = 105, β = 0.6, φ = 1.5%).  
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upper part of the cavity are just opposite in nature to the vertices created in the central part of the container. Further, two subsidiary 
and feeble vertices are produced (due to conduction HT) in the area between two hot baffles and adjacent to the bottom adiabatic wall. 
When Rayleigh number ameliorates (Ra = 105), convective heat transfer significantly intensifies making the horizontal velocities 
stronger. The absolute values of horizontal velocity are 18.1958 and 35.0794 at Ra = 5 × 104&Ra = 105 respectively. Again the plots 
of vertical velocities are represented by contours as shown in Fig. 4 (vii-viii). At low Ra(Ra= 5×104) vertical velocities are manifested 
by two clockwise oriented vertices surrounding a counter-clockwise vortex of egg shape developed in the region above the hot baffle 
and between two inclined cool walls of the cavity (See Fig. 4 (vii)). At low Rayleigh number the minimum and maximum values of 
vertical velocities are 17.8305 and 28.9927 respectively. When Rayleigh number amplifies exactly similar pattern of contours of 
vertical velocity are formed. These contours are significantly stronger due to dominant convective heat transfer from the influence of 
high Rayleigh number (See Fig. 4 (viii)). It is clearly understood from the numerically estimated values that Vmin = − 17.8305,Vmax =

28.9927 at low Ra while Vmin = − 32.6446,Vmax = 53.5497 at highRa. The variations of local and average Bejan numbers due to rise in 
Ra are portrayed through the plots in Fig. 4 (ix-x). The pictorial manifestation is very much interesting and unique. It is found that Beloc 
is maximum in the region between hot baffles and adiabatic walls on either side of the enclosure. However, Beloc is minimum in the 
central region between two baffles and that of the enclosure (See Fig. 4 (ix)). As Rayleigh number enhances, Beloc whittles down. The 
minimum value of Beloc is visualized in major part of the enclosure (See Fig. 4 (x)). The average value of Bejan number reduces due to 
rise in Rayleigh number. It is evident from the outcome that Beave = 5.656846e − 001&Beave = 3.327722e − 001 at Ra = 5× 104&Ra =

105 respectively. 

4.1.3. The impact of dimensionless length between hot baffles 
The variations of ψ , θ, U&V, Beloc&Beave due to different β (dimensionless length between hot baffles) i.e., due to the movement of 

two hot baffles are delineated through appreciated plots in Fig. 5 (i-xv). At low β(β = 0.2), the streamline pattern comprises of two 
oppositely oriented rotating vertices within the cavity. The clockwise vortex covers the region between right hot baffle and right 
vertical adiabatic wall and the region below the right top inclined cool wall of the cavity. In this case, the hot and less dense THNF near 
the right hot baffle moves upward towards the cold region and falls down along the right inclined cool wall (with no contribution from 
right adiabatic wall) and then becomes hot again in contact with right hot baffle and then goes up. By such mechanism and movement 
of THNF, clockwise rotated right hand side vortex is developed. Further, with the help of left hand side hot baffle and left top inclined 
cool wall the hot THNF develops left hand side counter-clockwise vortex within the cavity. The parallel nature of streamlines is due to 
the domination of conduction HT. The absolute of maximum value of ψ is 7.75011 at low β (See Fig. 5 (i)). As β rises(β = 0.4,0.6), 
convective heat transfer peters out which gives rise to less dense streamlines. It is evident from the fact that |ψmax| =

Fig. 5. The Ψ, θ, U, V, Belocal, and Beave for sundry L (Ra = 105, Da = 10− 1, φ = 1.5%).  
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7.75011,6.50351,5.84226 at β = 0.2,0.4, 0.6 respectively. As far as isotherms are concerned, we visualize parallel lines in isotherm 
patterns in the region contiguous to both sides of two hot baffles (See Fig. 5 (iv)). It is accompanied by strong conductive heat transfer 
from hot baffles. Further, some good number of distorted lines in the isotherm pattern is obtained in the central region between two 
inclined cool walls of the cavity. This is due to strong convective HT of the high temperature THNF near the two hot baffles. Mean-
while, some less dense and parallel lines in isotherms very adjacent to the inclined wall are generated due to insignificant convective 
heat transfer there. As β enhances, high distorted isotherms are the result in the central part of the cavity (See Fig. 5 (v-vi)). At different 
β, horizontal velocity field lines in the form of contours are plotted in Fig. 5 (vii-ix). At low β(β = 0.2), horizontal velocities are 
characterized by four contours developed at different parts within the prismatic cavity. Two oppositely directed rotating vertices 
(clockwise rotating vortex lying beneath of left inclined cool wall and counter-clockwise rotating vortex lying beneath of right inclined 
cool wall) are formed. They are due to strong convective heat transfer of THNF and inclined cool wall. Remaining two vertices are 
formed between hot baffles and vertical adiabatic walls. They are also oppositely oriented. Lower left region (between left vertical 
adiabatic wall and left hot baffle) emplaces counter-clockwise oriented vortex while lower right region (between right vertical 
adiabatic wall and right hot baffle) enshrouds clockwise oriented vortex. Each of them emplaces two eyes, one of them is adjacent to 
bottom adiabatic wall and the other one lies to the top of hot baffle. The absolute of maximum value of horizontal velocity is 42.3138 at 
low β. As β rises, exactly similar pattern of horizontal velocity field lines are developed, but with lower strength than that at low β. The 
absolute values of maximum horizontal velocity are 42.3138,38.0875&35.0794 at β = 0.2,0.4&0.6 respectively (See Fig. 5 (vii-x)). 
The vertical velocity field lines of greater strength are featured with three vertices covering the entirety of the enclosure (See Fig. 5 (x)). 
A centrally produced and counter-clockwise oriented vortex is surrounded by two clockwise oriented vertices (created on left and right 
portion of the cavity due to the influence of convective heat transfer and inclined structure of cool wall) within the cavity. When β 
increases(β = 0.4), condensed vertical velocity field lines are formed due to the reduced space between hot baffles and the vertical 
adiabatic walls of the cavity. Further, at high β(β = 0.6), vertical velocity is represented by three vertices where the egg shaped central 
vortex is stronger (containing densed field lines). Some insignificant secondary vertices are formed in lower region between two hot 

Fig. 6. Nulocal and Nuave for sundry Da, Ra, and β  
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baffles due to conduction heat transfer. When β amplifies, minimum and maximum values of vertical velocities are found as 
(− 46.6756,59.3879), (− 37.1289,56.2933) and (− 32.1289,56.2933)&(− 32.6446, 53.5497) at β = 0.2, 0.4&0.6 respectively. The 
local and average Bejan number distributions at different β is highlighted in Fig. 5 (xiii-xv). At low β(β = 0.2), local Bejan number 
(Beloc) attains maximum value in the region between hot baffles due to significantly larger conduction heat transfer. The moderate 
value of Beloc is marked at the outside region contiguous to two hot baffles and the area near to the inclined cool walls of the cavity. The 
remaining part of the enclosure is attributed to minimum value ofBeloc. As β enhances, Beloc intensifies in several parts of the cavity. 
Further, average value of Bejan number (Beave) ameliorates with amplification ofβ(β = 0.2, 0.4,0.6). More evidently, Beave =

2.254398e − 001,2.523378e − 001 &3.327722e − 001 are attained at β = 0.2,0.4&0.6 respectively. 

4.2. The efficacy of diverse parameters on Nusselt number 

The variation of Nuloc and Nuave for disparate Da,Ra&β against the length of cold surface Q is shown in Fig. 6 (i-iii). The variation of 
Nuloc for differentDa against Q is shown in Fig. 6 (i). As Da rises, Nuloc ameliorates up to the corner point where both inclined cool walls 
meet together. Further, Nuave enhances with rise inDa. When Rayleigh number increases, Nuloc enhances and it reverses towards the 
vertical adiabatic walls. It is observed that Nuloc becomes highest at the middle of the inclined cool wall on either side of the cavity. The 
Nuave intensifies with rise in Ra. It is because of convective heat transfer through THNF towards the inclined cooled walls. At fixed 
Ra(Ra = 5 × 104, say), Nuloc attains minimum value at very low length of inclined wall. As the length of the inclined wall increases, 
Nuloc uplifts significantly and disappears at the point where left inclined wall terminates. The Nuloc upgrades significantly with rise of 
the length of the second inclined wall and attains highest value at middle length of the right inclined wall, then decays with rise of 
length of that wall towards the right vertical adiabatic wall (See Fig. 6 (ii)). Irrespective of the inclined cool walls (left/right), Nuloc 
peters out due to rise in β againstQ (See Fig. 6 (iii)). Further, Nuloc attains maximum value near about middle of each inclined wall for 
any value of β(β= 0.2,0.4, 0.6) while Nuloc attains least value at both ends (a, b, c) of each inclined cool wall. At each β, it attains least 
magnitude at a (near about the left vertical adiabatic wall) with increase in Q,attains maximum value at midpoint of left inclined wall, 
decreases further and attains least value at b (top corner point), increases with further rise in Q, attains highest magnitude at the middle 
of right inclined wall, then decreases with rise in Q and attains least value at c (near the right vertical adiabatic wall). Further, average 
Nusselt number (Nuave) emaciates with rise in β for any Q in the entirety of the prismatic enclosure. 

5. Conclusions 

Natural convection of THNF within a porous prism-shaped domain emplacing two movable hot baffles is dissected. The governing 
equations are solved numerically by finite element method. The following major findings are drawn from the present study:  

1. Amplification of Da accounts for the upgradation of streamlines. When Da rises from 10− 3 to10− 2, |ψmax| enhances by 88.12% while 
enhances merely by 25.3% for rise of Da from 10− 2 to 10− 1.  

2. Hike in Da yields prominent distorted lines in isotherm pattern accompanied by strong convective heat transfer of THNF.  
3. When Da rises from 10− 3 to10− 2, |Umax| ameliorates by 83.77% and Vmax enhances by 88.51%. This clearly implicates that vertical 

velocity of THNF augments prominently than its horizontal velocity for the same rise of Darcy number.  
4. Average Bejan number reduces by 49% when Da rises from 10− 3 to 10− 2. Further, it records very less diminution (2.1%) for rise of 

10− 2 to 10− 1.  
5. Enhanced Rayleigh number Beave gives rise to intensification of streamlines, isotherms, horizontal and vertical velocities while it 

exhibits reverse effect for average Bejan number.  
6. However, rise of β from 0.4 to 0.6 leads to the encumbrance of,|ψmax|, |Umax|& Vmax by 11.32%, 8.6% & 5.12% respectively and lifts 

up Beave by 24.17%.  
7. Amplification of Da,Ra upsurges Nuloc&Nuave effectively for anyβ,Ra&Q. 
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