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A B S T R A C T   

Double diffusive natural convection (DDNC) is caused by temperature and concentration gradi-
ents in buoyancy-driven flows which is applicable in printing, HVAC, and solar collectors. A 
numerical study is accomplished to investigate DDNC of a hybrid Cu–Al2O3-water nanoliquid 
inside an H-shaped cavity with a baffle at the top wall. The Finite Element technique and 
Boussinesq approximation with no slip wall condition are applied to solve the governing equa-
tions. The left and right walls are at the cold temperature, while the inner up and down ribs and 
baffle are at constant heat flux, and other walls are insulated. The effect of Rayleigh number (104- 
106), Lewis number (2–8), and Buoyancy ratio (1–3) on Nusselt, Sherwood numbers, and entropy 
generation is investigated. Besides, the effects of baffle inclination angle (− 60◦to 60◦) and also 
the aspect ratio of the corrugated bottom rib (0.375, 0.75, 1.5) on the mean Sherwood and 
Nusselt numbers are investigated to find the optimum geometry with the highest heat transfer 
performance. The results depict that the geometry with baffle angle − 60◦and with no corrugation 
has the best Nuavg; however, the geometry with baffle angle +60◦ and with no corrugation has the 
best Shavg.   
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1. Introduction 

Nanofluids (NFs) are receiving more and more attention during recent years and are becoming applicable in many practical fields 
such as medical treatment, automotive coolants, intelligent building design, and renewable energy [1]. The idea of using Nano sized 
particles in base fluids was first introduced by Choi [2] and then vastly studied by other researchers [3–5]. Sun and pop [6] examined 
the natural convection (NC) in a triangular shaped chamber. They used three practical nanoparticles (Cu, Al2O3, TiO2) to study average 
Nusselt number and temperature characteristics. They obtained the best average Nu by reducing the aspect ratio of the enclosure and 
lowering the situation of the heater. Various shapes of cavity such as rectangular [7], triangular [8–11], trapezoidal [12–14], and 
unconventional shapes [15,16] are analyzed. In most of the analyses done by researchers, the impacts of variant parameters on the NC 
heat transfer in mentioned cavities are investigated. Armaghani et al. [17] studied the consequence of Rayleigh number (Ra=103-106) 
and aspect ratio (0.3–0.9) of a T-shaped cavity on the NC of Al2O3-water nanofluid. They considered the laminar flow and the spherical 
nanoparticles and concluded that both the Rayleigh number and aspect ratio have a positive impact on Nusselt number. Ashorynejad 
and Hoseinpour [18] perused the impact of various nanoparticles (Cu, Al2O3, TiO2) on the heat transfer and entropy generation caused 

Fig. 1. Schematic diagram of the geometry  

Table 1 
Thermo-physical specifications of H2O, Cu, and Al2O3 [49].   

Cp  k  ρ  

Cu 385 401 8933 
Al2O3 765 40 3970 
H2O 4179 0.613 997.1  

Table 2 
Comparison with Kahveci [51].  

Ra φ Nuave, 

Current paper Kahveci [51] 

104 0 2.2677 2.274  
0.05 2.4472 2.421  
0.10 2.6210 2.553 

105 0 4.7208 4.722  
0.05 5.1036 5.066  
0.10 5.4950 5.384 

106 0 9.1322 9.23  
0.05 9.9529 9.962  
0.10 10.7591 10.656  
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by NC in a porous cavity. They concluded that Cu-water has a more tangible efficacy on heat transfer in comparison with other NFs. 
Aminossadati and Ghasemi [19] researched the effect of nanoparticle concentration (0–0.2) on the NC of different nanostreams inside 
a cavity. The shape of the nanoparticles was spherical. One of their most important findings was that increasing the solid volume 
fraction of nanoparticles decreases the utmost temperature of the heat source at low Ra. Hoseinpour et al. [20] focused on the effect of 
porous media on the NC of Cu-water nanostream in a porous cavity (ε = 0.3). They found that nanofluids not only are able to penetrate 
the porous cavity easily, but also improve convective heat transfer for the cases with higher Darcy and Rayleigh numbers. Besides, the 
total entropy generation was increased by the porosity parameter due to an increase in the fluid friction. The effect of concentration 
and diameter of nanoparticles on the Non-Newtonian behavior of the Nanofluid inside the 3-D micro-tube was investigated by 
Gheynani et al. [21]. Toghraie et al. [22] considered the numerical effect of porous ribs for the micro-channels by considering the 
porous media properties in four Reynolds numbers. Barnoon et al. [23] focused on the entropy generation of various magnetized 
Nano-fluids between two pipes with two points of view: single-phase and two-phase. Haq et al. [24] used KKL model to study the NC of 
CuO-Water Nano-fluid in a cavity with corrugated walls. The influence of parallel fins on the NC of SWCNTs Nano-fluid was inves-
tigated by Haq et al. [25]. Other related works are provided in refs [26–29]. As one can see, there are few studies which consider the 
effect of corrugated wall and baffle to find the optimum heat transfer of Nano-fluids inside the H-shaped cavity. 

Double diffusive convection is defined as convection induced by temperature and concentration gradients in buoyancy-driven 
flows. This type of convection is applicable in modern engineering domain such as printing, HVAC, solar collectors and drying pro-
cess. Teamah et al. [30] perused magnetized DDNC of a Newtonian, incompressible, and viscous flow in a trapezoidal cavity. They 
considered different factors such as the inclination angle of the cavity, buoyancy ratio, and Grashof number on Nu and concentration. 
One of their most momentous discoveries was that buoyancy ratio has a positive impact on heat transfer; however, Hartmann number 
is not in favor of double diffusive effects. They did not study the nano-fluids in their study. Chowdhury et al. [31] utilized a Finite 
Element in order to analyze the DDNC of Al2O3-water nanostream in a triangular porous chamber which is isothermally and heated 
from the bottom wall. They assumed a nanofluid with laminar regime and steady state condition is exposed to both concentration 
gradients and temperature. They also used Maxwell-Garnett model to forecast the thermal conductivity’s ratio and concluded that a 
growth in the Lewis number cause a decrement in the flow strength. They did not use hybrid nanofluid and there were no fin in their 
study. The application of double diffusive NC in a solar distiller filled by air-vapor mixture and with a trapezoidal chamber is done by 
Saleem et al. [32]. The other functionality of DDNC is studied in viscoelastic [33], viscoplastic [34], and Bingham [35] fluids. Mudhaf 
et al. [36] studied the Soret (the effect of temperature gradient) and Dufour (the effect of concentration gradient) effects on double 
diffusive NC in a trapezoidal chamber by considering the flow to be unsteady. Their study is applicable in ground water pollutant 

Fig. 2a. Effect of Le and Ra on streamline distribution (N=3)  
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migration and isotope separation. In all the above mentioned studies about DDNC, there is no study about entropy generation. The 
entropy generation (Sgen) is then investigated for double diffusive NC by some researchers. Siavashi et al. [37] studied Sgen of a 
non-Darcy double diffusive NC of a two-phase flow in a square container. Darcy-Brinkman-Forchheimer model is used for fluid flow in 
porous media. They found the best source configuration (among 12 sources) by considering the entropy generation. They did not use 
Nano-fluid in their study. He et al. [38] focused on double diffusive NC of temperature-dependent viscosity fluid in a square chamber, 
and Aly and Raziah [39] used ISPH method in a rectangular cavity (which considers Brownian motion and thermophoresis effects) to 
model DDNC. As it is clear in the above studies, there are few studies about the double diffusive study of a hybrid Nano-fluid by the aim 
of finding the optimum heat transfer. 

Hybrid nanofluids (HNFs) are novel and innovative types of nanofluids which are described as the mixture of two varying 
nanoparticles in the base fluid. These sorts of NFs are applied in blood flow, solar collectors, electronic components and wherever heat 
transfer augmentation is the main concern [40–42]. Goudarzi et al. [43] did research on the impact of thermophoresis and Brownian 
motion on the migration of Ag–MgO/water hybrid nanostream in a wavy enclosure with cold left wall, hot right wall, and up and down 
insulated walls. They used the Finite Volume Method with considering the diffusion and convective terms. One of their main findings 
was the negative impact of Ag thermophoresis diffusion on MgO Brownian diffusion. They did not consider the effect of 
double-diffusive fluid flow. The effect of inclination angle of porous wavy enclosure on NC of a Cu–Al2O3 hybrid nanofluid was 
investigated by Kadhim et al. [44]. They varied inclination angle between amplitude of 0◦to 90∘and the number of the undulation of 
wavy wall (1–4) and found the best mode for improvement of heat transfer. Thermal radiation and NC of a hybrid NF across the moving 
fin was investigated by Gireesha et al. [45]. The Darcy model is used to model the flow behavior and two types of boundary conditions 
are considered; insulated fin and fin with convective heat transfer. The change in the fin position was not considered. The effect of 
geometry on heat transfer of HNFs is a compelling topic as well. Tayebi and Chamkha [46] did research on the effect of a corrugated 
conductive cylinder on the magnetic NC of a hybrid Cu–Al2O3/water nanostream in a square enclosure. Their main focus was on 
undulation number and amplitude on thermohydrodynamic characteristics of the hybrid nanofluid. The effect of heat sink with 3-layer 
porous media on the hybrid NF in the channel was dissected by Arasteh et al. [47]. Shahsavar et al. [48] inspected the influence of 
changeable liquid features on hybrid Nano-liquid forced convection inside the heat exchanger. The effect of corrugated wall along with 
the fin position (optimum geometry) and using both hybrid and double diffusive Nano-fluid is the gap in the mentioned studies. 

On the basis of the literature review and the best knowledge of the authors, there is no investigation about double diffusive NC of 
the hybrid Cu–Al2O3/water Nano-liquid in an H-shaped cavity which considers the effect of baffle and corrugated wall. This is the first 
time that the effect of baffle angle, aspect ratio, and double diffusive factors on the NC and Sgen is explored inside such an enclosure. 

Fig. 2b. Effect of Le and Ra on isotherms distribution (N=3)  
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The novelty of the present work is finding the optimum heat transfer for the double-diffusive NC and Sgen of hybrid Nano-fluid inside 
the H-shaped cavity along with the effects of fin and corrugated wall. This study could be applicable in drying processes, solar col-
lectors, printing, and HVAC. The structure of the rest sections are as follows: section 2 is dedicated to problem description and 
mathematical inspection, section 3 is for Numerical approach and validation, section 4 reveals the results, and the last section is about 
the summaries of the results of this analysis. 

2. Problem description and mathematical inspection 

Fig. 1 portrays the H-shaped cavity with a baffle at the top wall that is filled with Cu–Al2O3–H2O hybrid nanoliquid. Left and right 
sides of it are assumed to be cold. The upper and down walls are adiabatic and ribs and baffle have the constant heat flux. Thermo- 
physical characteristics of Cu, Al2O3, and H2O could be shown in Table 1. The flow is presumed to be laminar, steady, and incom-
pressible. Consequently, governing equations will be [39]: 

∂u
∂x

+
∂v
∂y

= 0 (1)  

u
∂u
∂x

+ v
∂u
∂y

= −
1

ρhnf

∂p
∂x

+
μhnf

ρhnf

(
∂2u
∂x2 +

∂2u
∂y2

)

(2)  

u
∂v
∂x

+ v
∂v
∂y

= −
1

ρhnf

∂p
∂y

+
μhnf

ρhnf

(
∂2v
∂x2 +

∂2v
∂y2

)

+gβT,hnf (T − Tc)+ gβc,hnf (c − cc)
(3)  

u
∂T
∂x

+ v
∂T
∂y

= αhnf

(
∂2T
∂x2 +

∂2T
∂y2

)

(4)  

u
∂c
∂x

+ v
∂c
∂y

= D
(

∂2c
∂x2 +

∂2c
∂y2

)

(5) 

Fig. 2c. Effect of Le and Ra on iso-concentration distribution (N=3)  
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Introducing the following dimensionless variables: 

U =
uL
αf
,V =

vL
αf
, θ =

(T − Tc)

ΔT
,C =

(c − cc)

Δc
,P =

pL2

ρf α2
f

(6) 

The non-dimensional shape of governing equations becomes: 

U
∂U
∂X

+V
∂U
∂Y

= −
ρf

ρhnf

∂P
∂X

+ Pr
ρf

ρhnf

μhnf

μf

(
∂2U
∂X2 +

∂2U
∂Y2

)

(7)  

U
∂V
∂X

+ V
∂V
∂Y

= −
ρf

ρhnf

∂P
∂Y

+ Pr
ρf

ρhnf

μhnf

μf

(
∂2V
∂X2 +

∂2V
∂Y2

)

+
βhnf

βf
RaPr(θ + NC)

(8)  

U
∂θ
∂X

+V
∂θ
∂Y

=

(
khnf
/

kf
)

((
ρCp
)

hnf

/(
ρCp
)

f

)

(
∂2θ
∂X2 +

∂2θ
∂Y2

)

(9)  

U
∂C
∂X

+V
∂C
∂Y

=
1
Le

(
∂2C
∂X2 +

∂2C
∂Y2

)

(10)  

Where; 

Ra=
gβf ΔTL3

νf αf
, Pr =

υf

αf
,Le =

αf

D
(11) 

Fig. 2d. Effect of Le and Ra on U distribution (N=3)  
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Fig. 2e. Effect of Le and Ra on V distribution (N=3)  

Fig. 3a. The effect of N and Ra on Nuavg (Le=2)  
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Fig. 3b. The effect of N and Ra on Shavg (Le=2)  

Fig. 3c. The effect of Le and Ra on Nuavg (N=3)  
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Fig. 3d. The effect of Le and Ra on Shavg (N=3)  

Table 3 
The effect of Le and N on Nuavg and Shavg.   

Lewis Number Buoyancy ratio Nuavg Shavg 

Ra¼104 Le=2 N=1 3.8071 2.1307 
N=2 4.1270 2.4067 
N=3 4.3768 2.6142 

Le=5 N=1 3.8490 1.3136 
N=2 4.1300 1.5042 
N=3 4.3332 1.6305 

Le=8 N=1 3.8117 1.0157 
N=2 4.0387 1.1516 
N=3 4.2017 1.2442 

Ra¼105 Le=2 N=1 6.2360 3.9021 
N=2 6.8991 4.3188 
N=3 7.4002 4.6179 

Le=5 N=1 6.0110 2.2188 
N=2 6.4351 2.4709 
N=3 6.7640 2.6710 

Le=8 N=1 5.7110 1.6357 
N=2 5.9016 1.8518 
N=3 6.0986 2.0154 

Ra¼106 Le=2 N=1 10.8702 6.3528 
N=2 11.8969 6.9895 
N=3 12.6980 7.4927 

Le=5 N=1 10.1318 3.5271 
N=2 10.6852 3.9914 
N=3 11.1466 4.1313 

Le=8 N=1 9.2636 2.6219 
N=2 9.0985 2.8232 
N=3 9.3701 3.0903  
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Boundary conditions: 

Bottom  wall: 
∂θ
∂Y

= 0,U = 0,V = 0,Ψ = 0,
∂C
∂Y

= 0  

Bottom  rib:
∂θ
∂n

= − 1,U = 0,V = 0,Ψ = 0,
∂C
∂n

= − 1  

Right  and  left  walls:  θ= 0,U = 0,V = 0,Ψ = 0,C = 0  

Top  wall:
∂θ
∂Y

= 0,U = 0,V = 0,Ψ = 0,
∂C
∂Y

= 0  

Top  rib:
∂θ
∂n

= − 1,U = 0,V = 0,Ψ = 0,
∂C
∂n

= − 1  

Baffle :
∂θ
∂n

= − 1,U = 0,V = 0,Ψ = 0,
∂C
∂n

= − 1 (12) 

The target physical parameters in this paper are the local Nusselt and Sherwood numbers. These parameters are defined as: 

Nu=
(

khnf

kf

)(
1
θ

)

(13)  

Sh=
(

1
C

)

(14) 

And the average ones are: 

Fig. 4a. Influence of Le and Ra on SHT (N=3)  
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Nuavg =
1
s

∫

Nu.ds (15)  

Shavg =
1
s

∫

Sh.ds (16)  

Where s is the length of the bottom rib. 
K, (ρCp), μ, (ρβ), and ρ of hybrid nanoliquid could be represented as: 

khnf

kf
=
[
(1 − λ)φ

(
kf − ks

)
+ ks − (1 − λ)kf

]
×
[
ks − (1 − λ)kf + φ

(
kf − ks

)]− 1 (17)  

(
ρCp
)

hnf =φCu
(
ρCp
)

Cu +φAl2O3

(
ρCp
)

Al2O3
+ (1 − φ)

(
ρCp
)

f (18)  

μhnf =(1 − φ)− 2.5μf (19)  

(ρβ)hnf =(1 − φ)(ρβ)f +φCu(ρβ)Cu + φAl2O3
(ρβ)Al2O3

(20)  

ρhnf =(1 − φ)ρf +φCuρCu + φAl2O3
ρAl2O3

(21) 

And the correlations of entropy generation would be as: 

Sgen = SHT + SFF + SMass (22) 

In which 

SHT =
khnf

kf

((
∂θ
∂X

)2

+

(
∂θ
∂Y

)2
)

(23)  

Fig. 4b. Influence of Le and Ra on SMass (N=3)  
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SFF = φ1
μhnf

μf

[

2
(

∂V
∂Y

)2

+ 2
(

∂U
∂X

)2

+

(
∂U
∂Y

+
∂V
∂X

)2
]

(24)  

SMass =φ2

((
∂C
∂X

)2

+

(
∂C
∂Y

)2)

+ φ3

(
∂C
∂X

∂θ
∂X

+
∂C
∂Y

∂θ
∂Y

)

(25) 

And the Bejan number is: 

Be=
SHT + SMass

Sgen
(26)  

3. Numerical approach and validation 

In this work, finite element method (FEM) as one of the best numerical methods is executed to solve equations 7–10 [50]. Besides, 
the Nuavg of the present code is compared to the Kahveci [51] results. Table 2 reveals that the present simulation is in good agreement 
with the reference data and is valid for future analysis. 

4. Results 

Double diffusive NC of a hybrid Cu–Al2O3–H2O Nano liquid in an H-shaped cavity is studied in this paper. The results are intro-
duced in three main categories in order to figure out the optimum geometry and mode of thermal parameters for the best heat 
transportation and entropy generation performance. Firstly, the thermal behavior of the cavity with a fixed baffle at zero angle and no 
corrugation is investigated. In the second subsection, the effect of putting the baffle angle at the upper wall and corrugated lower wall 
are presented. Finally, the optimum geometry is introduced. 

4.1. Geometry with fixed baffle and no corrugation 

Fig. 2-a. Depicts the contours of streamline distribution for different Rayleigh (Ra) and Lewis numbers (Le). Ra determines the effect 

Fig. 4c. Influence of Le and Ra on SFF (N=3)  
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of Buoyancy-driven natural convection. The more the Ra is, the more the natural convection will be dominant in transfer of heat in the 
cavity. As it is clear in Fig. 2-a, the intensity of the streamlines rises by increasing the Ra in each case and for different Le. There are two 
counter-rotating cells which exist due to the difference in density of the flow and boundary conditions. As the Ra is increasing, these 
two cells become more severe. Having said that, Le is the ratio of mass diffusivity and thermal diffusivity. If one increases the Lewis 
number, the maximum amount of streamlines reduces. The reason is that the amount of mass diffusion is reduced compared to thermal 
diffusion. The influence of Le and Ra on θ distribution is illustrated in Fig. 2-b. The best temperature distribution is for the case with 
Ra=106 and Le=2 since the natural convection is dominant for this case and the maximum streamlines are higher than other cases. 
Besides, the highest amount of isotherms exist at the upper rip due to the fact that hot particles with lower densities tend to go to the 
upper sections of the cavity and colder ones which are denser go downward. Fig. 2-c demonstrates the changes in iso-concentration of 
the hybrid nanofluid. This behavior is similar to temperature; the cold and adiabatic walls have zero concentration and ribs have a 
negative concentration. As it is shown in Fig. 2-c, the concentration around the ribs is higher than other parts of the cavity, and the 
effect of the ribs on the form of concentration is obvious. Besides, the upper rib has a higher concentration due to the presence of lighter 
and hotter particles at that region. The U-velocity and V-velocity distribution is another contour which is depicted in Fig. 2-d, and 
Fig. 2-e. Increasing the Ra leads to increase the intensity of the velocity gradients; however, increasing the Le damps the intensity of 
cells. For U-velocity there are four clockwise and four counter-clockwise gradients inside the cavity. V-velocity gradients are more 
intensive compared to U-velocity due to the fact that the gravity force and density difference play an important role in the y direction. 

The effect of Le, buoyancy ratio (N), and Ra on Nuave and Shave is shown in Fig. 3. The results clear that N has a positive impact on 
Nuavg and Shavg. For instance, Nuavg increases by 17% (Fig. 3-a) and Shavg by 18% (Fig. 3-b) for the case Ra=106. However, Le has a 
negative impact on Nuavg and Shavg. Nuavg reduces by 26% (Fig. 3-c) and Shavg by 59% (Fig. 3-d) for the case with Ra=106. Table 3 
introduces all the amounts of Nuavg and Shavg for the cases studied in this subsection. As it is shown in this table, the best case is 
Ra=106, Le=3, and N=3. This is a very important finding for this specific analysis since in the next sections the baffle and corrugated 
wall will be added for this case to find the optimum geometry. 

Fig. 4 depicts different types of S for various Le and Ra. Fig. 4-a is about S owing to heat transportation being based on alterations in 
thermal conductivity of NF and temperature. The maximum quantity of SHT is at the corner of the upper walls where the heated flow 
reaches the corner of cold and adiabatic walls. Increasing the Le does not have a vivid effect on this type of entropy; however, Ra has a 
direct impact on increasing its intensity. Next, the entropy of nanofluid concentration is shown in Fig. 4-b. Again, the maximum 
amount is at the upper corners, and the Le number has a tremendous effect on increasing the intensity of concentration entropy 
generation. Ra has also a direct impact on entropy generation due to concentration; however, its effect is negligible compared to the 

Fig. 4d. Influence of Le and Ra on Sgen (N=3)  
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effect of Le. As it is depicted in Fig. 4-c, most of the entropy generated in this cavity is dependent on fluid friction which is up to 500 
times more than entropy generation of heat transfer and concentration. As a result, one can say that the entropy generated because of 
fluid friction is equal to the whole entropy generated in Fig. 4-d. Fig. 4-e shows the changes in Bejan number. Be is described as the 
ratio of both heat transfer and concentration irreversibility to total entropy generation. Le has a direct relation with Be; however, Ra 
has a negative impact on Be. The reason is that although Le has a very small impact on fluid friction loss, it has a momentous impact on 
entropy due to concentration. In spite of that, Ra gives rise to a slight increase in heat transfer and concentration entropies. But, if one 
increases Ra, the friction loss increases to the great extent. Overall, Ra has a negative impact on Be. 

Fig. 4e. Influence of Le and Ra on Be (N=3)  

Fig. 5. The angles of the baffle (θ)  
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Fig. 6a. Influence of angle of the baffle (θ) on streamline distribution (Ra=106, Le=2, N=3)  

Fig. 6b. Influence of angle of the baffle (θ) on iso-concentration distribution (Ra=106, Le=2, N=3)  

Fig. 6c. Influence of angle of the baffle (θ) on Bejan number (Ra=106, Le=2, N=3)  

Table 4 
The effect of angle of the baffle (θ) on Nuavg and Shavg (Ra=106, Le=2, N=3).   

θ=-60∘  θ=-30∘  θ=0∘  θ=+30∘  θ=+60∘  

Nuavg 12.7120 12.6841 12.6980 12.6585 12.7118 
Shavg 7.5047 7.4930 7.4927 7.4722 7.5062  

Fig. 7a. The effect of rib corrugation (AR) on streamline distribution (Ra=106, Le=2, N=3, θ¼+60∘)  
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4.2. Effect of baffle angle and corrugated wall 

In this section, the angle of the baffle (θ) is changed from − 60∘ to +60∘ as shown in Fig. 5. The main aim of this study is to find the 
optimum geometry based on Nuavg and Shavg. In the previous section, it was demonstrated that the case with Ra=106, Le=2, and N=3 
has the best performance among others. Now, the angle of the baffle is changed for this case, and the results are compared with each 
other to find the best angle of the baffle. 

Fig. 7b. The effect of rib corrugation (AR) on iso-concentration distribution (Ra=106, Le=2, N=3, θ¼+60∘)  

Fig. 7c. The effect of rib corrugation (AR) on Bejan number (Ra=106, Le=2, N=3, θ¼+60∘)  

Fig. 8a. The effect of rib corrugation (AR) on streamline distribution (Ra=106, Le=2, N=3, θ¼-60∘)  

Fig. 8b. The effect of rib corrugation (AR) on iso-concentration distribution (Ra=106, Le=2, N=3, θ¼-60∘)  
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The changes in streamline distribution, concentration, and Bejan number are depicted in Fig. 6. The clockwise streamlines become 
dominant by changing the baffle angle from − 60∘to +60∘ (Fig. 6-a). The reason is that the baffle plays a disturbing role for the cells and 
changes the flow pattern around itself. The iso-concentrations are shown in Fig. 6-b. The location of the maximum concentration 
around the upper rib moves to the right by changing the angle of the baffle from − 60∘to +60∘. This is related to the area of the hot fluid 
which is trapped between the baffle and hot rib with constant heat fluxes. Another interesting contour is for the Bejan number (Fig. 6- 
c). The maximum amount of Be happens in the place where the hot flow is trapped between the baffle and upper rib. This amount is 
higher for the angles − 60∘and + 60∘which means that at these angles there is more SHT and SMass. 

Finally, the changes in Nuavg and Shavg for the studied angles of the baffle are presented in Table 4. As it is shown in this Table, the 
best case based on Nuavg is the case withθ=− 60; however, the best Shavg is for the case θ=+60∘. 

4.3. Effect of corrugated wall 

From the baffle angle section, the best geometry for Nuavg was θ=-60∘and for Shavg θ=+60∘(Le=2, N=3). Based on these data, the 
corrugated wall with AR of 0.375, 0.75, and 1.5 will be considered for these two cases to find the optimum geometry. Fig. 7 shows the 
case with θ¼+60∘and different aspect ratios of the bottom rib. The corrugated wall changes the heads of the clockwise and coun-
terclockwise cells and makes them smaller due to less distance between the upper and down ribs (Fig. 7-a). Besides, the concentration 
of the hybrid nanofluid and its pattern changes a lot by boosting the number of undulations. Increasing the undulations reduces the 
effect of the upper rib and baffle on concentration of nanofluid, there is less concentration at lower sections of the cavity. The main 
reason is that the ups and downs of the corrugated wall reduces the ability of the heat flux to move around the cavity and it stays in the 
inner corners. The maximum concentration also happens at the corners of the undulations (Fig. 7-b). Ultimately, increasing the number 
of undulations enhances the Be distribution and the maximum Be is at the corner of undulations which means more SHT and SMass 
(Fig. 7-c). The same behavior is also depicted in Fig. 8 for θ = − 60∘. 

Finally, the results of Nuavg and Shavg for the mentioned cases are presented in Table 5. This Table is the main result of this 
investigation, and based on that, the best scenario for the present analysis is the case with baffle angle − 60∘ and no corrugation for 
Nuavg and baffle angle +60∘ and no corrugation for Shavg. The Nuavg reduces by 55% and Shavg by 56% if one increases the number of 
undulations to 8 (for θ = + 60∘). 

5. Conclusion 

Double diffusive natural convection of a hybrid Cu–Al2O3–H2O nanoliquid in an H-shaped enclosure is explored. The effect of Ra, 
Le, and N on the NC and Sgen is considered. The contours of streamlines, iso-concentration, and isotherms along with changes in 
average Nu and Sh numbers are analyzed. Moreover, the effect of baffle angle and aspect ratio of a corrugated wall are considered to 
find the optimum geometry. The main findings of this study are as:  

• The Nuavg and Shavg increase by increasing the buoyancy ratio and reducing the Le (for the base geometry).  
• Lewis number has an astonishing impact on entropy generation due to concentration (up to 20 times).  
• Increasing Ra causes a decrease in Be and the share of entropy due to concentration and heat transfer, However, Le has a direct 

impact on Be.  
• The Nuavg is increased by 0.1% if the angle of the baffle changes from 0∘ to − 60∘. 

Fig. 8c. Influence of rib corrugation (AR) on Be (Ra=106, Le=2, N=3, θ¼-60∘)  

Table 5 
The effect of rib corrugation (AR) on Nuavg and Shavg (Ra=106, Le=2, N=3).   

θ∘  No corrugation AR=0.375 AR=0.75 AR=1.5  

Nuavg 

+60 12.7118 5.6610 8.9881 11.2936 
− 60 12.7120 5.9509 9.0050 11.3092  

Shavg 

+60 7.5062 3.2795 5.2653 6.6945 
− 60 7.5047 3.4108 5.2778 6.7081  
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• The Shavg is increased by 0.2% if the angle of the baffle changes from 0∘ to +60∘.  
• The optimum geometry based on Nuavg is the geometry with θ = − 60∘ and no corrugation.  
• The optimum geometry based on Shavg is the geometry with θ = +60∘ and no corrugation. 
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