
Journal of Energy Storage 59 (2023) 106532

Available online 11 January 2023
2352-152X/© 2022 Elsevier Ltd. All rights reserved.

Research papers 

Entropy and hydrothermal analyses of nano-encapsulated phase change 
materials within a U-shaped enclosure: Impact of diverse structures of 
baffles and corrugated wall 

Amjad Ali Pasha a, M.K. Nayak b,*, Kashif Irshad c, Md. Mottahir Alam d, A.S. Dogonchi e, 
Ali J. Chamkha f, Ahmed M. Galal g,h 

a Aerospace Engineering Department, King Abdulaziz University, Jeddah 21589, Saudi Arabia 
b Department of Mechanical Engineering, FET, ITER, Siksha ‘O' Anusandhan Deemed to be University, Bhubaneswar 751030, India 
c Interdisciplinary Research Center for Renewable Energy and Power Systems (IRC-REPS), King Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi Arabia 
d Department of Electrical and Computer Engineering, King Abdulaziz University, Jeddah 21589, Saudi Arabia 
e Researcher in Mechanical Engineering, Kuwait 
f Faculty of Engineering, Kuwait College of Science and Technology, Doha District, Kuwait 
g Department of Mechanical Engineering, College of Engineering in Wadi Alddawasir, Prince Sattam Bin Abdulaziz University, Saudi Arabia 
h Production Engineering and Mechanical Design Department, Faculty of Engineering, Mansoura University, P.O 35516, Mansoura, Egypt   

A R T I C L E  I N F O   

Keywords: 
Entropy 
Natural convection of NEPCMs 
Corrugated U-shaped enclosure 
Baffles of variable length 
FEM 
PTSC 

A B S T R A C T   

The entropy and hydrothermal inspections of natural convection (NC) flow and heat transfer (HT) within cavities 
may absorb a raft of researchers' attention owing to their significant industrial applications in the electronic 
devices' cooling, solar collectors, heat exchangers, micro-electro-mechanical systems, etc. Based on this 
requirement of efficient and long-time cooling, internal baffles, encapsulation of phase change material (PCM) by 
nanoparticle (NEPCM), internal corrugated hot triangular wavy wall are considered in this examination to 
ameliorate HT into PCM, thereby HT increment speeds up the rate of PCM melting and reduces the operating 
period for PCM-based thermic management. The present study investigates the NC of magnetic NEPCMs within a 
U-shaped enclosure with the bottom as a triangular wavy corrugated wall (subject to stable heat flux due to 
sunlight transmitted from a PTSC's reflector) and comprised of two cold baffles of variable length. The FEM is the 
numerical approach to achieving the desired solution. The results are that growth of Hartmann number results in 
the reduction of streamlines, isotherms, and horizontal and vertical velocities. Ascent of baffle length (l) yields 
amelioration of the local HT rate while the height of corrugated wall exhibits a reverse effect with/without 
magnetic field impact.   

1. Introduction 

Natural convection (NC) flow and heat transfer (HT) in cavities could 
engross the whole attention of researchers owing to their potential, and 
significant applications in design and manufacture in modern industries 
include cooling of electrical machines and electronic devices, solar en-
ergy collectors, heat exchangers, micro-electro-mechanical systems 
(MEMS) devices [1–5]. As experienced, nanofluid (NF) is an amalgam-
ation of the nano-sized particle in a based fluid. Such novel fluid is 
needed to augment heat transfer owing to its premiere thermal con-
ductivity compared to the based fluid [6]. By virtue of these charac-
teristics, nanofluid natural convection heat transfer in cavities and 

enclosures featured with different geometries imparts thermal man-
agement in several industrial applications and, therefore, is being 
investigated by many authors. For instance, NC of copper-water NF in a 
porous cardioid-shaped domain with magnetic field (MF) impact was 
perused by Seyyedi [7]. Further, Hatami [8] explored hydro-thermic 
features of nanoliquid NC inside a rectangular zone with hot fins in-
side. A numerical study of NC inside a partially heated domains occu-
pied with NFs was examined by Oztop and Abu-Nada [9]. Alsabery et al. 
[10] examined the efficacy of non-homogeneous NF model on unsteady 
NC inside a non-Darcy porous zone embodying a solid inner body. 

The role of NC flow and HT of NFs influenced by MF inside the 
cavities are found in numerous applications such as extraction of 
geothermal energy, modern solar collectors, highly efficient boilers 
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[11,12]. Therefore, many researchers have been interested in studying 
magnetohydrodynamics (MHD) to figure out the flow and HT charac-
teristics of NFs in several cavities under the impact of MF. For instance, 
Kefayati [13] studied NC in a NF-filled inclined quadrilateral domain in 
the presence of MF. He observed that the MF improves the nanoparticles' 
impact at high Ra. Negative oblique angles concurrently lessen HT to-
wards θ = 0◦ and the nanoparticle's impact. Kefayati [14] numerically 
perused the efficacy of MF on NC of water/alumina NF in an open zone. 
Afrand et al. [15] analyzed a numerical examination of magnetized NC 
in a vertical gap loaded with gallium. Kefayati and Tang [16] examined 
the NC and entropy of magnetized non-Newtonian NF in a zone exerting 
a mathematical named Buongiorno. They found that a growth in Ha 
whittles down total entropy in diverse Ra. Moreover, the raise of Ra and 
Ha may lead Bejan number to lessen in variant power-law indexes. 
Further, the total entropy generation increases as the buoyancy ratio 
number augments. It was also detected that an enhancement of the 
thermophoresis and Brownian motion factors amplify the total irre-
versibility. Rashad et al. [17] perused the efficacy of heat source and 
sink's position and size on entropy and magnetized NC of NF inside a 
porous domain. Kefayati and Tang [18] discussed the magnetized vis-
coplastic liquids mixed convection inside a lid-driven domain with 
diverse aspect ratios. In their study, they mentioned the outcomes that as 
the Ha raises, the HT declines moderately. The alteration in the MF angle 
modify the HT inside the enclosure. Selimefendigil and Oztop [19] 
analyzed the mixed convection of NF-filled container with an oscillating 
lid and affected by an inclined MF. Kefayati [20] investigated the 
mesoscopic simulation of the MF impact on the NC of power-law liquids 
in a partially heated container. In his investigation, he obtained that the 
raise of the MF power lessens the power-law index's impact on HT. The 
MF for diverse Ha at low Ra; may have disparate impacts on HT with the 
improvement of the power-law index. At high Ra and for Ha up to 30, HT 
diminishes with the raise of the power-law index. The power-law index's 
influence on HT boosts with an enhancement in the heated portion size. 
Chamkha et al. [21] explored entropy and NC of CuO-water NF inside a 
C-shaped domain under MF. Kefayati [22] examined the MF efficacy on 
HT of mixed convection of shear-thinning liquids inside a lid-driven 
container. A growth in the power-law index and Ha may impact HT at 
Ri = 1 for diverse Lewis numbers and buoyancy ratios. 

Nowadays, the PCMs are used to prepare efficacious latent thermal 
energy storage systems/media so as to curtail energy consumption. PCM 
may well be a material which may release/absorb adequate thermic 
energy at phase transition to supply a beneficial cooling/ heating load. 
The additional heat may be soaked up by the PCM when it alters phase 
from solid to liquid. This absorbed heat may be rejected by PCM to the 

surroundings when atmosphere conditions become cooler turning the 
PCM back into its previous phase. These features may well be beneficial 
for the outstanding thermic management of specific systems. Latent 
thermal energy storage systems are utilized in household hot water 
usage based on PCMs [23–25]. Further, poor conduction heat transfer of 
PCMs will be an encumbrance for the practical applications. In view of 
this, in latter, scientists enshrined the PCMs in nano capsules and then 
prepared NEPCM suspension where the encapsulated PCMs may be 
spread to a normal fluid. Thereafter, NEPCM suspension, which, when 
subject to different types of flows associated with several kinds of cav-
ities/enclosures, gives rise to the growth of thermal conductivity and 
improved energy transport properties significantly. For example, the 
study on conjugate solid-liquid phase alteration HT (Ghalambaz and 
Zhang [26]), melting-driven natural convection (Ghalambaz et al. [27]), 
and time-periodic NC heat transfer (Hajjar et al. [28]) dealing with 
NEPCM suspensions in different cavities and enclosures were carried 
out. In their works, they found that non-dimensional fusion temperature 
and NEPCM volume fraction are proportional to heat transfer. 

The study of NC flow and HT behavior of several fluids in U-shaped 
cavities has taken place in the interests of researchers due to its ubiq-
uitous applications in microchannels, automobile radiators, heat ex-
changers, and solar energy. In addition, in some instances, U-shaped 
cavities are featured with corrugation of the surfaces (particularly walls 
of the cavities) in accomplishing passive HT augmentation. Selime-
fendigil and Oztop [29] perused the influence of wall corrugation on NC 
of ferrofluid inside a cavity. They discovered that wall corrugation 
contributes to heat transfer augmentation subject to change by the po-
sition of the magnetic dipole source. Choa et al. [30] dissected NC heat 
transfer inside a U-shaped enclosure embodying Al2O3-H2O nanoliquid. 
They observed that for a heated wall of fixed length, heat transfer 
augmentation of the cooled wall of extended length is attained. Seli-
mefendigil and Oztop [31] examined the effects of corrugation on 
magnetized forced convection of nanoliquid in U-shaped vented 
container. They obtained that the average HT rate whittles down with a 
higher number of corrugation waves. Baffles may play a remarkable role 
in the flow pattern and HT features. They are widely used in heat 
transfer devices as heat exchangers in industrial processes. The effects of 
baffle/baffles on magnetic NC flow in U-shaped cavity (Hamzah et al. 
[32], Maa et al. [33,34]) and C-shaped cavities (Abedini et al. [35]) were 
studied effectively. 

From the literature review, research on nanoliquid NC and HT inside 
a U-shaped enclosure accommodating a baffle/two baffles subject to an 
external MF has been investigated. Some researchers have considered 
NEPCM suspension in U-shaped cavities in their study. However, no one 

Nomenclature 

(x,y) Cartesian coordinates (m) 
(U,V) non-dimensional velocities along horizontal and vertical 

directions 
PCM phase change material 
NEPCM nanoencapsulated phase change material 
p pressure (Nm− 2) 
P non-dimensional pressure 
T Temperature (K) 
g acceleration (ms− 2) 
ρ density (kgm− 3) 
μ dynamic viscosity (kgm− 1s) 
(ρCp) specific heat capacity (Jkg− 2m− 3K− 1 ) 
β thermal expansion coefficient (K− 1) 
k thermal conductivity (Wm− 1K− 1) 
B0 magnetic field strength (T) 
Γ angle of inclination 

a length of corrugated wavy wall 
b height of corrugated wavy wall 
l length of the baffle 
L height of the cavity 
ϕ total volume fraction 
Pr Prandtl number 
Ra Rayleigh number 
Ha Hartmann number 
Nu Nusselt number 

Subscripts 
loc local 
ave average 
c cold 
f base fluid 
b NEPCM suspension 
p solid particles (NEPCM)  
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has published any work on a single physical model identifying the NC 
flow and HT in a U-shaped cavity (featured with the triangular wavy 
corrugated bottom wall) enshrining two baffles and NEPCMs. Owing to 
the above-mentioned advantages and taking into mind the research gap, 
the authors of the present study aim to examine the NC of magnetic 
NEPCMs within a U-shaped enclosure with the bottom as triangular 
wavy corrugated wall structure, comprising two cold baffles of variable 
length. The outcomes of this study are beneficial for the thermal design 
of electronic apparatus and for the design and optimization of numerous 
thermal engineering problems. In the present work, FEM may be 
implemented to simulate the associated governing equations. The effects 
of the magnetic field, Rayleigh number, height of corrugation, and 
baffles of variable length on the flow pattern and HT features are taken 
into consideration. The novelties of the present study are: 

• U-shaped enclosure featured with the bottom as triangular corru-
gated wall structure subject to natural convection of NEPCM.  

• U-shaped enclosure embedding two cold baffles of variable length 
subject to natural convection of NEPCM.  

• Corrugated walls may be under a stable heat flux owing to sunlight 
supplied from a reflector of a parabolic trough solar collector (PTSC). 

2. Governing equations 

Natural convection of magnetic NEPCMs within a U-shaped enclo-
sure equipped with two baffles is analyzed. The length of the baffles (l) is 
considered to be variable, and the structure of the bottom triangular 
wavy corrugated wall of the enclosure may vary according to its height 
(b) while its length (a) is assumed to be constant a = L/4. This corru-
gated wall may well be under a stable heat flux owing to the sunlight 
supplied from a reflector of a PTSC (Fig. 1). The fluid may be laminar, 
incompressible, and Newtonian and viscous dissipation and chemical 
reactions are disregarded. Considering these facts as well as Boussinesq 
theory, the governing equations could be declared as (Selimefendigil 
and Oztop [31], Hamzah et al. [32], Maa et al. [33], Ghalambaz et al. 
[36]): 

∂u
∂x

+
∂v
∂y

= 0 (1)  

ρb

(

u
∂u
∂x

+ v
∂u
∂y

)

= −
∂p
∂x

+ μb

(
∂2u
∂x2 +

∂2u
∂y2

)

+B2
0δb[vcos(Γ)sin(Γ) − usin(Γ)sin(Γ) ]

(2)  

ρb

(

u
∂v
∂x

+ v
∂v
∂y

)

= −
∂p
∂y

+ μb

(
∂2v
∂x2 +

∂2v
∂y2

)

+ ρbβbg(T − Tc)

+B2
0δb[ucos(Γ)sin(Γ) − vcos(Γ)cos(Γ) ]

(3)  

(
ρCp

)

b

(

u
∂T
∂x

+ v
∂T
∂y

)

= kb

(
∂2T
∂x2 +

∂2T
∂y2

)

(4) 

Here, (u,v) would be x-y components of velocity, ρb, μb, (ρCp)b, p, kb, 
βb, δb are the density, dynamic viscosity, specific heat capacity, pressure, 
thermal conductivity, thermal expansion coefficient, and electrical 
conductivity of NEPCM suspension respectively, T is the temperature, Tc 
is the temperature at cold wall of the cavity, B0 is the MF strength, g is 
the acceleration owing to gravity, Γ is the angle of inclination, and p is 
the pressure. 

The following parameters should be introduced with the aim of 
obtaining the dimensionless forms of above equations: 

[X,Y] =
[x, y]

L
, θ =

T − Tc

ΔT
, [U,V] =

[u, v]L
αbf

, P =
pL2

ρbf α2
bf

(5)  

here the α would be thermal diffusivity and the subscript bf is for base 
fluid. Considering Eq. (5), the dimensionless forms of the Eqs. (1)–(4) 
could be characterized as: 

[
ρb
/

ρbf
]
(

U
∂U
∂X

+V
∂U
∂Y

)

= −
∂P
∂X

+
[
μb
/

μbf
]
Pr

(
∂2U
∂X2 +

∂2U
∂Y2

)

+
[
δb
/

δbf
]
PrHa2[Vcos(Γ)sin(Γ) − Usin(Γ)sin(Γ) ]

(6)  

Fig. 1. The investigated geometry.  
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[
ρb
/

ρbf
]
(

U
∂V
∂X

+V
∂V
∂Y

)

= −
∂P
∂Y

+
[
μb
/

μbf
]
Pr

(
∂2V
∂X2 +

∂2V
∂Y2

)

+
[
βb
/

βbf
]
RaPrθ

+
[
δb
/

δbf
]
PrHa2[Ucos(Γ)sin(Γ) − Vcos(Γ)cos(Γ) ]

(7)  

[(
ρCp

)

b

/(
ρCp

)

f

](

U
∂θ
∂X

+V
∂θ
∂Y

)

=
[
kb
/

kbf
]
(

∂2θ
∂X2 +

∂2θ
∂Y2

)

(8)  

in which (U,V) may well be the non-dimensional velocities along hori-
zontal and vertical directions, respectively. Furthermore, the Pr, Ha, and 
Ra would be Prandtl, Hartmann, and Rayleigh numbers, respectively 
and P is the non-dimensional pressure. The ratios of density (ρb/ρbf), 
thermal expansion (βb/βbf), viscosity (μb/μbf), electrical (δb/δbf) and 
thermal conductivity (kb/kbf) as well as heat capacity ratio (Cr) could be 
characterized as [36]: 

ρb
/

ρbf = (1 − ϕ)+ϕ
(
ρp
/

ρbf
)

(9)  

βb
/

βbf = (1 − ϕ)+ϕ
(
βp
/

βbf
)

(10)  

μb

/
μbf = (1+Nvϕ) (11)  

δb
/

δbf = (1+Neϕ) (12)  

kb
/

kbf = (1+Ncϕ) (13)  

Cr =
(
ρCp

)

b

/
(
ρCp

)

bf = (1 − ϕ)+ϕλ+
ϕ

ΠSte
f (14)  

where Nv, Ne, and Nc are viscosity, electrical, and conductivity param-
eters, respectively, Ste is the Stefan number, Π is the dimensionless 
parameter of the fusion range, and ϕ is the volume fraction. In addition 
to this f indicates the dimensionless fusion function expressed as [36]: 

f = (π/2)sin
(π

Π

(Π
2
+ θ − θf

))
×

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 θ < θf −
Π
2

1 θf −
Π
2
< θ < θf +

Π
2

0 θ > θf +
Π
2

(15)  

where θf displays non-dimensional fusion temperature. The boundary 

conditions of this paper may be assumed as follows: 

Adiabatic surfaces ∂θ/∂n = 0
Corrugated surface ∂θ/∂n = − 1

Cold walls and baffles θ = 0
All surfaces Ψ = 0

(16) 

Nusselt number on the corrugated surface can be determined as: 

Nuloc. =
kb

kf

1
θ
,Nuave. =

1
S

∫ S

0
Nuloc.ds (17) 

Local and total entropy generation (En) are also analyzed in this 
work which could be characterized as: 

Enlocal =

[
δb

δbf

]

ΛHa2[Usin(Γ) − Vcos(Γ) ]2

+

[
μb

μbf

]

Λ

[

2
(

∂U
∂Y

)2

+ 2
(

∂U
∂X

)2

+

(
∂U
∂X

+
∂U
∂Y

)2
]

+

[
kb

kbf

][(
∂θ
∂Y

)2

+

(
∂θ
∂X

)2
]

(18)  

Entotal =

∫

V
EnlocaldV. (19)  

and consequently, Bejan number (Be) could be determined as: 

Belocal =
Enlocal,HT

Enlocal
(20)  

3. Numerical solution and validation 

To solve the Eqs. (6)–(8) multiple numerical methods could be uti-
lized. In this work, we apply the finite element method (FEM) to gain the 
reliable solutions to such equations. To assess the precision of FEM, a 
comparison with other experimental and numerical published papers 
[37,38] has been conducted, as portrayed in Fig. 2, which proves the 
accuracy of the applied approach. 

4. Results and discussion 

The present study investigates the NC of magneto-NEPCMs within a 
U-shaped enclosure with bottom as triangular wavy corrugated wall 
structure and comprising two cold baffles of variable length. Of the as-
pects of the exploration of the flow pattern and HT characteristics, 
impact of diverse parameters i.e., Hartmann number (Ha), dimension-
less fusion temperature (θf), the length of baffles (l), the height of the 
corrugated wall (b), and Rayleigh number (Ra) on heat capacity ratio 
(Cr), isotherms, stream functions, vertical and horizontal velocities (V, 
U), Bejan and Nusselt numbers (Be, Nu) subject to the magnetic NC of 
NEPCMs in the entire U-shaped enclosure embodied with two baffles has 
been emphasized. The range of physical parameters chosen in the pre-
sent study would be 1 ≤ ϕ ≤ 5%,104 ≤ Ra ≤ 105,0 ≤ Ha ≤ 20,0.1L ≤ l ≤
0.3L,0.1L ≤ b ≤ 0.2L, 0.1 ≤ θf ≤ 0.4 where L is the height of the 
enclosure. 

Let us start with the discussion from Fig. 3 which reveals the influ-
ence of Ha and Ra on Cr, isotherms, and stream functions with ϕ = 5 %, l 
= 0.2 L. Nevertheless, with the non-appearance or appearance of mag-
netic field (Ha = 0orHa ∕= 0), streamlines are strongly dependent on the 
Ra in the sense that they get strengthened owing to rise in Ra. As is 
visualised in Fig. 3, for Ha = 0, |Ψmax|Ra=104 

= 0.0836357 <

|Ψmax|Ra=5×104 
= 0.602206 < |Ψmax|Ra=105 

= 1.77382. In truth, |Ψ|max 
related to strength of natural convection may be dependent on Ra. This 
indicates the NC properties of NEPCMs possess a direct relation with Ra. 
The bottom corrugated surface of U-shaped domain gets heated due to 
solar radiation from the arranged system. The fluid heated by bottom 
corrugated hot wall rises along left adiabatic wall and arrives at top cold 

Fig. 2. Numerical [37] and experimental outcomes [38] against the results of 
this paper. 
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Fig. 3. Isotherms, streamlines, and Cr for varied Ra and Ha (ϕ = 5 %, l = 0.2 L).  
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Fig. 4. Velocities for varied Ra and Ha (ϕ = 5 %, l = 0.2 L).  
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Fig. 5. Isotherms, streamlines, and Cr for varied Ra and l (ϕ = 5 %, Ha = 0).  
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Fig. 6. Velocities for varied Ra and l (ϕ = 5 %, Ha = 0).  
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Fig. 7. Isotherms, streamlines, and Cr for varied Ra and b (ϕ = 5 %, Ha = 0).  
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Fig. 8. Velocities for varied Ra and b (ϕ = 5 %, Ha = 0).  
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wall and then descends downward along rib (concave wall) and arrives 
at left lower hot end there by inducing a circulation cell in the left side of 
the U-shaped cavity. Further, the hot fluid following along the right 
adiabatic wall and reaching top cold wall and then down falling along 
the wall of the concave of the cavity and then arriving at right lower hot 
end there by induces another circulation cell which rotates in opposite 
direction. Irrespective of Ha(Ha = 0 orHa ∕= 0orHa = 0,10,20), 
amplifying Ra may lead buoyancy force to boost that consequently 
amplifies the power of natural convection thereby produces a fast mo-
tion of the liquid in the branches than the region within the baffles. 
Consequently, the density of the streamlines gets upsurged at left and 

right recirculation cells compared to that within the baffles with gradual 
improvement of Ra. Consequently, rotation speed of cells enhances and 
the core of the recirculations progresses upwind. This is evident by 
comparing the maximum flow function at the centre of the cells. It 
should be mentioned here that each rotational cell is educed from 
temperature gradient across the sector of U-shaped enclosure. More 
elaborately, the flow pattern exhibits two counterclockwise and clock-
wise vortices in the left and right branches of the U-shaped cavity due to 
the existence of two baffles. The liquid near the down corrugated surface 
is hot and therefore the temperature discrepancy yields buoyancy force 
that leads the fluid to raise in the enclosure. Owing to the prevention 

Fig. 9. Cr for varied Ra and θf.  
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from the baffle to the liquid motion, four recirculation areas may be 
developed (two on left and right branches of the cavity and remaining 
two are within the gap between two existing baffles). In this scenario, 
two significant and stronger vertices of opposite rotating directions are 

produced in the flow zone on the right and left sides of U-shaped cavity. 
In addition, two weaker vertices are produced in the region between two 
existing baffles. The shape of the vertex cores is an ellipse. However, the 
schematic of streamline does not alter when Ra alters from 104 to 5×104 

Fig. 10. Belocal for varied Ra, l, and Ha (ϕ = 5 %).  
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and 5×104to 105. With the aim of administering the natural convection, 
magnetic field has been foisted into the cavity. Magnetic field maintains 
a straight relation with the strength of natural convection. Hence, 
implemented magnetic field (Ha ∕= 0) accounts for a sluggish motion of 
liquid (magnitude of stream function and power of the vortices de-
teriorates) within the U-shaped cavity with the baffles remain intact in 
their positions. Referring to Fig. 3, it's visualised as |Ψmax|Ha=0 =

0.0836357 > |Ψmax|Ha=10 = 0.0782506 > |Ψmax|Ha=20 = 0.0700216 for 
Ra = 104. Identical trend could be envisaged for Ra = 5 × 104 and 105. It 
implicates MF could be employed as an administrating factor for the 
process of fluid flow. In the dearth/attendance of MF, four vertices 
might be generated (two on two end sides and two within two baffles) 
inside the U-shaped cavity at low as well as high Ra. The creation of 
vertices might be owing to the density discrepancy within the cavity that 
is owing to the discrepancy in temperature near bottom corrugated hot 
wall and the top region of cavity. The profiles of isotherms are presented 
in the second, fifth and eighth columns of Fig. 3. It is conveyed that at 
low Ra (=104), regular isotherms (isotherms having no significant 
perturbation) are attained. This regular shape is due to the geometry 
(corrugated feature of the bottom wall) of the U-shaped cavity. In fact, 
conduction is the prime mechanism of heat transfer associated with such 
Ra numbers. When Ra upsurges, the buoyancy force gets augmented 
leading to natural convection as the dominant heat transmission 
mechanism. Further, with rise in Ra, density of isotherms near the down 
side of the baffle i.e., near the hot wall enhances implicating the 

augmentation of HT from the bottom hot wall signifying that most of the 
HT is emerged by heat conduction. By increasing Ra from Ra = 104 to 
Ra = 5 × 104, isotherms get marginally changed and become more 
crowded towards to the cold rib. The discrepancy of isothermal lines 
among two values of Ra i.e. 5 × 104 and 105 is prominent. At higher Ra, 
isotherms contiguous to the hot corrugated wall get bent, and they 
strictly pursue the geometry profile of the baffles and the structure of the 
cold rib at the proximity of the cold rib. Generally, they get more bent 
(more twisting) with wavy behavior subject to amplifying the Ra that 
causes to the intensification of the buoyancy force and augmentation of 
the HT. Further, diminution of thermal boundary layer thickness is 
developed from the generated enhanced buoyancy forces acting on the 
NEPCMs (i.e., due to the amplification of Ra). Such enhanced buoyancy 
forces boost the movement of NEPCMs and ultimately lifts up the con-
vection HT. It may be also seen that isotherms attain more irregular 
shape with amplifying Ra. The rudimentary cause behind such outcome 
is that increase in Ra leads to the deformation of the isotherms more 
noticeable and the mechanism of HT is moderately transferred to NC. 
The isotherms exhibit steep temperature gradient adjacent to the hot 
corrugated bottom wall. These temperature gradients are responsible for 
establishing and maintaining the natural convection flow within the 
cavity. It may be captivating to note the ripple shape of isotherms is due 
to the corrugated feature of the down wall of the U-shaped cavity. As Ha 
rises, the generated Lorentz force leads to the sluggish movement of the 
NEPCMs. Consequently, such materials spend more time in the hot 

Fig. 11. Nulocfor varied Ra, l, and Ha (ϕ = 5 %).  
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region of the cavity thereby yielding denser isotherms. As a result, heat 
transfer rate whittles down. In such environment, natural convection 
heat transfer dominates over the heat conduction. One can declare from 
the observations that the strength of flow becomes feeble with the rise in 
Ha. This is due to the insufficient space to drive the NEPCMs though they 
are subject to the buoyancy effects. Heat capacity ratio (Cr) in Fig. 3 
shows regular ripple shape (due to the corrugated wall of the cavity) 
about the fusion zone for lower Ra and a disordered form at higher Ra. 
The capacity ratio inside the fusion zone (but outside the fusion area 
attains a fixed value 0.97) varies without regard to the amounts of Ra. 
The red zone formed in the Cr picture of Fig. 3 portrays the phase 
alteration part where nano encapsulated materials encounter phase 
alteration in their capsules and thereafter the phase change approxi-
mates to the cold boundaries. The ripple shape of the phase change zone 
may be extremely thin owing to large and uniform temperature gradi-
ents. At every values of Ra, fusion zone remains above the corrugated 
bottom wall and beneath the baffles and prevails in the narrow regions 
particularly at higher Ra. However, at larger Ra, amplified fusion region 
is the result. 

Fig. 4 delineates the effectiveness of diverse Ra on U and V respec-
tively in the dearth/attendance of magnetic field. For Ha = 0, they boost 
with raise in Ra i.e., |Umax|Ra=104 

= 0.477814 < |Umax|Ra=5×104 
=

3.9137 < |Umax|Ra=105 
= 12.2925 and |Vmax|Ra=104 

= 0.956989 < | 
Vmax|Ra=5×104 

= 6.61116 < |Vmax|Ra=105 
= 19.0561. In detail, with Ha =

0 at Ra = 104, 5 × 104, 105, six vortices are formed for horizontal ve-
locity. Two big vortices appear at an upper portion of the narrow sides of 
the enclosure and the remaining two at two ends of the corrugated wall. 
Plus, two vertices are developed in the region between two existing 
baffles. It is envisaged that with the growth of Ra, absolute horizontal 
velocity (|Umax|) appearing in the form of irregular contours augments 
(because of greater buoyancy due to high Ra) indicating more pene-
tration of NEPCMs into the narrow regions in the two branches of the 
cavity. However, regarding the vertical velocity, with Ha = 0 at Ra =
104, 5 × 104, 105, five vortices are created two each in the left hand and 
right hand cold wings of the domain and one within the area among two 
existing baffles. Same ascending trend has been visualised for absolute 
vertical velocity (|Vmax| ) as is seen in case of absolute horizontal ve-
locity (|Umax| ). On the other hand, for Ha ∕= 0, the absolute values of U 
and V peter out significantly with the diverse amounts of Ra. For 
instance, at Ra = 5 × 104growth in Ha takes the edge of U and V. More 
clearly, it is evident from the mathematical relation, |Umax|Ha=0 =

3.9137 > |Umax|Ha=10 = 3.46901 > |Umax|Ha=20 = 2.72544 and | 

Vmax|Ha=0 = 6.61116 > |Vmax|Ha=10 = 6.22359 > |Vmax|Ha=20 = 5.35487 
for Ra = 5 × 104. In the existing configuration, multi re-circulation zones 
are developed and get quenched because of MF. 

In above velocity scenario, with boosting Ra, velocities intensify 
owing to growth in natural convective forces. In fact, amplifying Ra from 
104 to 5 × 104 or 5 × 104 to 105, could upgrade the thermal gradient and 
this upgradation is responsible for the amplification in velocity gradi-
ent's value. As a consequence, the absolute values of V and U get 
elevated. At higher Ra, fluid educes more heat from bottom corrugated 
wall and it gets transported to cold surface as well as existing baffles and 
therefore more significant heat exchange among bottom corrugated hot 
wall, cold side walls, and NEPCM (fluid). Consequently, this upgraded 
temperature discrepancy leading to more buoyancy yields a remarkable 
intensification in V and U. Therefore, it could be ensured growth in 
magnetic field edges out buoyancy force thereby belittling V and U. 

The variations of θ, streamlines and Cr for different l (length of the 
baffles) and Rayleigh number Ra at ϕ=5% and Ha = 0 are manifested in 
Fig. 5. At fixed l, amplifying Ra yields the denser streamlines. 
Evidently,|Ψmax|Ra=104 

= 0.0947715 < |Ψmax|Ra=5×104 
= 1.45918 <

|Ψmax|Ra=105 
= 3.0474. In fact, rise in Ra produces greater buoyancy 

leading to greater penetration/more upward convection of NEPCMs into 
narrow regions on the two branches of the cavity. The buoyancy is 
owing to the temperature discrepancy between bottom corrugated hot 
wall and the top cold surfaces of the cavity. In this case, irregularly 
shaped, gradually denser and oppositely directed (one in clockwise and 
the other in counter clockwise) streamline contours are generated. One 
peculiar aspect is noticed here that there is no generation of streamline 
contours (no circulations) in the region between two existing baffles. 
This is due to the insignificant impact of the baffles (because of their 
very small length, l = 0.1L). In addition, similar patterns of streamlines 
appear in the existing narrow regions bounded between the upper cold 
surfaces and the lower corrugated hot surface. On the other hand, when l 
grows, streamlines' intensity whittle down (vortices get squeezed). The 
liquid motion in the domain is harnessed, and the longer baffle could 
affect the flow of NEPCMs more significantly without affecting the 
overall flow pattern. For example, |Ψmax|l=0.1L = 0.0947715 >

|Ψmax|l=0.2L = 0.0836357 > |Ψmax|l=0.3L = 0.0750113 for fixed Ra = 104. 
However, this descending trend is prominent for greater Ra at fixed l. 
Oppositely directed and irregular shaped circulations appear in two 
narrow regions/branches extending to bottom corrugated wall of the 
cavity. More remarkably, two additional small circulations appear in the 
well known area within the baffles (owing to their appreciable length). 
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Fig. 12. Nulocfor varied b and Ra (ϕ = 5 % and Ha = 0).  
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As far as isotherms are concerned, at low Ra (for instance, Ra = 104) 
regular (ripple shaped) isotherms appear in the prime portion of the 
cavity (the zone contiguous to the bottom hot surface and extends to the 
region near the foot of the baffles). Such wavy shaped isotherms are due 
to the corrugated feature of the bottom wall. Such formation of iso-
therms may be because of the dominant conduction mechanism of heat 
transfer. In addition, isotherms of feeble intensity (due to weakening of 
conduction) appear in the two narrow regions of the cavity. Further, 

very few isotherms of less intensity are generated in the region between 
two existing baffles. When Ra upsurges, the buoyancy force becoming 
intense makes natural convection as dominant heat transfer mechanism. 
In fact, at higher Ra, isotherms become crowded adjacent to the hot 
corrugated wall implicating the upgradation of HT from the bottom hot 
wall. Consequently, TBLT diminishes. That is to understand, the tem-
perature gradient contiguous to the hot corrugated surface lifts up with 
the mount of Ra. It is also seen that isotherms of more irregular shape are 

Fig. 13. Nuavefor varied l, b, Ra, θf, and Ha (ϕ = 5 %).  
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developed with growth in Ra. It is visualised that at Ra = 104, for any l, 
the isotherms strictly pursue the geometry form of the baffle, but not the 
cold rib. However, at Ra = 5 × 104, 105, isotherms take the form of the 
composition of the baffles and cold rib. Further, growth inltakes a lead 
role in shifting the convection (the prevailing mechanism of HT) to the 
reinforced conduction and thereby exhibits the diminution of HT rate. 
This may be because of the edge out of NC with increasing l(l =
0.1L,0.2L,0.3L). It is clearly understood from the figure that amplifying 
the length of baffle enables the isothermal lines move towards the 
corrugated hot bottom surface. At low Ra, regular ripple shaped Cr ap-
pears in the part below the baffles and the hot corrugated wall for all l. 
However, mounting Ra produces Cr of disordered shape. The phase 
change area (red region) enhances gradually with amplifying Ra. At low 
Ra, Cr picture has been accommodated in the part below the baffles and 
above the corrugated wall, however, such picture somehow intrudes 
into the narrow regions of the cavity at larger Ra(Ra = 5 × 104,105) and 
at each l(l = 0.1L,0.2L,0.3L). At each Ra (low/high) and l (low/high 
multiples of L), Cr outside the fusion zone attains a constant value 0.97. 

The U and V contours for varied Ra and l with ϕ = 5% and Ha =
0 may be displayed in Fig. 6. At low Ra(Ra = 104) and low l(l = 0.1L), 
four circulations give rise to four U-contours inside the cavity. Two U- 
contours are formed at left and right corners near the corrugated wall 
while the other two U-contours are created in the two branches 
(covering the region from top cold wall to the feet of the baffles) of the 
cavity. However, at Ra = 104 and l = 0.2L, the scenario somewhat 
changes. In addition to four U-contours (in case of Ra = 104 and l =
0.2L), two more U-contours are formed in the area between two baffles. 
Exactly the same number of U-circulations are the outcomes for Ra = 104 

and l = 0.3L. It is well understood from the above analysis that with 
growing the length of the baffle (i.e., when l increases), number of U- 
contours enhance, but with the diminution of ∣Umax∣. Evidently, | 
Umax|l=0.1L = 0.59361 > |Umax|l=0.2L = 0.477814 > |Umax|l=0.3L =

0.429192 forRa = 104. Let us now discuss about vertical velocity vari-
ations and the nature of the associated contours (V-contours) with rise in 
l, but at low Ra(Ra = 104). At low Ra(Ra = 104) and low l(l = 0.1L), three 
V-contours are developed in two branches of the cavity. Two V-contours 
are formed, one at extreme left of the left branch (adjacent to the left 
adiabatic wall) while the other one at the extreme right of the right 
branch (adjacent to the right adiabatic wall). The associated circulations 
are in opposite directions (left extreme V-contour is in clockwise di-
rection while the right extreme V-contour is in counter clockwise di-
rection). In addition, the third V-contour of irregular shape covering the 
left and right branches of the cavity and the central region between the 
corrugated wall and the baffles is developed. As l enhances (butatRa =
104), V diminishes featured with five V-contours. Two V-contours are 
formed inside the left branch and other two are created inside the right 
branch of the cavity. These four V-contours enshrine the fifth V-contour 
existing between two baffles. Exactly, similarly pattern of V-contours 
with diminution of V are obtained at low Ra(Ra = 104) and high l(l =
0.3L). In all these three cases, the directions of V-contours in the left and 
right branches are opposite to each other (two circulations in the left 
branch are in clockwise direction while two circulations in the right 
branch are in counter clockwise directions). It is well interpreted from 
the above discussion that as lenhances (even at low Ra,Ra = 104), ab-
solute value of V belittles. Evidently,|Vmax|l=0.1L = 1.01081 > | 

Vmax|l=0.2L = 0.956989 > |Vmax|l=0.3L = 0.849228. Further, when 
Raamplifies (even at low l), U-velocity grows and exhibits pattern with 
six U-contours (two at the part adjacent to top cold wall, two at the 
region just beneath of two baffles and the remaining two are in the zone 
contiguous to the bottom corrugated wall) inside the domain. Owing to 
this, we have |Umax|Ra=104 

= 0.59361 < |Umax|Ra=5×104 
= 10.889 < | 

Umax|Ra=105 
= 23.775 for l = 0.1L. Similar U-velocity contours and the 

associated ascending tendency (∣Umax∣enhances) is attained with rising 
Ra of l. In such case, |Vmax|Ra=104 

= 0.955089 < |Vmax|Ra=5×104 
=

6.61116 < |Vmax|Ra=105 
= 19.0561 for l = 0.2L. 

Fig. 7 represents the Cr, Ψ, and θ variations for variant height b of the 
triangular wavy corrugated wall and different Ra. When the height of 
the corrugated wall b and Ra are low (i.e. b = 0.1L, Ra = 104), two 
circulations for streamlines are formed (one in each narrow region of the 
cavity). These are in opposite directions (circulations in the left branch 
are in clockwise directions while that in right branch are in counter 
clock wise directions). Such circulations are due to the buoyancy that is 
due to the temperature difference between the bottom triangular wavy 
corrugated hot wall and the top cold wall of the cavity. In addition, two 
other circulations are formed in the region between two existing baffles. 
However, at low Ra(Ra = 104) and amplifying the height of corrugation 
b(b = 0.15L,0.2L), streamlines become dense indicating more penetra-
tion of NEPCMs into the narrow regions as well as the region between 
two existing baffles. In fact, rise in the height of corrugation b enables 
the wall to absorb more solar light and therefore becomes hotter. As a 
consequence, buoyancy would be intensified. This gives rise to more 
penetration of NEPCMs into the narrow regions of the cavity. Evidently, 
|Ψmax|b=0.1L = 0.0685486 < |Ψmax|b=0.15L = 0.0836357 < |Ψmax|b=0.2L 

= 0.095318 for Ra = 104. On the other hand, when Ra increases from Ra 
= 104 to Ra = 5 × 104, streamlines upsurge (∣ψmax ∣ = 0.0685486 to 
∣ψmax ∣ = 0.57668) featured with four symmetric contours. When Ra 
enhances from Ra = 5 × 104 to Ra = 105streamlines elevate (to ∣ψmax ∣ =
0.57668 to ∣ψmax ∣ = 1.90835) featured with two contours and existing in 
the narrow region extending up to left and right part of the bottom 
corrugated wall (in this situation, no circulations exist within the baf-
fles). From the above discussion it is seen that streamlines get intensified 
due to the amplification of Ra at each suitable value of b(b =
0.1L,0.15L,0.2L). For instance, we may visualize: |Ψmax|Ra=104 

=

0.0685486 < |Ψmax|Ra=5×104 
= 0.57668 < |Ψmax|Ra=105 

= 1.90835 for b 
= 0.1L. As far as isotherms are concerned, at low Ra, regular wavy 
shaped isotherms and at high Ra, more intense irregular shaped iso-
therms are formed. Rise in b yields diminishing HTR at both low and 
high Ra. Wavy Cr and irregular shaped Cr appear at low and at high 
values of Ra respectively. Amplifying Ra is responsible for the 
augmentation of phase change area (red region) whatever the height of 
the corrugated wall may be. As before, Cr gains a fixed amount 0.97 
outside the fusion zone at low/high amounts of Ra or b. 

Fig. 8 explains in detail the manner ofVand U for varied Ra and b for 
ϕ = 5% and Ha = 0. Initially at low Ra (Ra = 104) and low b (b = 0.1L), 
U-contours featured with six circulations appear inside the cavity. Two 
circulations of opposite directions appear at left and right corners of the 
corrugated wall. Other two circulations appear at left and right narrow 
regions and extend up to the region just below the two baffles. The 
remaining two U-contours may be formed in the area between two 
baffles. When Ra enhances (Ra = 104 toRa = 5 × 104) intensification of 
U takes place (|U|max = 0.358268 to|U|max = 3.67056). When Ra in-
creases further (Ra = 5 × 104 toRa = 105), amplification of U is the 
result. However, the rate of enhancement is significantly greater than 
the earlier (|U|max = 3.67056 to|U|max = 12.9273). It is here to be 
noticed that no U-contours appear in the region between two baffles at 
high Ra(Ra = 105) even at low b. At low Ra(Ra = 104), amplifying the 
height of corrugation b(b = 0.1L,0.15L,0.2L) effectuates the intensifi-
cation of horizontal velocity. Evidently, |Ψmax|b=0.1L = 0.358268 <
|Ψmax|b=0.15L = 0.477814 < |Ψmax|b=0.2L = 0.592658 for Ra = 104. At 
each value of b, we observe the same number of U-contours being 
accommodated in the left and right corners, two narrow regions, and the 

Table 1 
Nuave.'s variation with ϕfor Ra = 105.  

Ha ϕ(%) Nuave.  

0  
1  2.0565  
3  2.1759  
5  2.2873  

20  
1  1.6056  
3  2.0472  
5  2.1639  
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region inside the baffles of the cavity. When we come to discuss the 
behavior of the vertical velocity, V for different Ra and b, it may well be 
interesting to express that the same pattern of V-contours is obtained 
irrespective the value of Ra (low/high) and b (low/high). In fact, low b 
(b = 0.1L), causes to enhance V efficaciously featured with the same 
pattern of circulations. Two clockwise directed V-contours in the left 
narrow region, and two counter-clockwise directed V-contours in the 
right narrow region along with one V-contour in the region between 
baffles, are developed for each value of Ra. The visualization of the 
desired enhancement is evident from the fact: |Vmax|Ra=104 

= 0.779908 
< |Vmax|Ra=5×104 

= 5.96196 < |Vmax|Ra=105 
= 18.8913 for l = 0.1L. On 

the other hand, at fixed Ra (for instance, at Ra = 5 × 104), growth in b (b 
= 0.1L,0.15L,0.2L) produces effectually the intensification of V which is 
noticed as |Vmax|b=0.1L = 5.96196 < |Vmax|b=0.15L = 6.61116 < | 
Vmax|b=0.2L = 7.60079 with same flow pattern irrespective the value of b. 

The elegant pictures of Fig. 9 manifest the alteration of Cr for varying 
Ra and θf. At low Ra(Ra = 104) and low θf(θf = 0.1), a wavy-shaped 
fusion region is formed. Width of fusion region grows from baffles to 
each narrow region and in the region between two baffles. An increase in 
Ra is effectual for the growth of the fusion area and this fusion area 
becomes maximum at top cold walls in the two branches of the cavity. 
However, the widths of the fusion region remain the same inside the 
baffles. On the other hand, at fixed Ra, a rise in θf(θf = 0.1,0.2,0.3,0.4) 
diminishes the width of fusion region. Further, the fusion region shifts 
towards the corrugated wall with a rise in θf. It might be important to 
express that Cr gains a fixed amount 0.97 outside the fusion zone 
whatever the value of Ra and θf may be. 

Fig. 10 works out the consequences of Beloc for diverse values of Ra, l, 
Ha when ϕ = 5%. The first and second rows demonstrate the variations 
of Beloc for l = 0.1L for different Ra in the loss as well as the presence of 
magnetic field. For baffles of low length (l = 0.1L), amplifying Ra (Ra =
104,5 × 104,105) leads to the diminution of Beloc in both loss and 
presence of magnetic field (Ha = 0 & Ha = 20). At each Ra, Beloc is lower 
at the top left and right corners extending downwards along adiabatic 
walls of the left and right branches of the cavity. However, Beloc attains 
higher value in the rest of the region inside the cavity. Plus, at certain Ra 
(i.e. Ra = 5 × 104) for baffles of low length (l = 0.1L), rise in Ha whittles 
down Beloc. The third and fourth rows of Fig. 10 illustrate the impact of 
Ra and Ha on Beloc. With moderate length of the baffles (l = 0.2L), rise in 
Ra yields efficacious results indicating the reduction of Beloc in the entire 
flow domain under the non-influence/influence of MF (Ha = 0 & Ha =
20). At low Ra(Ra = 104) and with baffles of moderate length (l = 0.2L), 
rise in Ha augments Beloc (highlighted with red patches) inside the 
cavity. However, in the same environment, rise in Ha peters out Beloc 
(highlighted with green and blue patches) at the top left corner of the left 
branch and top right corner of the right branch of the cavity. However, 
at moderate Ra(Ra = 5 × 104) with baffles of moderate length (l = 0.2L), 
rise in Ha does not yield a significant change in Beloc existing in the 
region extending from bottom corrugated wall to the baffles and 
covering larger portions of the narrow regions of the cavity. But that of 
Ha belittles Beloc in the top left and top right corners of the left and right 
branches respectively. At high Ra(Ra = 105) but with baffles of mod-
erate length (l = 0.2L), rise in Ha does not contribute any significant 
change in Beloc as in the previous case. However, Beloc enhances 
marginally for rise in Ha at the left/right top corners of left/right narrow 
regions of the cavity. For the baffles of moderate length (l = 0.2L), 
growth of Ra from Ra = 104 to105 , Beloc decays for both Ha = 0 & Ha =
20. Same result is attained for Beloc for growth of Ra from Ra = 5 ×
104 to105 in the entire flow domain within the cavity in both cases (Ha 
= 0 & Ha = 20). The fifth and sixth rows of Fig. 10 reveal the behavior of 
Beloc for variant Ra and Ha with baffles of higher length(l = 0.3L). Hike 
in Ra leads to the diminution of Beloc for Ha = 0 & Ha = 20 in the 
presence of baffles of length l = 0.3L. However, at fixed but low Ra(Ra =
104), increment in Ha ebbs Beloc in the entire flow regime inside the 
cavity. At moderate Ra(Ra = 5 × 104)Belochighlighted with red patch 
does not undergo any change with rise in Ha, but Beloc highlighted with 

green and blue patches reduces with that of Ha. At high Ra(Ra = 105), 
hike in Ha yields no change inBeloc in the entire flow domain of NEPCMs 
in the cavity. 

The distribution of Nulocal for different Ra(Ra = 104,105), Ha(Ha =
0,20) and l(l = 0.1L,0.2L,0.3L) with ϕ = 5% against any S is embodied 
in Fig. 11. It is seen that the outline of Nulocal on the hot corrugated 
surface is symmetry with reference to the horizontal centre line, and it 
may be the form of the triangular wavy corrugated bottom surface of the 
U-shaped enclosure. It is elicited from the figure that rise in the length of 
the baffles (l = 0.1L,0.2L,0.3L) elevates Nulocal for low Ra(Ra = 104) and 
high Ra(Ra = 105) in the loss or presence of MF(Ha = 0 & Ha = 20). Such 
prominent Nulocal variation expresses the dominance of conductive HT 
rate over the convective HT rate. This figure gives form to the variation 
of Nulocal against any S for different Ha. Amplifying Ha does not yield any 
change in Nulocal against S irrespective the values of Ra. Besides, rise in 
Ra lifts up Nulocal against any S and the shape of the outline of Nulocal 
changes more significantly. The efficacy of such elevation of Nulocal is 
due to the greater temperature gradient which is emanated from the 
increasing values of Ra. Moreover, with high Ra, the initially prevalent 
conduction mechanism is converted into convection mechanism and 
therefore, the NEPCMs in the cavity are perturbed strongly by the 
dominant convection mechanism giving rise to the desired significant 
HT intensification. 

Fig. 12 elicits the effectiveness of the influence of Ra and b on Nulocal 
against S. This figure elucidates that rise in the height of the corrugation 
b(b = 0.1L,0.15L,0.2L) emaciates Nulocal against S. Further, amplifying 
Ra(Ra = 104,105) yields intensification of Nulocal regardless of b. Here 
also Nulocal appears in the form of triangular wavy shape which is due to 
the feature of triangular wavy corrugated bottom wall of the cavity. The 
first row of Fig. 13 draws out the information regarding the variation of 
Nuave for diverse Ra (Ra = 104,5 × 104,105) and Ha(Ha = 0,20) against l 
(length of the baffles). At low Ra (Ra = 5 × 104), Nuave lifts up when l 
grows and attains a maximal value as (Nuave)max = 2 at l = 0.2 in the 
dearth of MF (Ha = 0). This is because when Ha = 0, the cells exhibits 
strong rotation under the influence of NC. Amplifying Ha grows the 
suppression force, that resists the convection currents thereby enhances 
the contribution of the conduction mechanism in HT, which in turn 
belittles the Nuave. When l grows further, Nuave upsurges sharply and 
attains the maximal value as (Nuave)max = 2.6 forHa = 0. However, under 
MF (Ha = 20), Nuave gets emaciated compared to that for Ha = 0 in the 
range 0.1 ≤ l < 0.2. In this range Nuave intensifies as l grows. Further, 
Nuave exhibits marginal variation for the rise in Ha when l grows in the 
range 0.2 ≤ l ≤ 0.3. When Ra amplifies (Ra = 5 × 104 to105), Nuave 
intensifies non-monotonically for Ha = 0 and Ha = 20 in the entire range 
of l(0.1 ≤ l ≤ 0.3). Elaborately, it can be explored that Nuave augments as 
l grows in the entire range 0.1 ≤ l ≤ 0.3 for both Ha = 0 and Ha = 20. But 
rise of Ha from Ha = 0 to Ha = 20 yields emaciation of Nuave (prominent 
in the range 0.1 ≤ l < 0.2 and marginal in the range 0.2 ≤ l ≤ 0.3. The 
second row of Fig. 13 explains the behavior of Nuave for different Ra and 
Ha against any b (height of the corrugation). At low Ra(Ra = 5 × 104), as 
b grows Nuave peters out, however, marginally in both the range 0.1 ≤ b 
< 0.15 and 0.15 ≤ b ≤ 0.2 for both Ha = 0 and Ha = 20. When Ha rises 
(Ha = 0 toHa = 20), Nuave whittles down marginally in the entire range 
of b(0.1 ≤ l ≤ 0.2). Further, at high Ra(Ra = 105),Nuave decreases sharply 
with rise in b in the range 0.1 ≤ b < 0.15 and decreases more sharply 
thereafter in the range 0.15 ≤ b ≤ 0.2 for Ha = 0. However, for Ha = 20, 
Nuave declines smoothly for mounting b in the entire range 0.1 ≤ b ≤ 0.2. 
Interestingly, when Ra grows (Ra = 5 × 104 to105),Nuave intensifies 
significantly against any b in the entire range 0.1 ≤ b ≤ 0.2 for Ha =
0 and Ha = 20. This is clear from the fact that the dominating conduction 
mechanism alters to convection one at higher Ra. In fact, amplifying Ra 
brings out greater buoyancy force thereby perturbs the NEPCMs strongly 
inside the U-shaped enclosure by overcoming the viscous forces owing to 
the overcoming convection mechanism. The third row of Fig. 13 imparts 
the Nuave for varied Ra, Ha and θf when ϕ = 5%. At low Ra(Ra = 5 ×
104),Nuave upsurges slowly with raise in θf in the range 0.1 ≤ θf < 0.2 for 
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Ha = 0. Further, amplifying θf in the range 0.2 ≤ θf < 0.3 yields a sharp 
enhancement of Nuave for Ha = 0. When θf grows further in the range 0.3 
≤ θf ≤ 0.4, Nuave gets very sharp intensification for Ha = 0. However, 
growth of Ha contributes smooth enhancement of Nuave in the range 0.1 
≤ θf < 0.3 and slightly sharp enhancement of Nuave in the range 0.3 ≤ θf 
≤ 0.4 under the impact of MF (Ha = 20). At high Ra(Ra = 105),Nuave 
escalates sharply with amplifying θf in the range 0.1 ≤ θf < 0.2 and then 
elevates slowly with subsequent growth in θf covered in the range 0.2 ≤
θf < 0.3 and 0.3 ≤ θf ≤ 0.4 for Ha = 0. Besides, Nuave upsurges sharply 
with growing θf in the range 0.1 ≤ θf < 0.3 and very slowly in the range 
0.1 ≤ θf ≤ 0.4 for Ha = 20. When Ha hikes (Ha = 0 to Ha = 20), Nuave 
gets diminution in the entire range of θf(0.1 ≤ θf ≤ 0.4) whatever the 
values of Ra may be (low/high). In fact, growth of Ha causes Lorentz 
force enhancement which in turn contributes significant suppression of 
the NC. 

Table 1 enlists the variation of Nuave in relation to varied Ha and ϕ at 
high Ra(Ra = 105). It could be seen that for Ha = 0, increment in ϕ 
contributes to the intensification of Nuave. Exactly same behavior of 
Nuave is appeared for rise in ϕ under the impact of MF (Ha = 20). 
However, at fixed ϕ (say ϕ = 3%) rise in Ha (Ha = 0 to Ha = 20) reduces 
Nuave efficaciously. It is obvious that for higher ϕ the values of the Nuave 
practically increase linearly for NEPCMs. This could be owing to the fact 
that, the inclusion of nanomaterials in a normal liquid augments the 
thermal conductivity that, in turn, enables heat energy transportation 
faster. 

5. Conclusions 

The present article provides encyclopedic information regarding the 
NC flow and HT aspects of magnetic NEPCMs within a U-shaped 
enclosure featured with the triangular wavy corrugated bottom wall and 
holding two cold baffles of variable length. In the present study, a 
triangular wavy corrugated bottom wall and two cold baffles of variable 
length are emplaced so as to enhance heat transfer into PCM. Thereby 
HT improvement speeds up the rate of PCM melting and lessens the 
operating period for PCM-based thermic management. The FEM is the 
appropriate numerical approach to achieving the desired solution. The 
encapsulation of the outcomes of the study is: 

1. Streamlines' intensification is due to a raise in Ra. Counter-
clockwise and clockwise vortices in the left and right branches of 
the U-shaped domain are due to the existence of two baffles.  

2. Increment of Ha may result in the diminution of the power of 
vortices and magnitude of stream function, isotherms, and hori-
zontal and vertical velocities within the U-shaped cavity of wall 
corrugation.  

3. At low Ra, regular isotherms are attained. Isotherms attain more 
irregular shape with amplifying Ra. The isotherms exhibit a steep 
temperature gradient adjacent to the hot corrugated bottom wall. 
Such temperature gradients are responsible for establishing and 
maintaining the natural convection flow within the cavity.  

4. Heat capacity ratio (Cr) within the fusion region varies regardless 
of the values of Ra, but at each Ra (low/high), l (low/high mul-
tiples of L), b (low/high multiples of L),and Cr outside the fusion 
zone gains a fixed amount 0.97.  

5. Growth of Ra yields intensification of absolute horizontal velocity 
(|Umax| )appearing in the form of irregular contours augments. 
Same ascending trend has been visualised for absolute vertical 
velocity (|Vmax| ). For magnetohydrodynamic case (Ha ∕= 0), the 
absolute values of horizontal and vertical velocities peter out 
significantly with the diverse values of Ra.  

6. When l grows, streamlines' intensity whittle down. The liquid 
motion in the domain is restrained, and the longer baffle affects 
the flow of NEPCMs more significantly without affecting the 
overall flow pattern. Amplifying the baffle length enables the 
isothermal lines move towards the corrugated hot bottom wall. 

With growing the length of the baffle (i.e., when l increases), the 
number of U-contours enhance, but with the diminution of ∣Umax∣. 
As l enhances (even at lowRa, Ra = 104), absolute value of V 
belittles.  

7. At low Ra(Ra = 104) and amplifying the height of corrugation b, 
streamlines become dense indicating more penetration of 
NEPCMs into the narrow regions as well as the region between 
two existing baffles. Rise in b yields diminishing heat transfer rate 
at both low and high Ra.Initially at low Ra(Ra = 104) and low b(b 
= 0.1L), two circulations of opposite directions appear at the left 
and right corners of the corrugated wall. At low Ra(Ra = 104), 
amplifying the height of corrugation b effectuates the intensifi-
cation of horizontal velocity. At fixed Ra, growth in b produces 
effectually the intensification of V.  

8. An increase in Ra is effectual for the growth of fusion area and 
this fusion area becomes maximum at the top cold walls in the 
two branches of the cavity. The widths of the fusion region 
remain same inside the baffles. At fixed Ra, rise in θf diminishes 
the width of fusion region.  

9. At fixed Ra, for baffles of low length (l = 0.1L), rise in Ha whittles 
down Beloc. Hike in Ra leads to the diminution of Beloc for Ha = 0 
& Ha = 20 in the presence of baffles of length l = 0.3L.  

10. Rise in the length of the baffles elevates Nulocal for low Ra(Ra =
104) and high Ra(Ra = 105). Amplifying Ha does not yield any 
change in Nulocal against S irrespective the values of Ra. Besides, 
rise in Ra lifts up Nulocal against any S and the shape of the outline 
of Nulocal changes more significantly.  

11. At low Ra,Nuave lifts up when l grows. Rise of Ha from Ha =
0 toHa = 20 yields emaciation of Nuave. At low Ra, as b grows 
Nuave peters out, however, marginally for both Ha = 0 and Ha =
20. When Ha rises Nuave whittles down marginally in the entire 
range of b. Further, at high Ra(Ra = 105), Nuave decreases sharply 
with rise in b. At low RaNuave upsurges slowly with rise in fusion 
temperature. 
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