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Abstract
A numerical investigation of entropy generation due to MHD-free convective of Cu–water nanofluid in a porous I-shaped 
cavity is reported. The cavity is under Darcy law with inclined uniform magnetic field. The cavity is cooled from the top and 
a part of bottom wall subjected to uniform heat flux, while the other parts of walls of the cavity are adiabatic. Mathemati-
cal pattern formulated employing the single-phase nanofluid approach in governing equations the problem has been solved 
by finite difference technique. Prime efforts have been concentrated on the impacts of the pertinent parameters on the fluid 
flow and heat transfer inside the cavity. Numerical data have been plotted in the form of streamlines, isotherms, and average 
Nusselt numbers. The results show that the Nu number decreases via increasing the Ha number. It increases when the Ra 
number is increased. The maximum and minimum values of Nusselt occur at B = 0.2 and B = 0.8, respectively. Exerting an 
angle for magnetic flux leads to the improvement in thermal performance for all amount of B. The effects of Ha, nanofluid 
volume fraction, heat source size, location and angle of magnetic field on heat transfer, entropy generation, and thermal 
performance are completely studied and discussed.
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List of symbols
B  Dimensionless of heat source/sink length
B0  Magnetic field strength, T
b  Length of heat source, m
Cp  Specific heat, J kg−1 K−1

CT  Difference temperature
D  Dimensionless heat source position
d  Location of heat sink and source, m
Da  Darcy number
g  Acceleration due to gravity, m s−2

H  Length of cavity, m
Ha  Hartmann number, B0L

√
�f∕�f�f

K  Permeability of porous medium,  m2

k  Thermal conductivity,  Wm−1 K−1

Nus  Local Nusselt number
Num  Average Nusselt number of heat source
p  Fluid pressure, Pa
P  Dimensionless pressure, pH∕�nf �2

f

Pr  Prandtl number, vf/αf
Q0  Heat generation coefficient, W m−2

q′′  Heat flux
Ra  Rayleigh number, gβf (Th − Tc)H3/αfνf
S  Entropy generation,  WK−1 m−3

T  Temperature, K
Tc  Cold wall temperature, K
Th  Heated wall temperature, K
u, v  Velocity components in x, y directions,  m2 s−1

U, V  Dimensionless velocity components, u/v0, v/v0
x, y  Cartesian coordinates, m
X, Y  Dimensionless coordinates, x/L, y/L

Greek symbols
�  Thermal diffusivity,  m2 s−1, k/ρcp
�  Thermal expansion coefficient,  K−1

ϕ  Solid volume fraction
σ  Effective electrical conductivity, μS cm−1

�  Dimensionless temperature, (T − Tc)/(Th − Tc)
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�  Dynamic viscosity, N s  m−2

�  Kinematic viscosity,  m2 s−1

�  Density, kg m−3

Ф  Angle of enclosure

Subscripts
c  Cold
0  Reference
f  Pure fluid
h  Hot
m  Average
nf  Nanofluid
p  Nanoparticle

Introduction

With a history of about three decades, using nanofluids is 
regarded as an effective technique in order to increase heat 
transfer. Nanofluids have acquired a significant and great 
attention by scientists in the field of heat transfer augmen-
tation due to its significant function in augmentation the 
thermal conductivity of basis fluids and then enhance the 
heat and mass transmission rates comparable to those clas-
sical fluids. Heat transfer augmentation is one of the prime 
requests to enhance the adequacy of numerous thermal sys-
tems in several applications either industrial, pharmaceuti-
cal, medical, and implementations in thermal management. 
Extensive research has been conducted in this area [1]. Yet, 
it cannot be certainly claimed that adding nanoparticles into 
base fluid would result in heat transfer improvement espe-
cially in the case of free and mixed convection in various 
shapes of cavity [2]. In reality, the I-shaped cavity is one of 
the complicated shaped cavities. These types can be found 
in practical engineering applications such as solar collectors 
or heat exchangers with different shaped duct constructions.

Research about using nanofluid in porous media began 
less than 10 years ago; hence it is a new topic in the heat 
transfer field. Heat transfer of nanofluids in porous media 
has many applications such as tumor treatment, drug deliv-
ery, and microchannels [3]. Few studies have been carried 
out in the field of convective heat transfer of nanofluids in 
porous media for different shapes of cavity [2–4].

The main concern in this regard is applied research, so 
that entropy generation minimization, EGM, beside heat 
transfer, could be beneficial for engineers [5–7]. Limited 
research about EGM alongside free convective heat transfer 
of nanofluids in different shapes of porous cavity has been 
conducted. Some of them include: conjugate heat transfer 
in rectangular porous cavity heated by triangular solid by 
Ismael et al. [8], non-Newtonian nanofluid in porous cavity 
by Kefayati [9], inclined porous cavity by Armaghani et al. 
[10, 11], porous cavity with active parts by Mansour et al. 

[12], cavity filled with two horizontal layers of nanofluid and 
porous medium by Al-Zamily and Amin [13], corrugated 
cavity filled with a porous media by Chamkha and Selime-
fendigil [14]. For more details, diverse investigations are 
explored via [15–24].

The current literature study has led us to emphasize that 
there is, relatively, a very few cited works regarding the 
entropy generation in the I-shaped cavities. Furthermore, the 
subjects of nanofluids and inclined magnetic field with heat 
flux have not obviously grown yet. Accordingly, the current 
analysis is destined as an endeavor to continue in develop-
ing the natural convection aspects. The current geometry 
is a porous I-shaped cavity filled with copper–water nano-
fluid subjected to an inclined magnetic field and internal 
heat generation with entropy generation. It is sought that this 
research will contribute in finding novel parameters configu-
rations those govern the performance of the I-shaped cavi-
ties particularly those carry on heat flux where the entropy 
generation is inevitably exist.

Mathematical formulation

The problem of entropy generation due to MHD natural con-
vection of a Cu–nanofluid inside a porous I-shaped square cav-
ity is investigated. The two-dimensional schematic of I-shaped 
geometry with length H is depicted in Fig. 1. As visible from 
the graphical view, the top wall is maintained at a low tem-
perature, Tc, and uniform heat flux q″ in a part of bottom wall 
with length b, while all other parts of the cavity are adiabatic. 
The direction of the gravity force is downward, and a magnetic 
field with strength B0 is utilized on the left side of the cavity 
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Fig. 1  Schematic diagram and coordinate system
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with angle Ф along the positive horizontal direction. The cav-
ity is filled with copper–water nanofluid that is considered to 
be steady Newtonian, laminar, incompressible, and exposed to 
internal heat generation at a uniform rate Q0. In addition, the 
nanofluid is simulated as a single-phase homogeneous fluid. 
The thermophysical properties of the nanoparticles and the 
base liquid are gathered in Table 1. The density divergence 
in the nanofluid is approximated by the regular Boussinesq 
approximation. Therefore, the governing equations can be 
given in dimensional form as follows [8–12]:

where αnf and νnf are the nanofluid thermal diffusivity and 
kinematic viscosity, respectively.

The BC’s are

where b is the length of heat source, d is location of 
heat source/sink. The effective density, heat capac-
ity, and thermal expansion coefficient of the nanofluid 
ρnf, (ρcp)nf, (ρβ)nf, μnf, αnf are defined as (see [25–29]);

(1)
�u

�x
+

�v

�y
= 0,

(2)u = −
K

�nf

�p

�x
−

K

�nf

�nfB
2
0
(v cos Φ sinΦ − u sin2 Φ),

(3)

v = −
K

�nf

�p

�y
−

K

�nf

�nfB
2

0
(u sin Φ cosΦ − v cos2 Φ)

+
g(��)nf

�nf

K(T − Tc),

(4)u
�T

�x
+ v

�T

�y
= �nf

(
�2T

�x2
+

�2T

�y2

)

+
Q0

(�cp)nf
,

(5)

y = 0, u = v = 0,

�T

�y
= −

q��

knf
, (d − 0.5b) ≤ x ≤ (d + 0.5b),

�T

�y
= 0 otherwise

y = H, u = v = 0, T = Tc,

x = H, u = v =
�T

�x
= 0

x = 0, u = v =
�T

�x
= 0,

(6)�nf = (1 − �)�f + ��p,

Letting the following nondimensional collection:

into Eqs. (1)–(4) produces the following nondimensional 
equations:

where Ra = gK�fΔTH

�f�f
, Ha = B0H

√
�f∕�f, Da =

K

H2
Q =

Q0H

q��
 , 

B =
b

H
 , D =

d

H
 , are the Prandtl number, Rayleigh number, 

Hartmann number, Darcy number, dimensionless heat 

(7)(�cp)nf = (1 − �)(�cp)f + �(�cp)p,

(8)(��)nf = (1 − �)(��)f + �(��)p,

(9)�nf =
knf

(�cp)nf
.

(10)
knf

kf
=

(kp + 2kf) − 2�(kf − kp)

(kp + 2kf) + �(kf − kp)
.

(11)�nf =
�f

(1 − �)2.5
.

(12)
�nf

�f
= 1 +

3(� − 1)�

(� + 2) − (� − 1)�
, � =

�p

�f
.

(13)

X =
x

H
, Y =

y

H
,U =

uH

�f
,V =

vH

�f
,

P =
pK

�nf�f
, � =

T − Tc

ΔT
,ΔT =

q��H

knf

(14)
�U

�X
+

�V

�Y
= 0,

(15)

U = −
�P

�X
− Da ⋅ Ha2

(
�f

�nf

)(
�nf

�f

)

(V cosΦ sinΦ − U sin2 Φ),

(16)

V = −
�P

�Y
− Da ⋅ Ha

2

(
�f

�nf

)(
�nf

�f

)

(U sinΦ cosΦ − V cos2 Φ)

+

(
�f

�nf

)(
�nf

�f

)(
(��)nf

�nf�f

)

⋅ Ra ⋅ �,

(17)U
��

�X
+ V

��

�Y
=

�nf

�f

(
�2�

�X2
+

�2�

�Y2

)

+
(�cp)

(�cp)nf
⋅ Q,

Table 1  Thermo-physical 
properties of water and 
nanoparticle materials [30]

ρ/kg m−3 Cp/J kg−1 K−1 k/Wm−1 K−1 β/K−1 σ/μS cm−1

Pure water 997.1 4179 0.613 21 × 10−5 0.05
Copper (Cu) 8933 385 401 1.67 × 10−5 5.96 × 107
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generation or absorption coefficient, dimensionless heat 
sources length, and the dimensionless heat source location, 
respectively.

The nondimensional boundary conditions for Eqs. (5) are 
as follows:

The local Nusselt number is defined as:

and the average Nusselt number is defined as:

Following [21–23] the total entropy generation can be given 
by:

Applying the dimensionless parameters presented in 
Eq. (13), the nondimensional entropy generation S, can be 
formed as:

where CT is the difference temperature, and

(18)

Y = 0, U = V = 0,

��

�Y
= −

knf

kf
, (D − 0.5B) ≤ X ≤ (D + 0.5B),

��

�Y
= 0 otherwise

Y = 1, U = V = 0, � = 0

X = 1U = V =
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�X
= 0
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1
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,
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B ∫
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(
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⋅
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(
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(23)�1 =

(
�f �

2
f
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)

.

also, the following Nusselt ratio, total entropy generation 
ratio and thermal performance criteria reported by Rashad 
et al. [31] are defined as:

Numerical method and validation

In this probe, the numerical algorithm utilized to solve the 
nondimensional Eqs. (14)–(17) is established on the finite 
difference framework. Central divergence quotients have 
been applied to converge the second derivatives in X and Y 
directions together. Then, the gained discretized equations 
have been solved by applying the successive under-relaxa-
tion (SUR) method. The solution execution is iterated till the 
following convergence standard is satisfied:

where ζ is the general dependent variable. The convenient 
value of the relaxation parameter is found to be equal 0.7. 
Additionally, Eq. (17) is calculated utilizing the trapezoi-
dal rule. The numerical scheme is proceeded in FORTRAN 
software. Accuracy tests are done for grid independence 
applying the finite difference scheme applying four sets 
of grids: 41 × 41, 61 × 61, 81 × 81, and 101 × 101. A good 
agreement is found between (81 × 81) and (101 × 101) grids, 
so the numerical calculations are performed for (81 × 81) 
grid nodal points. In order to achieve the favor of current 
computational procedure the average Nusselt number at 
special case have been compared with the corresponding 
values reported by Walker and Homsy [32], Gross et al. 
[33], Manole and Lage [34], Bekermann et al. [35], Moya 
et al. [36], Baytas and Pop [37], Misirlioglu et al. [38], and 
Badruddin et al. [39], as exhibited in Table 2. The com-
parison is done employing the values of Rayleigh number 
(Ra = 10, 100). It is demonstrated that the values acquired by 
the current computational procedure have an excellent agree-
ment with those obtained by several researchers as exhibited 
in Table 2 which favor the present calculations indirectly.

(24)Nu+
m
=

Num

(Num)Ha=0
and Nu++

m
=

Num

(Num)Φ=0

,

(25)S+ =
S

(S)Ha=0
and S++ =

S

(S)Φ=0

,

(26)e+ =
S+

Nu+
m

and e++ =
S++

Nu++
m

.

∑

i,j

||
|
new
i,j

−old
i,j

||
|
≤ 10−6
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Results and discussion

The se lec t ive  resul ts  a re  obta ined a t  f ixed 
Θ = 10−3, CT = 0.05. The results related to changes of the 
size of hot source for constant values ϕ = 0.05, Ha = 5, D = 
0.5, Q = 1, Da = 10−3, Φ = 450, Ra = 500 of are shown in 
Figs. 2–5. Figure 2 shows the effects of changes of B on 
streamline and isothermal line. As evident in Fig. 2a, due 
to variation of density, nanofluid moves from the warm 
source to the right and upward through the vertical channel 
of the cavity, and once reaches the upper cold wall and 
changes in density, moves toward left and down, through 
the left wall of vertical channel, finally returning to the pri-
mary point near the warm wall. The main rotation of nano-
fluid is CCW, while nanofluid of horizontal channels 
assumes a CW rotation, as a result of contact among the 
moving layers. Theses minor whirlpools are observable at 
the right side of the upper horizontal channel, as well as the 

side of the lower one. As B increases, the stronger of pri-
mary streamlines decreases and nanofluids become stronger 
with a clockwise rotation, and at B = 0.6 and 0.8, minor 
whirlpools penetrate into horizontal channel. The major and 
minor whirlpools are supposed to become more symmetric 
with the increase in B. As B increases, isothermal lines in 
vertical channel trans shape from straight and nearly verti-
cal lines into curved and conic ones, whose sharp peak is 
upward. This may be explained considering that streamlines 
in vertical channel, with the increase in B, change from 
vertical lines into curved ones, with the formation of an 
internal whirlpool. Figure 3 shows the variation of local 

Table 2  Comparison of average Nusselt  Num at Ha = D = Q = B = ϕ = 0.0

Ra = 10 Ra = 100

Walker and Homsy [32] 3.097
Gross et al. [33] 3.141
Manole and Lage [34] 3.118
Bekermann et al. [35] 3.113
Moya et al. [36] 1.065 2.801
Baytas and Pop [37] 1.079 3.16
Misirlioglu [38] 1.119 3.05
Badruddin et al. [39] 1.0733 3.2001
Present results 1.079 3.207

Fig. 2  Streamlines (a) and 
isothermal (b) for Cu–water at 
ϕ = 0.05, Ha = 5, D = 0.5, Q = 1, 
Da = 10−3, Φ = 450,  
Ra = 500

0.2 0.4 0.6 0.8

0.2 0.4 0.6 0.8

(a) B B B B

(b) B B B B
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1.4

1.6

1.8

2.0

2.2

N
u s

X

 B = 0.2
 B = 0.4
 B = 0.5
 B = 0.6
 B = 0.8

Fig. 3  Profiles of the local Nusselt number at ϕ = 0.05,  Ha = 5,   
D = 0.5, Q = 1, Da = 10−3, Φ = 450, Ra = 500
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Nusselt number with the change of B. As pointed out ear-
lier, in this article Nusselt is defined based on temperature 
of fluid adhered to the warm wall. Considering the inverse 
relationship of these to variables, and considering that the 
temperature of nanofluid, given the isothermal lines shown 
in Fig. 2b, has risen with the increase in B, the maximum 
and minimum values of Nusselt occur at B = 0.2 and B = 0.8, 
respectively. Also, the symmetry of isothermal lines near 
the warm wall from B = 0.4 to B = 0.8 leads to a maximum 
value for local Nusselt, located at the middle of heat source. 
While at B = 0.2, given the isothermal lines, the temperature 
of nanofluid near the wall increases from x = 0.4 to x = 0.6 
and hence local Nusselt decreases. Figure 4 represents the 
variations of average Nusselt and the rate of its variations 
based on the variations of Ha. The maximum amount of 
average Nusselt is seen at B = 0.2, while the maximum rate 
of decrease in Nusselt number with the increase in Ha is 
observed at the same size of hot source. The increase in Ha 
leads to the loss of thermal performance for all amounts of 
B. At B = 0.2, the loss is more than that of other values. 

Totally when B = 0.2 the temperature gradient is very visi-
ble and so maximum value of Nu occurs at B = 0.2. The 
effects of locating hot source on heat transfer and entropy 
generation of I-shaped porous cavity, and with the constant 
values of φ = 0.05, Ha = 5, B = 0.5, Q = 1, Da = 10−3, Φ = 4
50, Ra = 500 are shown in Figs. 6–10. Figure 6 represents 
the effects of different locations of warm source on stream-
lines and temperature. The warm source is close to the left 
wall at D = 0.3 and D = 0.4. Warming of nanofluid leads to 
upward movement, and it moves from the left wall of the 
vertical channel to the cold wall, and then with cooling and 
density variation, it moves down ward from the right wall 
of vertical channel and return to the starting point. There-
fore, at D = 0.3 and D = 0.4, the main rotation of nanofluid 
is clockwise. As a result of this rotation, two minor whirl-
pools with CCW rotation will also be created in horizontal 
channels (upper left side and lower right side). These whirl-
pools have the highest level of strength when D = 0.4. 
Regarding the position of hot source adjacent to the right 
wall, direction of the main rotation of nanofluid is changed 
to CW. Minor whirlpools in the upper and lower horizontal 
channels are observable as well. Figure 6b shows isothermal 
lines for different amount of D. Considering the streamlines, 
positive and negative slopes of isothermal lines in vertical 
channel for various amount of D are clearly justifiable. Fig-
ure 7 shows the variations of Nusselt with the changes of 
D. Since the movement of nanofluid near the hot source is 
toward the left wall, so its temperature rises with traversing 
the wall toward the left and therefore local Nusselt along 
the hot source increases (with the opposite direction of 
nanofluid). At D = 0.4, local Nusselt will have a nearly simi-
lar process. At D = 0.5, as noted before, due to the 
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Fig. 6  Streamlines (a), isother-
mal (b) for Cu–water at ϕ = 0.05, 
Ha = 5, B = 0.5, Q = 1, Da = 10−3, 
Φ = 450, Ra  
= 500
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Fig. 7  Profiles of the local Nusselt number at ϕ = 0.05, Ha = 5, B = 0.5, 
Q = 1, Da = 10−3, Φ = 450, Ra = 500

symmetry of isothermal lines, Nusselt shows a conic behav-
ior, in which a maximum point is observed at the center of 
hot source. At D = 0.6 and D = 0.7, nanofluid near the warm 
source moves to the right and therefore its temperature rises 
with traversing the hot source, and the value of Nusselt 
decreases considering the definition of local Nusselt num-
ber. Among other values, at D = 0.7 the maximum and mini-
mum amounts of Nusselt are observed at the beginning and 
the end of hot source, respectively. Figure 8 shows the vari-
ations of average Nusselt and rate of its changes for different 
values of D and Ha. As mentioned earlier, Nusselt decreases 
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Fig. 10  Variation of global entropy to average Nusselt number at ϕ = 
0.05, Ha = 5, B = 0.5, Q = 1, Da = 10−3, Φ = 450, Ra = 500

Fig. 11  Streamlines (a), isother-
mal (b) for Cu–water at ϕ = 0.05, 
 Ha = 5, B = 0.5, D = 0.5, Da =  
10−3, Φ = 450, Ra = 500
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with the increase in Ha. The maximum value of Nusselt is 
seen at values of D equal to 0.3 and 0.4, so that the maxi-
mum value of Nusselt, for low amounts of Ha, is related to 
D = 0.4. The maximum rate of decrease is related to D = 0.7. 
Figure 9 shows the rate of variations of total entropy gen-
eration based on Ha and different amount of D. Considering 
the decrease in heat transfer for the values of D from 0.5 to 
0.7, and accordingly the decrease in irreversibility thereby, 
the rate of entropy generation decreases with the increase 
in Ha, while at D = 0.3 and D = 0.4, with the increase in Ha, 
 S+ has a slight increase which results from increase in irre-
versibility due to current and magnetic field. Figure 10 
shows that the increase in Ha leads to decrease in thermal 
performance. This decrease is aggravated for high values of 
Ha. Figure 11 shows streamlines and isothermal lines for 
different amounts of Q and constant values of φ = 0.05, Ha 
= 5, B = 0.5, D = 0.5,  Da = 10−3,  Φ = 450,  Ra = 500. At 
Q = − 2, thermal absorption of streamlines at the region 
above the cavity is extremely weak and heat transfer is 
therefore laminar, so that the parallel isothermal lines in 
Fig. 11a and at Q = − 2 indicate this same fact. Isothermal 
lines become denser with the increase in Q and generation 
of internal heat, because of increasing the right part of 
Eq.  (17), and so the strength of rotation of streamlines 
increases with the increase in temperature. Figure 12 shows 
the variation of Nusselt number for different values of Q 
and according to changes of Ha. A remarkable point rarely 
mentioned in the literature is the increase in heat transfer 
with the increase in Ha, which is seen at Q = − 2, maybe due 
to heat absorption at this point, streamlines are quite weak. 
So the increase in Ha and Lorentz force leads toconsidera-
ble changes in streamlines as well as isothermal lines and 
therefore heat transfer increases while for other amounts of 
Q, as reported in many articles, heat transfer decreases with 
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the increase in Ha, so that this decrease is maximum at 
Q = 2. As evident from the isothermal lines of Fig. 13b, 
isothermal lines near the warm wall decrease with the 
increase in Ra, and heat transfer is therefore supposed to 
increase (Fig. 14). Similarly, streamlines increase with the 
increase in Ra and decrease in viscosity force (Fig. 13a). As 
we can see in Eq. (16), the Ra number is appeared in the 
right side of this equation and therefore increasing the Ra 
number cause to increase the fluid velocity and streamline. 
Figure 15 shows streamlines and isothermal lines for vari-
ous amount of Da. For very tiny values of Da, with the 
decrease in it, since the right term of Eq.  (16) remains 
nearly constant, streamlines will not change noticeably from 
Da = 10−4 to Da = 10−6.

Therefore, isothermal lines will not have noticeable vari-
ations in this range of Da. While at Da = 10−2, the amount 
of isothermal lines near the warm wall becomes larger, so 
Nusselt is expected to decrease with the increase in Da, as 
indicated in Fig. 16. Also, as mentioned earlier, since similar 
isothermal lines are observed from Da = 10−4 to Da = 10−6, 
Nu will not change in this range. Figure 17 shows the varia-
tions of total entropy based on the angles of magnetic field, 
for different values of Da. It may generally be claimed that, 
for all angles, the maximum amount of entropy generation 
occurs at Da = 10−1. For Da = 10−1 and Da = 10−2, the max-
imum amount of entropy generation is nearly seen at the 
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Fig. 12  Variation of the average Nusselt number at ϕ = 0.05, B = 0.5, 
 D = 0.5, Da = 10−3, Φ = 450, Ra = 500

Fig. 13  Streamlines (a), isother-
mal (b) for Cu–water at ϕ = 0.05, 
Ha = 5, B = 0.5, D = 0.5, Da = 10−3, 
 Φ = 450, Q = 1

100 250 500 1000(a) Ra Ra Ra Ra

(b) 

0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.4

0.6

0.8

1.0

1.2

1.4

1.6

N
u s

X

 Ra = 100
 Ra = 250
 Ra = 500
 Ra = 750
 Ra = 1000

Fig. 14  Profiles of the Local Nusselt number at ϕ = 0.05, Ha = 5, B = 
0.5, D = 0.5, Da = 10−3, Φ = 450, Q =1
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angle of  900, while for lower values of Da, the maximum and 
minimum amounts of entropy generation occur at the angles 
of  600 and  1500, respectively. Figure 18 shows thermal per-
formance for various amounts of Da and different angles. In 
general, for all amounts of Da, performance improves with 
the increase in angle up to  900 and then decreases. Gener-
ally, the optimum amount of thermal performance occurs 
at Da = 10−5 and for the angle of magnetic field of  900. Fig-
ure 19 shows heat transfer for different values of B and based 
on the variation of the angle of magnetic field. Heat transfer 
increases with the increase in the angle of magnetic flux, 

which continues up to the angle of  900 and then decreases 
consistently up to the angle of  1800. Figure 20 shows ther-
mal performance for different values of B and according 
to various angles of magnetic flux. In general, exerting an 
angle for magnetic flux leads to the improvement of thermal 
performance for all amount of B, which is maximized for the 
angles of 80–90. This trend is similarly observed for heat 
transfer and thermal performance, for different values of D 
(Figs. 21, 22).

Fig. 15  Streamlines (a), isother-
mal (b) for Cu–water at ϕ = 0.05, 
Ha = 5, B = 0.5, D = 0.5, Φ = 450, 
Q = 1, Ra = 500
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Fig. 16  Profiles of the local Nusselt number at ϕ = 0.05,  Ha = 5,   
B = 0.5, D = 0.5, Φ = 450, Q = 1, Ra = 500
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Fig. 17  Variation of the total entropy generation at ϕ = 0.05,   
Ha = 5,  D = 0.5,  B = 0.5,  Da = 10−3,  Q = 1,  Ra = 500 
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Conclusions

The remarkable results of entropy generation and heat trans-
fer of nanofluid in I-shaped porous enclosure are:

1. Heat transfer increases via increasing Ra.
2. The maximum value of Nusselt is seen at values of 

D = 0.3 at law Ha and D = 0.4 for other value of Ha.
3. For all angles, the maximum amount of entropy genera-

tion occurs at Da = 10−1.

4. Exerting an angle for magnetic flux leads to the improve-
ment of thermal performance for all amount of B.

5. The maximum and minimum values of Nusselt occur at 
B = 0.2 and B = 0.8, respectively.
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Fig. 18  Variation of global entropy to average Nusselt num-
ber at ϕ = 0.05,  Ha = 5,  D = 0.5,  B = 0.5,  Da = 10−3,  Q = 1,   
Ra = 500
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Fig. 19  Variation of the average Nusselt number at ϕ = 0.05, Ha = 5, 
 D = 0.5, Da = 10−3, Q = 1, Ra = 500
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Fig. 20  Variation of global entropy to average Nusselt number at ϕ = 
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6. Heat transfer increases with the increase in the angle of 
magnetic flux, which continues up to the angle of  900, 
and then decreases consistently up to the angle of  1800.

7. In general, exerting an angle for magnetic flux leads to 
the improvement of thermal performance for all amount 
of B.
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