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A B S T R A C T   

Indeed, C-shaped cavity is a unique feature that invites most favorable applications include cooling of electronic 
devices, design of heat sink devices etc. Double-diffusive natural convection (DDNC) plays a ubiquitous role in 
enormous industrial manufacturing processes. The second law analysis is important so as to explore the role of 
entropy optimization in specific thermal systems. Keeping such relevance in mind, this article is framed to fact- 
find on DDNC impact on fluid flow, heat and mass transfer inside C-shaped enclosure filled with hybrid nanofluid 
and emplacing two wavy baffles. The finite element method is the instrumental to devise a well-defined solution 
of the governing equations. The precise details of the outcomes of the present study are that streamlines intensify 
by 245.64%, 141.65%, 69.77%, 23.91% with rise in buoyancy ratio, Rayleigh number Ra, Lewis number and 
amplitude of wavy baffle respectively while that whittles down by 25.4% with rise in wave number. Stream 
functions of streamlines, velocities, and heat and mass transfer rates intensify for any amplitude of wavy baffles. 
Local Nusselt ameliorates effectively with amplification of Ra. Average entropy is lower and Bejan number at-
tains higher values at low Ra while the opposite result is visualized at high Ra.   

Introduction 

The researchers now and then, in all their interests, have investigated 
the usage of nano-gauged particles (nanoparticles-NPs) in energy net-
works with the aim of upgrading the heat conductivity of energy 
transportation streams via adding a specified concentration of nano-
particles into host streams. Usually, working liquids such as oil, water, 
etc. may be determined because of their low thermic conductivity 
vulnerable to the restriction of their energy transport performances. In 
view of amelioration of the energy transportation features of thermal 
liquids that is to augment the rate of heat transmission via its higher 
thermic conductivity compared to the base liquid. Choi and Eastman[1] 
added metallic nanoparticles possessing greater thermal conductivity 
into ordinary working liquids and named them as nanofluids (NFs). 

Later on, some authors (Das et al. [2], Minkowycz et al. [3]) analyzed 
the efficacy of NPs on diverse liquid models. The most noteworthy 
finding was that adding a fraction of NPs to a working fluid might 
improve its thermal conductivity. High thermal conductivity fluids are 
used in a variety of applications, including refrigeration, pharmaceutical 
processes, geothermal activities etc. [4–6]. Related to this, Aghakhani 
et al. [7] investigated the entropy and convective heat transfer HT of a 
NF inside a tilted zone with radiation and magnetic field MF effects. 
They found the utmost entropy and rate of HT reinforces 3.77 and 2.69 
times by reinforcing Ra from 103 to 105. Plus, elevating Hartman 
number Ha from 0 to 40 causes 68% and 38% diminution of the entropy 
and HT rate respectively. Afrand et al. [8] carried on three dimensional 
investigation of NC within a bevel cylindrical zone including molten 
potassium with MF effect. They observed the influence of axial MF is 
insignificant than transverse MF on mean Nusselt. They also reported 
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when MF is normal to the annulus’s axis, the mean Nusselt peters out up 
to 4.7 with an enhancement in Ha up to 60. Ghasemi et al. [9] studied 
the impact of COOH-MWCNTs on the antifreeze’s thermal conductivity 
utilizing neural network and curve fitting. The findings disclosed that 
the neural network may have a better errorless prediction for the anti-
freeze’s thermal conductivity embodying MWCNTs. Al-Rashed et al. 
[10] examined the entropy of a NF inside a mini-channel heat 
exchanger. Their results portrayed that the NFs with platelet shape NPs 
may possess the greatest rate of frictional, thermal, and entropy pro-
duction. Ranjbarzadeh et al. [11] studied the efficacy of SiO2-GO hybrid 
NPs on rheological treatment of H2O at disparate conditions. They 
declared that the NF’s viscosity treatment may not be dependent on the 
shear rate. 

Suspended nano-particles in working liquids could operate as radi-
ation absorbers, and some ones may also possess antibacterial capabil-
ities. To create multi-purpose nanofluids, several types of nanoparticles 
with varied properties must be mixed together. One sort of nanoparticle, 
for example, enhances energy transmission while another offers anti-
bacterial or absorbent properties. The hybrid NF is the name given to a 
recently produced NF. Hybrid NFs are nanofluids that contain two or 
three different types of nano-sized particles from various sources. 
Hybrid NFs are commonly utilized to improve thermal characteristics, 
energy efficiency, and heat transfer rate, resulting in cost savings. 
Hybrid NFs may be utilized in energy exchange and diverse thermic 
transmission applications for instance heat pipes, solar collectors, mini- 
channel heat sink, heat exchangers, and others (Sajjadi et al. [12], 
Mehryan et al. [13], Huminic and Huminic [14], Sidik et al. [15], Shaw 
et al. [16], and Hakeem et al. [17]). There are a number of significant 
studies on NC inside several shaped cavities enshrining different kinds of 
normal fluids, NFs, and hybrid NFs [18–21]. However, C-shaped cavity 
has most favorable applications include cooling of an electronic chip, 
design of heat sink devices, heat exchangers and many due to its unique 
shape and geometry. In view of such especial importance, numerous 
researchers carried out their studies on C-shaped cavity regarding 
different aspects of NFs/hybrid NFs. In fact, Cu-TiO2-water hybrid NF is 
of much significance and finds extensive applications. This is due to low 
cost, high thermal conductivity, dielectric properties, and photo cata-
lytic activities of TiO2 NFs. Baffles fitted with cavities are applied in 
industries and other thermal processes due their high thermal conduc-
tivity contributing significant heat conduction. For example, Mahmoodi 
et al. [22] used the finite volume approach and the SIMPLER algorithm 
to examine NC fluid flow and heat transmission within a C-shaped 
enclosure occupied with nanofluids. Regardless of the aspect ratio of the 
enclosure, the mean Nusselt augmented due to a growth in Rayleigh 
number and volume fraction of NPs. Moreover, the rate of heat transfer 
intensified with decaying the aspect ratio of the cavity. Mansour et al. 

[23] investigated NC fluid flow and heat transmission in a C-shaped 
chamber loaded with nanofluids numerically using the finite difference 
method. They found that the Nusselt lifts up with amplification in 
Rayleigh number. The baffle’s effect on NC of a NF inside a C-shaped 
chamber subjected to a constant magnetic field was investigated by 
Abedini et al. [24]. Also, the utmost impact of the baffle on the heat 
transmission is visualized at the bottom of the hot wall. Amplifying the 
baffle length contributes the enhancement of Nusselt number. Mohebbi 
et al. [25] investigate the impact of a heat source and its position on NC 
in a C-shaped chamber saturated with a nanofluid. They implemented 
lattice Boltzmann method for obtaining numerical solution. The 
maximum Nusselt number is obtained, according to their findings, when 
the heat source is positioned within the upper horizontal cavity. 
Furthermore, the best Nusselt numbers are obtained when the Rayleigh 
number (Ra = 106) is higher and the heat source is located within the 
vertical cavity. Haq et al. [26] examined the heat transportation in-
spection of magnetic water-SWCNTs nanofluid within a C-shape 
container which is partly warmer along the left vertical wall. The out-
comes are that a rise in Rayleigh number boosts the heat transmission 
rate and hike in magnetic field strength enervates it. 

Though a limited number of works have been performed on entropy 
and NC of NFs in C-shaped domains, the investigations on DDNC of NFs/ 
hybrid NFs in C-shaped cavities are scant. Keeping such views in mind 
and the vast usage of NC heat transfer of hybrid NFs in the thermal 
engineering applications, the authors may be motivated wholeheartedly 
to investigate the DDNC of Cu − TiO2 − H2O hybrid NF and entropy inside 
a C-shaped enclosure emplacing two wavy baffles. The impact of Ray-
leigh number, buoyancy ratio, Lewis number, wave number and 
amplitude of wavy baffles on streamlines, isotherms, concentrations, 
local and average Nusselt, Sherwood and Bejan numbers, average en-
tropy and Bejan numbers are discussed. The novelties of the present 
work are as follows:.  

• DDNC in C-shaped cavity is newly introduced.  
• Flow and thermal treatment of Cu − TiO2 − H2O hybrid NF inside a C- 

shaped cavity is considered first time.  
• Entropy generation as one of the vitally important factors is 

dissected.  
• Two symmetrical wavy baffles of varying amplitudes and wave 

numbers are emplaced in the C-shaped cavity is a new idea to be 
implemented. 

Governing equations 

In the present study, penetrative DDNC of Cu-TiO2-H2O hybrid NF 
inside a C-shaped enclosure that possesses two wavy baffles is inspected. 

Nomenclature 

(x,y) Cartesian coordinates 
(u,v) Velocity components 
(U,V) Non-dimensional velocities 
T Temperature 
C Solutal concentration 
D Mass diffusivity 
p Pressure 
P Non-dimensional pressure 
g Acceleration due to gravity 
Ra Rayleigh number 
θ Non-dimensional temperature 
ϕ Volume fraction 
b Amplitude of wavy baffle 
Pr Prandtl number 

Nu Nusselt number 
ρ Density 
μ Dynamic viscosity 
(
ρCp

)
Specific heat capacity 

β Thermal expansion coefficient 
k Thermal conductivity 
τ Shape factor 
Le Lewis number 

Subscripts 
loc Local 
c Cold 
f Base fluid 
s Solid particles 
ave Average 
h Hot  
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The flow of hybrid NF within the enclosure may well be assumed to be 
laminar, incompressible, and steady and be influenced by Boussinesq 
theory. The amplitude of enshrouded baffles and their wave numbers 
could be changeable. The geometry of the problem is portrayed in Fig. 1. 
The following assumptions are made for describing the problem:.  

• The flow of hybrid NF is steady, laminar and incompressible.  
• C-shaped enclosure is considered.  
• Two wavy baffles of varying amplitude are emplaced within the 

enclosure.  
• DDNC mechanism is invoked.  
• Walls adjacent to the cold ribs are adiabatic while the remaining 

walls are hot.  
• Temperature of cold ribs and hot walls are respectivelyTC&Th. 

Considering the previously-mentioned assumptions, the governing 
equations are [27–31]:. 

∂xu+ ∂yv = 0 (1)  

ρhnf
(
u∂xu + v∂yu

)
= − ∂xp+ μhnf

(
∂xxu + ∂yyu

)
(2)  

ρhnf

(
u∂xv + v∂yv

)
= − ∂yp + μhnf

(
∂xxv + ∂yyv

)

+ρhnf βT,hnf g(T − Tc) + ρhnf βc,hnf g(c − cc)
(3)  

(
u∂xT + v∂yT

)
=

khnf(
ρCp

)

hnf

(
∂xxT + ∂yyT

)
(4)  

(
u∂xc + v∂yc

)
= D

(
∂xxc + ∂yyc

)
(5)  

Here,(u, v) are x-y components of velocity, g is the acceleration due to 
gravity, T&C are the temperature and solutal concentration respectively, 
D is the mass diffusivity, ∂y&∂x declare the partial differentiation with 
respect to y and × respectively, ∂yy&∂xx denote the two times partial 
differentiation with respect to y and × respectively. 

The effective thermal conductivity k, density ρ, viscosity μ, heat 
capacity (ρCp), and thermal expansion β of hybrid nanofluid may well be 
represented as [32]. 

khnf

kf
=

[
ϕ
(
kf − ks

)
+ ks − (1 − τ)kf

]− 1
×
[
ks + (1 − τ)ϕ

(
kf − ks

)
− (1

− τ)kf
]

(6)  

ρhnf = ϕTiO2
ρTiO2

+ϕCuρCu +(1 − ϕ)ρf (7)  

μhnf = (1 − ϕ)− 2.5μf (8)  

(
ρCp

)

hnf = ϕTiO2

(
ρCp

)

TiO2
+ϕCu

(
ρCp

)

Cu +(1 − ϕ)
(
ρCp

)

f (9)  

(ρβ)hnf = ϕTiO2
(ρβ)TiO2

+(1 − ϕ)(ρβ)f +ϕCu(ρβ)Cu (10)  

where ϕ = ϕCu +ϕTiO2 
is the total volume fraction (ϕCu&ϕTiO2 

are volume 

fractions of Cu and TiO2 NPs), ks =
kTiO2 ϕTiO2

+kCuϕCu
ϕ is the thermal con-

ductivity of total NPs, and τ demonstrates shape factor. Table 1 portrays 
the thermo-physical specifications of TiO2, H2O, and Cu [33]. 

The following parameters could be applied to convert the equations 
(2)-(5) to their dimensionless structures:. 

C =
c − cc

ch − cc
, (Y,X) =

(y, x)
L

, θ =
T − Tc

Th − Tc
,

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

αf
, P =

pL2

ρf α2
f

(11) 

Therefore, we have:. 

(U∂XU + V∂Y U) = −
ρf

ρhnf
∂XP+

μhnf /μf

ρhnf /ρf
Pr(∂XXU + ∂YY U) (12)  

(U∂XV + V∂Y V) = −
ρf

ρhnf
∂Y P +

μhnf /μf

ρhnf /ρf
Pr(∂XXV + ∂YY V)

+
(ρβ)nf

ρnf βf
PrRa(θ + NC)

(13)  

U∂Xθ+V∂Y θ =
khnf /kf(

ρCp
)

nf /
(
ρCp

)

f

(∂XXθ + ∂YY θ) (14)  

U∂XC+V∂Y C =
1
Le

(∂XXC + ∂YY C) (15) 

with boundary conditions:. 

θ = 1,C = 1 on hot walls (16) 

θ = 0,C = 0 on baffles and cold walls. 
∂Xθ = 0, ∂XC = 0 on left and right walls. 
U,V = 0 on all walls.Here, (U,V) denote the non-dimensional ve-

locities along horizontal and vertical directions respectively, P, Pr, Ra, 
and Le may be the non-dimensional pressure, the Prandtl, the Rayleigh, 
and the Lewis numbers, respectively. 

The Nusselt number and Sherwood number may be described as:. 
Nuloc. =

[
khnf/kf

]
∂nθ,Nuave. = [1/S]

∫ s
0 Nuloc.ds. 

Shloc. = ∂nC, Shave. = [1/S]
∫ s

0
Shloc.ds (17) 

Entropy generation (Eg) is also inspected in this work that could be 
described as follow for the double-diffusive natural convection [34,35]:. 

Fig. 1. The assumed geometry.  

Table 1 
Thermo-physical attributes of TiO2,H2O, and Cu [33].   

Cp(J/kg K) k(W/m K) ρ
(
kg/m3)

Water 4179 0.613 997.1 
Cu 385 401 8933 
TiO2 686.2 8.954 4250  

M.K. Nayak et al.                                                                                                                                                                                                                               



Sustainable Energy Technologies and Assessments 52 (2022) 102180

4

Eglocal =
μhnf

μf
Ω1

[
2(∂Y V)

2
+ 2(∂XU)

2
+ (∂XV + ∂Y U)

2 ]

+
khnf

kf

[
(∂Y θ)2

+ (∂Xθ)2 ]
+ Ω2

[
(∂Y C)

2
+ (∂XC)2 ]

+Ω3[(∂Y C)(∂Y θ) + (∂XC)(∂Xθ) ]

(18)  

Egtotal =

∫

V
EglocaldV. (19) 

Here, Ω1, Ω2, and Ω3 are assumed to be 10− 4, 0.5, and 10− 2 

respectively. Bejan number may be determined as:. 

Belocal =

khnf

kf

[
(∂Y θ)2

+ (∂Xθ)2 ]
+ Ω2

[
(∂Y C)

2
+ (∂XC)2 ]

+Ω3[(∂Y C)(∂Y θ) + (∂XC)(∂Xθ) ]
Eglocal

(20)  

Numerical method and validation 

The equations (12)-(15) along with their boundary conditions is 
solved via finite element method (FEM) that could give us a reliable 
solution of those equations. For the Validation, the outcomes of this 
paper were compared with the results of Kahveci [36] for the case of NC 
inside a Cu-H2O NF-filled bevel domain. This comparison that could be 
seen in Table 2 corroborates that the outcomes of this paper may well be 
trustable. 

Results and discussion 

Numerical treatment of buoyancy induced flow of Cu-TiO2-H2O 
hybrid NF due to both the thermal and solutal field effects in a C-shaped 
cavity emplacing two wavy baffles is explored in the present investi-
gation. In this work, the influence of buoyancy ratio(1⩽N⩽3), Lewis 
number(3⩽Le⩽7), wave number (1⩽WN⩽3) and amplitude of wavy 
baffles (0.05⩽b⩽0.10) for Ra = 104, 105 on the flow, heat and mass 
transfer characteristics have been analyzed. In the beginning of the 
discussion we interact with the characteristics of streamlines, isotherms 
and concentrations of Cu-TiO2-H2O hybrid NF under the influence of 
Rayleigh number (Ra) and buoyancy ratio (N) at fixed volume 
fraction(ϕ = 2%), wave number(WN = 2), amplitude of wavy baffle 
(b = 0.05) and Lewis number (Le = 3) inside a C-shaped enclosure 
enshrouding with two wavy baffles. At fixed N(N = 1) and 
lowRa

(
Ra = 104), under the combined effect of thermal and solutal 

buoyancy, as visualized from flow pattern (See Fig. 2), when hybrid 
nanofluid gets heated by the hot walls, it expands due to its upward 
movement towards the cold ribs and the region between two existential 
wavy baffles. The hybrid NF then cooled due to its exposure to cold ribs 
and wavy baffles and gets compressed due to its downward movement. 
As a result, a large vortex is developed within the domain with clockwise 
spin for hybrid NF. The vortex may have its center near the middle of the 
cavity and adjacent to the left hot wall. In the narrower parts of the 
cavity, the vortex is stretched. The buoyant forces created by the hot 
vertical left wall have given the vortex this specific shape. A small 

movement in the streamlines’ position occurs as a result of the intro-
duction of hybrid NF, as well as a remarkable upgrade in the flow 
strength. Near the cavity’s middle, however, additional streamlines with 
larger stream function values are seen. This occurs as a result of the 
hybrid NF’s better thermal characteristics, particularly its increased 
thermal conductivity. Such flow pattern leads to the formation of 
vortices. A big clockwise vortex is established in the bottom of the 
enclosure and a minor vortex is created in the lower arm of the cavity. 
The core flow field is developed in the bottom region of the cavity and 
the streamlines may be parallel to the bottom wall of the cavity. This 
indicates that heat transfer through conduction mechanism is dominant. 
The maximum and minimum streamlines are manifested by Ψmax =

0.223272 and Ψmin = − 1.65907 respectively. As far as isotherms and 
concentrations are concerned, they are condensed near the cold ribs and 
wavy baffles. This implicates that wavy baffles and top wall of the rib 
provides insignificant contribution in cooling the hybrid nanofluid. 
When Ra enhances from Ra = 104 to105, the previously obtained 
vortices merge and then break into three vortices of diverse orientations 
due to greater buoyancy. The bigger vortex (more densely packed 
streamlines) may be clockwise which is enshrined in the enclosure’s left- 
side while smaller vortices of irregular shape and size are created inside 
the cold rib. The bigger vortex expands towards cold ribs of the cavity. 
The core’s shapes of the vortex for the chamber loaded with hybrid NF 
may be disparate. Moreover, when the value of Ra is augmented the flow 
field gets strengthened. Consequently, the heat transfer takes place 
through convection as it is evident that the flow field occupies the most 
part of the domain. This is because more the Ra, the greater heat transfer 
takes place in the bottom region of the cavity. The maximum and min-
imum values of streamlines are respectively Ψmax = 0.27035 and 
Ψmin = − 8.02652 at high Raleigh number. At high Ra where convection 
mechanism dominates, significant thermal and solutal expansions take 
place in the region between wavy baffles and bottom of the C-shaped 
cavity. Thermal and solutal stratifications occur in the gaps over and 
under the cold ribs. However, both stratifications are prominent in the 
gap under the cold rib. When buoyancy ratio upsurges, apart from big 
clockwise vortex formed in the bottom of the C-shaped cavity, an 
additional vortex of irregular shape is formed in the gap under lower rib. 
However, the streamlines uplift with rise in buoyancy ratio in the 
manner as Ψmax enhances from 0.223272 to 0.771717 and Ψmin de-
creases from − 1.65907 to − 2.21762 when N rises from 1 to 2. Further, 
Ψmax upsurges from 0.771717 to 1.36299 and Ψmin reduces from 
− 2.21762 to − 2.60056 when N rises from 2 to 3 at low Rayleigh number 
(at conduction dominated regime). At low Ra, streamlines may be uni-
formly distributed inside the cavity indicating a conduction-dominated 
heat exchange zone overcoming buoyancy forces. However, at high 
Ra, NC mechanism dominates over the conduction mechanism thereby 
leading to intensification of streamlines that is Ψmax = 6.20741 at N = 2 
and Ψmax = 7.0867 atN = 3. Further, prominent even distributions of 
streamlines, isotherms and solutal fields are visualized at high Ra. Sig-
nificant even and scattered distributions of thermal and solutal strati-
fications are associated in the gap under the lower rib and bottom 
regime of the C-shaped cavity. The high distortion of isothermal and 
concentration lines indicate the evidence of strong convection 
(improved thermal conductivity of hybrid NF). In such environment, 
distinct thermal and solutal boundary layers are created in the vicinity of 
the bottom wall of the cavity. Further, thin thermal and solutal layers 
are formed along the vertical walls and under as well as above the cold 
rib. As the Ra augments, the temperature starts to move to cold wavy 
baffle by means of convection and then to cold rib and upper part of the 
chamber. The upper part of the chamber gets heated due to the impact of 
buoyancy. The heat transfer accompanies the mass transfer to the upper 
part of the cavity. 

The profiles of horizontal velocity U and vertical velocity V for 
diverse Ra and N atϕ = 2%,WN = 2,b = 0.05 and Le = 3 are illustrated 
in Fig. 3. At low Ra 

(
= 104) that is in the conduction dominating region 

Table 2 
Comparison of the outcomes of this work with Kahveci [36].  

Ra ϕ Nuave, 

Current work Kahveci [36] 

104 0  2.2677  2.274  
0.05  2.4472  2.421  
0.10  2.6210  2.553  

106 0  9.1322  9.23  
0.05  9.9529  9.962  
0.10  10.7591  10.656  
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Ra = 104 Ra = 105

C C
N

 =
 1

max min0.223272,    1.65907 max min5.27035,    8.02652

N
 =

 2

max min0.771717,    2.21762 max min6.20741,    9.4181

N
 =

 3

max min1.36299,    2.60056 max min7.0867,    10.2331

Fig. 2. Influence of N and Ra on Ψ, θ, and C at ϕ = 2%, wave number (WN) = 2, b = 0.05, and Le = 3.  

Ra = 104 Ra = 105

U V U V

N
 =

 1

max min10.7188,    10.7233U U max min14.0477,    15.4194V V max min56.7323,    63.3005U U max min77.476,    83.5981V V

N
 =

 2

max min15.0081,    15.107U U max min18.9603,    21.3867V V max min66.4177,    79.4575U U max min95.1688,    101.959V V

N
 =

 3

max min17.9317,    17.7937U U max min22.4538,    24.6669V V max min71.4485,    88.4467U U max min107.501,    113.25V V

Fig. 3. Influence of N and Ra on U and V at ϕ = 2%, wave number (WN) = 2, b = 0.05, and Le = 3.  

M.K. Nayak et al.                                                                                                                                                                                                                               



Sustainable Energy Technologies and Assessments 52 (2022) 102180

6

and low buoyancy ratio (N = 1)(under the same impact of thermal and 
solutal buoyancy), magnitude of maximum horizontal velocity,Umax =

10.7188, absolute magnitude of minimum horizontal velocity,|Umin| =

10.7233, magnitude of maximum vertical velocity,Vmax = 14.0477 and 
absolute magnitude of minimum vertical velocity,|Vmin| = 15.4194. 
Especially, U-profiles are featured with six vortices of varied orienta-
tions. Two vortices are created at the left and right corners of the bottom 
region of the cavity. Two are formed in the region covering the bottom of 
the cavity and the region between the two wavy baffles. They are in 
opposite orientations. Two subsidiary vortices of weaker strength are 
created adjacent to the central vortices. Further, V-profiles comprise of 
two big vortices of greater strength compared to those of U-velocity. One 
clockwise vortex is developed in the bottom region of the enclosure 
while the other anticlockwise vortex is developed in the region above 
the bottom region of the C-shaped cavity. At high Ra (=105), but at low 
buoyancy ratio (N = 1), convection mechanism dominates (owing to 
greater temperature discrepancy between the hybrid NF at bottom hot 
wall and the right cold rib). Because of such effects, multiple vortices are 
produced in the U-profiles. Two vortices are formed in the gap below the 
upper adiabatic wall while four other vortices of different orientations 
are generated in the lower central region. Adjacent to these vortices, two 
weaker vortices appear in the gap under the cold rib. Apart from this, 
two vortices of opposite orientations are formed in the gap between two 
wavy baffles. However, at high Raleigh number

(
Ra = 105), V-profiles 

contain two big vortices, out of which one big clockwise vortex prevails 
in the bottom region of the C-shaped cavity. Another big anti clockwise 
vortex is formed extending to the gap between two baffles and the region 
adjacent to the lower hot wall of the cavity. In addition, two small 
vortices are formed in the gap under the cold rib. When buoyancy ratio 
amplifies, U and V intensify efficaciously at low Ra. Elaborately, the new 
U & V are estimated where Umax rises from 10.718 to 15.0081; Vmax from 
14.0477 to 18.9603; Umin emaciates from − 10.7233 to − 15.107, Vmin 
enervates from − 15.4194 to − 21.3867 with hike of N from 1 to 2. Also, 
U&V(in particular,Umax,Vmax,|Umin| and |Vmin|) augment with rise of 
buoyancy ratio from N = 2 to3. In case ofN = 2&Ra = 104, U − profiles 
featured with multiple vortices emplaced at different regions such as the 
regions above and below the wavy baffles and the gap between the two 
baffles. V-profiles contain two big vortices of opposite orientations; one 

is created in the bottom region of the cavity and the other is formed in 
the region facing the wavy baffles and cold ribs. Exactly similar fash-
ioned U & V profiles of higher intensity are generated atN = 3&Ra =

104. At high buoyancy ratio (N = 2&3) and high Ra, intensified U & V 
distributions along with a number of eddies enshrined in the enclosure 
are accomplished. Observation of unsymmetrical velocity profiles are 
due to unbalanced circulating cells within the C-shaped cavity. 

The behavior of streamlines, isotherms and concentrations of Cu- 
TiO2-H2O hybrid NF under the influence of Ra and Le inside a C-shaped 
enclosure emplacing with two wavy baffles is portrayed in Fig. 4. From 
the figure it is inferred that at low Ra and low Le, streamlines are 
featured with a big clockwise vortex which is formed in the bottom re-
gion of the C-shaped cavity. A minor vortex is also formed in the space 
between the cold rib and the bottom baffle. The left wall heats the hybrid 
NF inside the cavity, which causes the density of the hybrid NF to drop 
near the heated wall. As a result, the hybrid NF along the heated left wall 
gets lighter at first and then flows higher. In comparison, the density of 
hybrid NF near the cold wall is greater. Hybrid NF near the cold wall 
travels downhill due to its increased density, causing a clockwise cir-
culation inside the cavity. The inclination to move downward is stronger 
near the cold wall’s vertical portion than it is near its horizontal portion. 
The flow pattern runs from the cavity’s arm regions to the area between 
two emplaced wavy baffles. As evidenced by the large Rayleigh number, 
this is owing to a greater temperature difference between the side walls. 
Due to the production of more intense vortices in this location, thermal 
stratification develops throughout the vertical section. In the gap above 
and below the cold rib, isotherms and concentrations show uniform 
distributions. The streamlines are not created above and below the cold 
ribs and the extreme right gap between the wavy baffles. It is due to the 
existence of narrow gap between hot walls and cold ribs and wavy 
baffles. When Ra augments 

(
Ra = 105) with strong convection process 

even at low Lewis number, a big clockwise vortex is formed in the 
bottom region extending towards the gap between the two baffles, and 
the gaps above and below the cold rib of the cavity. Apart from this, one 
small vortex is formed in the region just below the lower baffle and 
another one is formed in the gap under the cold rib. The stream functions 
of streamlines uplift. Prominent thermal and solutal stratifications take 
place almost in the entirety of the cavity at low Le and highRa. When Le 

Ra = 104 Ra = 105

C C

Le
 =

 3

max min0.223272,    1.65907 max min5.27035,    8.02652

Le
 =

 5

max min0.379039,    1.53002 max min4.61235,    7.09593

Le
 =

 7

max min0.505286,    1.43007 max min4.26877,    6.62885

Fig. 4. Influence of Le on Ψ, θ, and C at ϕ = 2%, wave number (WN) = 2, b = 0.05, N = 1, and varied Ra.  
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amplifies (due to more thermal diffusivity), streamlines upsurge for low 
Ra

(
Ra = 104) while opposite trend of streamlines are visualized at high 

Le(Le = 5, 7) and highRa
(
Ra = 105). For instance, at high Le(Le = 5)

and lowRa
(
Ra = 104), with high thermal diffusivity and dominant 

convection process the stream function ameliorates. Isotherms and sol-
utal distributions get condensed in the gap above and under the cold rib. 
Thermal and solutal stratifications occur in the gaps over and below the 
cold rib and wavy baffles. The isothermal (and concentration) lines may 
be parallel to each other near the cold and heated walls and those may be 
distorted in the central zone of the domain. This schema may be caused 
by boundary layers forming along the warm and cold walls, as well as 
significant convection in the cavity’s centre. It is to be noted that with 
high Lewis and Raleigh numbers, the isothermal and solutal lines 
become more evenly distributed on the top of the cold rib and upper 
wavy baffle. At high Le andRa, the stream functions of streamlines 
enervate. The regions where isothermal lines are nearly parallel to each 
other correspond to conduction heat transfer regime inside the cavity. 
Exactly similar trend is for concentration lines correspond to diffusive 
mass transfer region. It is interesting to note that prominent thermal and 
solutal stratifications take place in the entirety of the C-shaped enclosure 
(including the gap between two baffles). However, heat and mass ex-
change in the top of the domain is marginal owing to decaying influence 
of conduction. 

Fig. 5 describes the horizontal velocity U and vertical velocity V 
characteristics of Cu-TiO2-H2O hybrid NF for different estimations of Ra 
and Le at fixed ϕ = 2%,WN = 2, b = 0.05,N = 1 inside the C-shaped 
enclosure. At low Le (=3) and low Ra

(
= 104), U-profiles comprise of six 

vortices in the enclosure. It is visualized from the profile trend that two 
vortices may be formed at right and left corners of the bottom region of 
the cavity. Other two vortices are formed in the gap between two wavy 

baffles. Remaining two subsidiary vortices are created adjacent to the 
end points of the baffles. The maximum value of horizontal velocity is 
Umax = 10.7188and the absolute minimum value of it is|Umin| =

10.7233. The V-profiles contain two big vortices that cover the bottom 
region and the region below the wavy baffles. The maximum value of 
vertical velocity is Vmax = 14.0477 and absolute minimum value of it 
is|Vmin| = 15.4194. When Rayleigh number enhances, due to greater 
convection mechanism, U&V intensify significantly. At low Le and high 
Ra, U-profiles comprise a number of vortices maximum of which are 
created in the region below baffles. Further, V-profiles contain two big 
vortices which are generated in the bottom region of the cavity 
extending up to wavy baffles. Additionally, two small vortices are 
created in the gap under the cold rib. This is because of strong buoyancy 
force effect. When the Le upsurges(3 to 5), U and V reduce slightly at low 
Ra. With rise of Le from 5 to 7, U&V further emaciates marginally. 
However, at high Le (Le = 5&7) and high Ra

(
Ra = 105), U&V enervate 

prominently. In fact, increase in Ra leads to diminution of the horizontal 
as well as vertical velocity because the wider thermal boundary layer 
dominates the convection mechanism. Moreover, symmetrical behavior 
of horizontal as well as vertical velocity profiles has been marked. 

Fig. 6 provides straightforward illustration entailing the effects of 
WN and Ra on streamlines, isotherms and concentrations at fixedϕ =

2.1,N = 1,b = 0.1,Le = 5. At low WN(WN = 1) and lowRa
(
Ra = 104), 

the streamlines are featured with a big clockwise vortex in the bottom 
region of the C-shaped cavity. In addition, a small vortex is formed in the 
gap below wavy baffles. At low Ra, relatively weak NC regimes appear in 
the vertical parts of the cavity. Consequently, distinct isotherms and 
solutal fields appear in the region above and below the rib. Even dis-
tributions of isotherms and concentration takes place in the space above 
the rib. Thermal and solutal stratifications appear in the space below the 

Ra = 104 Ra = 105

U V U V

Le
 =

 3

max min10.7188,    10.7233U U max min14.0477,    15.4194V V max min56.7323,    63.3005U U max min77.476,    83.5981V V

Le
 =

 5

max min10.2353,    10.2946U U max min12.9748,    14.463V V max min49.538,    55.5653U U max min66.5974,    72.5272V V

Le
 =

7

max min9.7655,    9.68661U U max min12.1637,    13.5345V V max min46.444,    50.3264U U max min60.487,    64.8049V V

Fig. 5. Influence of Le on U and V at ϕ = 2%, wave number (WN) = 2, b = 0.05, N = 1, and varied Ra.  
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rib. Generation of secondary vortices accounts for the augmentation of 
NC heat and mass exchange associated with the lower wing of the 
chamber. When WN rises, that is with limited free space within the 
cavity streamlines enfeeble featured with same structure. In this 

situation, even distributions of thermal and solutal fields appear in the 
gap above cold rib. Prominent thermal and solutal stratifications take 
place in the gap below the cold rib. When Ra enhances that is at low 
WN(WN = 1) and highRa

(
Ra = 105), there is significant augmentation 

Ra = 104 Ra = 105

C C
W

N
 =

 1

max min0.629522,    1.52755 max min5.52216,    7.64048

W
N

 =
 2

max min0.469674,    1.56862 max min5.1503,    7.37396

W
N

 =
 3

max min0.429672,    1.50354 max min4.54734,    7.00778

Fig. 6. Influence of wave number (WN) on Ψ, θ, and C at ϕ = 2%, N = 1, b = 0.10, Le = 5 and varied Ra.  

Ra = 104 Ra = 105

U V U V

W
N

 =
 1

max min10.9714,    11.0363U U max min12.9725,    14.5278V V max min52.9306,    60.1505U U max min72.8218,    79.2875V V

W
N

 =
 2

max min9.88785,    9.92539U U max min13.3817,    14.2647V V max min51.269,    56.5805U U max min67.8499,    73.2796V V

W
N

 =
 3

max min7.98766,    7.97487U U max min13.1,    13.7809V V max min42.0037,    45.6737U U max min64.3947,    70.9188V V

Fig. 7. Influence of wave number (WN) on U and V at ϕ = 2%, N = 1, b = 0.10, and Le = 5 and varied Ra.  
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in Ψ featured with one big clockwise vortex (lying in the bottom region 
of the cavity) two other small vortices (lying in the region below the 
baffles and cold rib). Thermal and solutal stratifications appear. How-
ever, at high WN(WN = 5&7) and highRa

(
Ra = 105), Ψ decays (subtle 

change) where two small vertices merge and develop a single vortex 
because of reduced space in the cavity as a result of enhanced WN. As far 
as thermal and solutal stratifications are concerned, they are prominent 
in almost entirety of the C-shaped enclosure. However, the stratification 
is more prominent for solutal field than thermal field. In the environ-
ment of augmented Ra

(
Ra = 104 to 105), isothermal and solutal lines 

may be not parallel to the walls and the related boundary layers may be 
formed near the vertical walls. This is due to the influence of strong 
double diffusive forces (thermal and solutal buoyancy forces) where 
convective heat and mass transfer contributions dominate. 

It is evoked from Fig. 7 the variations of U&V profiles for diverse WN 
and Ra at fixedϕ = 2%, N = 1, b = 0.1&Le = 5. At low WN(WN = 1)
and amplifyingRa

(
Ra = 104,105), U&V escalate effectively. Further, at 

fixedRa
(
Ra = 104), rise in WN yields marginal diminution ofU&V. At 

high Rayleigh number
(
Ra = 105), hike in WN(WN = 1,2, 3) reduces 

U&V efficaciously. This is because of strong convection mechanism. 
Moreover, U-profiles are featured with more number of vortices 
compared to V-profiles. In fact, rise in wave number reduces the space 
inside the cavity thereby decays the horizontal and vertical velocities. 
Further, rise in Ra indicating effective convection favours to the for-
mation of good number of contours. 

Next, Fig. 8 delineates the variation of streamlines, isotherms and 
concentrations for varied estimations of b and Ra at fixedϕ = 2%,WN =

2,Le = 5&N = 1. The cold wavy baffles have significant effects on the 
flow treatment and could interrupt the flow template. At low b ( = 0.05)
and low Ra

(
= 104), the streamlines entail one big clockwise vortex 

existing in the entire bottom region of the cavity. Such vortex extends 
into the region above the upper baffles and the region between two wavy 
baffles. In addition, an extra vortex is developed in the gap below the 
lower wavy baffle and cold rib. Even distributions of thermal and solutal 
fields obtained in the gaps above and below the cold rib. When b en-
hances, streamlines get intensified slightly. This is due to significant heat 
transfer from hot bottom wall and bigger sized cold wavy baffle. By 
increasing the b, the space for hybrid NF flow may be lessened and 
therefore, the contours become smaller. Meanwhile, the isotherms 
become closer to the hot wall that in turn ameliorates the heat exchange. 
Thermal and solutal stratifications are attained in the region towards the 
wavy baffles and that below the cold rib. At low b( = 0.05), rise in Ra 
leads to the enhancement of stream function of streamlines. The 
streamlines contain one big clockwise vortex. The secondary vortex that 
was developed in the cavity at low Ra led to the formation of small 

vortices accommodated in the gap below lower baffle and cold rib of the 
C-shaped cavity. Prominent stratifications (thermal as well as solutal) 
are produced in many parts of the cavity. At high b ( = 0.10) and high 
Ra

(
= 105), stream functions ameliorate featured with one big vortex 

(formed in the bottom region) and one small vortex (formed in the gap 
below cold rib). The results represent that growing the Ra, and therefore 
ascending the buoyancy force, causes streamlines to be pulled to the 
walls. The flow velocity in the region of the wall increases as a result of 
this. In addition, the utmost of the stream function may be seen in the 
contour’s centre. Raising the Ra produces a stronger vortex, which can 
be visualized. The temperature differential at the walls becomes more 
intense as the Ra rises, and thermal boundary layers form near the cold 
and hot walls, as well as the regions adjacent to the wavy baffles. Sig-
nificant thermal and solutal stratifications are obtained in the region 
between the wavy baffles and the region below the lower baffle and the 
cold rib due to diminution of cold hybrid NF flow (accessing more heat 
penetration) in those regions. The figure reveals that the effect of hybrid 
NF slightly upsurges with the rise of Rayleigh number. It is remarkable 
to mention here that the influence of Ra is more significant on maximum 
and minimum stream functions at high N than high Le, WN and b 
regarding the flow of hybrid NF in the C-shaped cavity. 

Coming to Fig. 9 that demonstrates the behavior of U&V profiles of 
hybrid NF for different b&Ra at fixed ϕ = 2%,WN = 2, Le = 5&N = 1.
At low Ra, amplifying b(b = 0.05,0.10) reduces U and V effectively due 
to reduction in space in the enclosure. The U-profiles contain same 
number of vortices for low and high amplitude of wavy baffles. The V- 
profiles of low amplitude of wavy baffle contain two big vortices 
enshrined in the lower part of the cavity. However, two subsidiary and 
small vortices are developed in the cavity for high amplitude of wavy 
baffles at low Raleigh number. At low amplitude of wavy baffle, rise in 
Rayleigh number enhances U and V prominently involving a number of 
vortices in several parts of the cavity due to dominant convection 
mechanism. At high Ra, hike in b leads to the effective augmentation of 
U and V of hybrid NF due high convection in the limited space within the 
enclosure. Here, U-profiles contain less number of vortices and V-pro-
files comprise more number of vortices compared to high b at high Ra. In 
fact, raise in the b leads to the large temperature difference between the 
hot vertical wall and the cold wavy baffles which in turn causes the 
greater buoyancy. 

To bring into notice, Fig. 10 explicates the local Bejan number 
(Belocal) variation for diverseRa,N&Le at fixedWN = 2&b = 0.05. At low 
Ra, low Le, and low N, Belocal dominates the entirety of the C-shaped 
cavity except few layers of hybrid NF in the bottom region of the cavity. 
AtN = 1,Le = 3, Belocal enervates with rise in Ra. It appears only in the 
space above the rib of the cavity. In the remaining part of the cavity, 
Belocal attains lower value. At low N ( = 1) and high Le( = 7), Belocal 

Ra = 104 Ra = 105

C C

b 
=

 0
.0

5

max min0.379039,    1.53002 max min4.61235,    7.09593

b 
=

 0
.1

0

max min0.469674,    1.56862 max min5.1503,    7.37396

Fig. 8. Influence of b on Ψ, θ, and C at ϕ = 2%, wave number (WN) = 2, Le = 5, N = 1, and varied Ra.  
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attains maximum value and prevails in the most of the region of the 
cavity except the bottom region where it attains the low value. However, 
at high

(
Ra = 105), maximum value of Belocal is attained in the space 

above the rib and the few portion of the region above upper wavy baffle. 
In the rest part of the cavity, Belocal attains low value when N rises that is 
atN = 2, Le = 3. Further, Belocal attains largest value in the upper and 
lower regions of cold rib and wavy baffles. Moderate value of Belocal is 
attained in the bottom region of the cavity and the gap between two 
wavy baffles. But at high Ra,Belocal possesses high value in the gap above 
cold rib while the remaining part of the cavity involves low and mod-
erate value ofBelocal. Further, at N = 2, Le = 7 and low Ra, the status of 
Belocal estimation is exactly the same as in case ofLe = 3. However, at 
high Ra, (Belocal)max appears in the gap above cold rib and major portion 
of the cavity possesses the moderate and low value ofBelocal. At highest N 
( = 3) and low Ra

(
= 104), rise in Le(Le = 3, 7), Belocal ameliorates 

marginally; however, it covers the gap above and below the cold rib and 
the gap above the upper wavy baffle and major portion of the gap below 
the lower wavy baffle and few layers of fluid zone in the bottom region 
of the cavity. The remaining part of the cavity accommodates the 
moderate value ofBelocal. When Ra amplifies, (Belocal)max and 
(Belocal) mod erate upgrades while (Belocal)low downgrades atN = 3. 

The variation of Nuloc with diverse N, b,WN&Ra against S along the 
top (AB), left (BC), and bottom (CD) walls of the C-shaped cavity is 
expounded in Fig. 11. As seen, lowest HT rate takes place at the points of 
intersection A, B, and C. At low Ra

(
= 104), rise inN(N = 1, 3), Nuloc 

emaciates up to the moderate value of S and beyond of which Nuloc 
shows opposite trend. At higherS, Nuloc intensifies sharply compared to 
(Nuloc)N=1 there. At high Ra

(
= 105),Nuloc decays effectively at lowS, but 

Nuloc shows reverse effect with that of N at moderate S lying between 
pointsB&C; finally with same reverse trend and intensified Nuloc of 
hybrid NF is attained at high S lying between pointsC&D. In brief, the 
efficacy of N on Nuave is low at low Ra along AB and partly BC while the 
effect is more partly along BC and CD. However, at high Ra, the effect of 
N on average Nusselt is low along AB and high along CD. As visualized, 
heat transfer is an increasing function of b. Amplifyingb(b = 0.05,0.10), 
uplifts Nuloc throughout the entire region of the cavity at low and me-
dium values ofS. At high Ra

(
= 105), the same trend of Nuloc appears for 

low S lying between points A&B and moderate S lying betweenB&C. 
However, the trend reverses for high S existing between pointsC&D. At 

low Rayleigh number
(
Ra = 104), growingWN(WN = 1, 2,3), enhances 

Nuloc of hybrid NF in response to all values of S except higher values of S 
as visualized along the wallCD. When Ra rises the same ascending trend 
of Nuloc prevails for low S (lying between points A&B), subtle variation 
of Nuloc is with moderate S and opposite trend with high S (lying be-
tween points C&D). Moreover, at high Ra, HT along the AB happens 
mostly due to conduction and therefore, amplification in Ra may do not 
contribute any significant rate of heat transfer. For any values of Ra 
considered, the influence of WN on Nu distribution may be more wit-
nessed along the bottom wall CD of the cavity. At high Rayleigh number, 
highest and lowest rate of heat transfer takes place along AB and CD 
respectively. Furthermore, at high Ra, fluctuation in Nuloc along the CD 
is envisaged due to the presence of Bénard cells in this part. The wavy 
form of variation of Nuloc is due to the emplaced wavy baffles in the C- 
shaped cavity. The effect of amplitude of wavy baffle and wave number 
is more throughout the cavity for any Ra. As the Ra is increased, the level 
of heat transmission is upsurged due to an improvement in the buoyancy 
force. The process is also observed to be reversed in the upper corner of 
the hot wall. This is owing to the reduction in speed and the dominance 
of conduction heat transfer in this area. It is remarkable to note here that 
the appearance of fluctuation in the rate of heat transportation is only 
due to the presence of vortices present. Because of big vortex present in 
the bottom region of the cavity, significantly more fluctuation of the HT 
rate appears from the bottom wall (CD) of the cavity. 

Eyeful of Fig. 12 imparts the variation of Shloc of hybrid NF at low 
S(lying along the top wall AB), thereafter Shloc follows the reverse trend 
with rise in N for both moderate and high values of S(along BC and CD) 
of the cavity. The mass transfer rate, Shloc gets intensified prominently at 
high value of S. When Ra amplifies Shloc downgrades with rise of N at 
lowS, it also follows the same trend for both moderate and high values of 
S as the case for lowRa, but the observed trend is reversed at higher 
values ofS. At lowRa, when Le enhances(Le = 3, 7), low value of S con-
tributes the decline of Shloc while the moderate and high values of that 
account for the reverse trend ofShloc. However, the larger values of S lead 
to prominent intensification of mass transportation(Shloc). The Shloc 
boosts up due to rise of b(b = 0.05,0.10) for low and moderate S while 
the observation is reversed for highS. Exactly similar trend is followed 
by Shloc for all values ofS, but with greater amelioration at highS. At 
lowRa, when WN rises(WN = 1,2, 3), there is an ascending trend of Shloc 
for lower values ofS; there is subtle variation of Shloc for moderate values 
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 0
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Fig. 9. Influence of b on U and V at ϕ = 2%, wave number (WN) = 2, Le = 5, N = 1, and varied Ra.  
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of S. However, a peculiar feature of Shloc of hybrid NF is observed for 
higherS. At higher values ofS, the previous trend deviates. In such de-
viation it is seen that low WN(WN = 1) contributes greater value of Shloc 
initially and then it downgrades compared to the value of Shloc forWN =

2&WN = 3. At high Ra
(
= 105), exactly same trend of Shloc appears, but 

with greater intensification at higher values ofS. It is clear to say that the 
effect of N, Le, b & WN on the rate of mass transfer is more from the 
region in the vicinity of the bottom wall (CD) of the cavity for any Ra. 

Fig. 13 shows the variations of Nuave for diverse Le(Le = 3.7)
againstN. As Le rises Nuave declines at each N in the entirety of the flow 

domain. However, the emaciation is prominent for higher values ofN. At 
fixed Le(for instance,Le = 3), Nuave enhances with rise inN. The 
enhancement is slow for 1⩽N < 2 and upsurges sharply for2⩽N⩽3. Such 
amplification tendency is much effective at high Ra. At 
highRa

(
Ra = 105), increase in Le provides the same descending trend of 

Nuave of hybrid NF againstN. However, the diminution of Nuave is sig-
nificant in 2⩽N⩽3 compared to that in1⩽N < 2. At fixedLe, the 
enhancement of Nuave is appreciable in 1⩽N < 2 and is very sharp 
in2⩽N⩽3. 

The variations of Nuave for diverse b&WN against Ra are illustrated in 

Ra = 104 Ra = 105

N
 =
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N
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Fig. 10. Belocal’s variation with N, Le, and Ra at wave number (WN) = 2, b = 0.05.  
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Fig. 14. It is visualized that rise in b(resulting limited space in the cavity) 
lifts up Nuave at eachRa. According to the observations, increasing the 
amplitude of wavy baffles upgrades the Nu with the utmost impact being 
at the bottom of the hot wall. At fixed b(for instance,b = 0.05), Nuave is 
minimum at low Ra

(
Ra = 104) and it escalates as Ra grows and it attains 

maximum value at highRa
(
Ra = 105). Further, Nuave augments with 

increment in WN(WN = 1,2, 3) up to the mid-point of the inter-
val104⩽Ra⩽105. However, the trend reverses beyond the mid-point in 
that interval. At fixed WN(for instance,WN = 1), Nuave is least at low 
Ra

(
Ra = 104) and it upgrades as Ra grows and it attains maximum value 

at highRa
(
Ra = 105). 

The variations of Shave in response to diverse Le and Ra against N are 
manifested in Fig. 15. At lowRa

(
Ra = 104), upgrading Le(Le = 3, 7)

augments Shave sharply in the range1⩽N < 2, however, it enhances in 
constant proportion in the range2⩽N⩽3. At fixedLe(Le = 7), Shave grows 
sharply with rise in N up to N = 2 and beyond that Shave enhances 
smoothly up toN = 3. However, atLe = 3, Shave upsurges monotonically 
throughout the flow domain in the entire range ofN(1⩽N⩽3). At 
highRa

(
Ra = 105), amplifying Le(Le = 3,7) boosts Shave in the inter-

val1⩽N⩽3. At fixed Le(for instance Le = 3), Shave enhances very sharply 
with incrementing N in 1⩽N⩽2 and uplifts smoothly with rise of N 
in2⩽N⩽3. Above all, such enhancing tendency is much affected by the 
Ra in the entirety of the cavity. 

In order to get more information, Fig. 16 confirms the variations of 
Shave for diverse b&WN againstRa. It is seen that Shave enhances mono-
tonically with rise inb(b = 0.05,0.10). At fixed b(for instance b =

0.05),Shave augments with growth of Ra within104⩽Ra⩽105. When WN 
rises, Shave enervates for any Ra within the same interval. The enervation 
is prominent at high Ra irrespective of the wave number. At fixed wave 
number (for example at WN = 1), Shave upgrades with amplification of 
Ra, however, the upgradation is significant at high Ra. 

In addition, Fig. 17 reveals the variations of Egave and Beave for dif-
ferentN,Le&Ra.It is seen that Egave upgrades with rise inLe. However, at 
each Le(for instance atLe = 3), hike in N causes Egave to enhance so that 
Egave becomes maximum atN = 3. When Ra amplifies, Egave shows 
reverse effect with rise inLe. However, at fixedLe, for example atLe = 3, 

Egave enhances sharply with growth of N in the range 1⩽N < 2 while it 
enhances slowly with further rise in N in the range2⩽N⩽3. AtLe = 7, 
Egave escalates monotonically with rise of N in the buoyancy ratio 
interval1⩽N⩽3. Further, with amplification ofLe, Beave intensifies in the 
entire range ofN(1⩽N⩽3). At fixed Le(for example at Le = 3), Beave 
emaciates sharply with growth of N in the range 1⩽N < 2 while it en-
ervates slowly with further rise in N in2⩽N⩽3. Similar trend is attained 
for Beave at higher Lewis number and low Rayleigh number. When Ra 
increases, Beave augments significantly, the augmentation is more 
prominent for rise in N within2⩽N⩽3. On comparison, we declare that 
Egave attains lower and Beave attains higher value at low Ra while the 
opposite result is visualized at high Ra. 

Concluding remarks 

DDNC effects in a partially heated C-shaped cavity filled with 
Cu − TiO2 − water hybrid NF and emplacing two cold wavy baffles have 
been numerically investigated. The second law analysis is executed in 
the present study. The FEM is implemented to devise a well-defined 
solution of the governing equations along with the boundary condi-
tions. This section is with a view in exploring the effects of Rayleigh 
number, buoyancy ratio, Lewis number, wave number and amplitude of 
wavy baffles on streamlines, isotherms, concentrations, horizontal and 
vertical velocities, local and average Nusselt and Sherwood numbers and 
local Bejan number of hybrid NF accommodated in the C-shaped cavity. 

The major findings of the present investigation include:. 

1. As visualized, prominent even distributions of streamlines, iso-
therms and solutal fields are accomplished at high Ra.  

2. At high N and Ra, intensified horizontal and vertical velocity 
distributions are the results.  

3. At high Le and Ra numbers, the stream functions of streamlines 
enervate. Significant thermal and solutal stratifications take place 
in the entirety of the C-shaped enclosure. Horizontal and vertical 
velocity distributions emaciate.  

4. Stream functions of streamlines strengthen at low WN while the 
observation is reversed at high WN. Prominent thermal and sol-
utal boundary layers are established. Horizontal and vertical 

N
 =

 3

Le
 =

 3
Le

 =
 7

Fig. 10. (continued). 
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velocity profiles exhibit opposite effect in response to low and 
high WN. 

5. Stream functions of streamlines, horizontal and vertical veloc-
ities, and heat and mass transfer rates intensify for any b.  

6. At high Ra and Le numbers, Beloc upgrades significantly while it 
lifts up marginally with high buoyancy ratio.  

7. Nuloc ameliorates efficaciously with rise in WN and amplitude of 
wavy baffles while the visualization is reversed for rise in buoy-
ancy ratio and Ra in response to diverse S.  

8. Nuloc ameliorates effectively with amplification of Ra while the 
observation is opposite for low Ra. Moreover, strengthening WN 
and b leads to the escalation of Nuloc.  

9. Mean heat transfer rate grows with rise in Ra. It upgrades with 
growing in N at high Ra while it maintains the same trend with 
hike in b at any Ra. It evanesces with rise in Le at considerably 
high buoyancy ratio.  

10. Shave augments with rise in WN and b within104⩽Ra⩽105. The 
tendency of enhancement of it is much affected by Ra in the en-
tirety of the cavity.  

11. Egave is lower and average Be attains higher value at low Ra while 
the opposite result is visualized at high Ra.  

12. Augmenting the thermal conductivity by inclusion of hybrid NPs 
into the host fluid elevates the surface temperature, thereby 
reducing the temperature gradient of hybrid NF. Consequently, 
the heat transfer rate intensifies effectively. Therefore, it may be 
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Fig. 11. Nulocal’s variation with N, b, wave number (WN), and Ra.  
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desired to enhance the cooling capacity of the system utilizing 
hybrid NF. 
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