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A B S T R A C T

This study is an attempt to understand the characteristics of heat transfer by natural convection, flow, and
entropy generation of Cu-Al2O3/H2O based hybrid nanoliquid filled-annulus delimited by two elliptic cylinders
considering internal heat generation or absorption (IHG/A) phenomenon. The buoyancy-driven flow is induced
by a thermal gradient between isothermal and differentially heated inner and outer cylinders. A numerical
solution of the governing equations in the dimensionless and non-primitive form is performed using the tech-
nique of finite volume discretization. Impacts of diverse parameters of the study such as copper-alumina na-
noparticles volumic concentration, Rayleigh number, and dimensionless internal heat generation or absorption
parameter on the thermohydrodynamic characteristic and entropy generation are examined. An analysis of the
results showed that the combined effects of internal heat generation/absorption and hybrid nanoliquid sig-
nificantly alter the hydrothermal characteristics, heat transfer rate, and entropy generation within the annulus.

List of symbols

A1, A2 Major axes
B1, B2 Minor axes
Cp Specific heat (J.kg-1K−1)
gr Gravitational acceleration (m s− 2)
h Dimensional metric coefficient (m)
H Dimensionless of h
Q0 Volumetric heat generation (W m−3)
q internal heat generation/absorption parameter
S Entropy (J K−1)
S Dimensionless of s
T Temperature (K)
V V, Velocity components (m.s−1)
x, y Cartesian coordinate system (m)
Greek letters

Density (kg.m−3)
Stream function (m2 s−1)

α Thermal diffusivity (m2 s−1)
Thermal expansion coefficient (K−1)

Heat conductivity (W m-1K−1)
µ Dynamic viscosity, kg m−1 s−1

Kinematic viscosity (m2 s−1)
Volume concentration of the nanoparticles
Non-dimensional temperature

, Elliptic coordinate system, (m)
Subscripts

avg average
f Fluid (water)
h Hot
c Cold
hnf Hybrid Nanofliquid
hp Hybrid particles
l Local
p1 Cu nanoparticles
p2 Al2O3 nanoparticles
Superscript

* Dimensionless parameters
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1. Introduction

Thermal convection is a mode of energy transport through the
combined action of conduction, energy accumulation and movement of
the medium. Natural thermal convection always aroused scientific in-
terest in researchers because it participates in many natural passive or
active operations, such as climatic processes, earth’s mantle movement,
thermal atmospheres and oceans, condensation and evaporation, etc.
Also, it is involved in various industrial systems and processes such as
passive cooling of electronic systems, heat removal in nuclear reactors,
thermal storage equipment, solar thermal receivers, thermal of build-
ings, air conditioning, and others. It is extremely important to improve
and/or control heat transfer phenomena inside thermal systems.
Therefore, researchers have proposed several effective methods such as
adjusting the thermophysical properties of the operating fluids (using
nanofluids, for example), modifying the system geometry within which
the phenomenon takes place or by internal/external solicitations
(magnetic field, internal heating or absorbing, and external heating or
cooling, etc.) [1–15]. However, the internal source/sink makes a sig-
nificant contribution to heat transfer in such systems. Therefore, natural
convection heat transfer induced by internal heating or absorbing has
received and still receives considerable attention because of its special
and important applications such as microwave heating, electrochemical
batteries, solar to thermal energy conversion, geophysics, nuclear re-
actor, etc. 3D free convection in a confined porous medium in the
presence of an internal heat generation (IHG) is studied by Beukema
et al. [16]. Cheng [17] studied the 2D steady-state laminar natural
convection problem within an isothermal horizontal elliptical cylinder
taking into account temperature-dependent internal energy sources.
Shim and Hyun [18] examined the unsteady state free convection in a

square enclosure with internal heat generation. Khanafer and Chamkha
[19] studied transient MHD laminar flow and free convection heat
transfer in an inclined square cavity filled with a fluid-saturated porous
medium considering the impact of a magnetic field and fluid internal
heat generation. May [20] and Acharya and Goldstein [21] have stu-
died numerically the 2D free convection flow and heat transfer within
an air-filled inclined square cavity considering a uniform internal heat
source distribution. The results illustrate that the flow distribution
within the cavity depends on the internal to the external Rayleigh
numbers ratio. Also, they deduced that the overall heat transfer rate on
the cold wall intensified for high external Rayleigh number and low
internal Rayleigh number. Bergholz [22] investigated the natural con-
vection of a heat-generating fluid filled-differentially heated rectan-
gular cavity. Ben-Nakhi and Chamkha [23] gave a numerical in-
vestigation of conjugate free convective heat transfer within a square
cavity with the presence of a centered finned pipe and uniform internal
energy source. Shekar et al. [24] numerically analyzed free thermal
convection within an annular cavity delimited by two eccentric cylin-
ders with an internal energy source. The study of free thermal con-
vection in a partially partitioned square cavity in the presence of in-
ternal heat source is considered by Oztop and Bilgen [25]. Chamkha
et al. [26] considered the effect of the presence of heat source/sink
within an inclined porous triangular cavity on double-diffusive con-
vection characteristics. They declared that the presence of a heat sink
increases the fluid flow intensity but the presence of a heat source
decreases the fluid flow intensity within the cavity. Selimefendigil and
Öztop [27] have analyzed numerically MHD free thermal convection
heat transfer and entropy generation of nanofluid filled-enclosure
containing various isothermal bodies under the effect of a volumetric
heat source. Nasrin et al. [28] have perused the effect of the internal

Fig. 1. Physical configuration and boundary conditions.
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heat source coefficient, the Richardson number, and the volumic frac-
tion of nanoparticles on the thermal convective flow and heat transfer
characteristics in a double lid-driven enclosure occupied with nano-
fluid. A numerical study of MHD mixed convection flow of in-
compressible viscoelastic fluid over an inclined surface with the effect
of non-uniform heat source/sink is considered by Ramesh et al [29].
Alsabery et al. [30] have utilized a local thermal non-equilibrium
(LTNE) model to explore the effects of internal heat generation on

unsteady free convection in an inclined porous cavity partially heated
from the bottom. Rashad et al. [31] studied the MHD convective heat
transfer in a triangular cavity occupied with hybrid nanofluid subjected
to a constant heat flux considering internal heat generation. Rashad
et al. [32] examined the effect of internal heat generation and magnetic
field on the natural convection in a nanofluid filled-rectangular cavity.
They observed a diminution of the heat transfer rate when increasing
the Hartmann number or the nanoparticle’s concentration. Dogonchi
et al. [33] have explored numerically the effects of volumetric energy
sources (heat and viscous) on natural convection of a nanofluid in a
permeable circular cavity. The effects Rayleigh number, volumic con-
centration of nanoparticles, and viscous dissipation are examined. A
new correlation for the mean Nusselt number is developed in this study.
The second low analysis of MHD combined natural and forced con-
vection heat transfer in a Cu-water nanofluid-filled L-shaped cavity with
internal heating generation is evaluated by Chamkha et al. [34].

Fig. 2. Illustration of elliptic coordinate system (η, θ, z).

Fig. 3. Physical, (a) and computational domain, (b).

Table 1
Material properties of the host liquid water and nanoparticles [38–39].

(kg/m3) Cp (J/kg K) λ(W/m K) (1/K)

Water 997.1 4179 0.613 21×10−5

Cu 8933 385 401 1.67×10−5

Al2O3 3970 765 40 0.85×10−5
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Recently, Sadeghi et al. [35] analyzed magnetohydrodynamic natural
convection of nanofluid within a wavy cavity in the presence of a tra-
pezoidal inner heater and internal heat generation using the finite
element method (FEM).

As evidenced by the above-mentioned citations and despite the
great importance of the annular cavities in the thermal transfer by
natural convection [36–44], the study of the effect of internal heat
generation or absorption on natural thermal convection and entropy
generation in an annular elliptical cavity occupied by hybrid nanofluid
has not previously been considered by researchers. This present study is
the first attempt to understand the effects of internal heating or ab-
sorbing on the free convection and entropy generation in a horizontal
elliptical annulus filled with hybrid nanofluids.

2. Modeling

2.1. Problem description

A schematic view of the geometry considered in the present work
along with the boundary conditions is displayed in Fig. 1. It comes to an

annular enclosure bounded by two isothermal confocal horizontal el-
liptical cylinders. The annular with an inner ellipse eccentricity
e1 = 0.9 and an outer ellipse eccentricity e2 = 0.4, is loaded with Cu-
Al2O3/H2O hybrid nanoliquid. Heat generation/absorption within the
fluid domain is taken into consideration. The buoyancy-driven flow is
induced by a thermal gradient between isothermal and differentially
heated inner and outer surfaces. The mixture of the hybrid nanoliquid is
formed by mixing a same volumic fraction of Cu and Al2O3 nano-
particles in the host liquid (water). The thermal equilibrium conditions
between both constituents, hybrid nanoparticles and host liquid are
applied. It is assumed that the hybrid nanoliquid flow is incompressible
and laminar under the Boussinesq approximation for the selected range
of Rayleigh numbers. The Boussinesq approximation is employed with
Tc as reference temperature. Material properties of the host liquid water
(Pr = 6.2) and nanoparticles are exhibited in Table 1 [38,39].

Thermophysical properties of the hybrid nanoliquids are de-
termined in the followings:

= + +(1 )hnf p p f p p p p1 2 2 2 1 1 (1)

= + +Cp Cp Cp Cp( ) (1 )( ) ( ) ( )hnf p p f p p p p1 2 2 2 1 1 (2)

= + +( ) (1 )( ) ( ) ( )hnf p p f p p p p1 2 2 2 1 1 (3)

The hybrid nanoliquid overall dynamic viscosity and thermal con-
ductivity are calculated via equations (4) and (5) using Brinkman and
Maxwell models, respectively [45,46]:

=µ µ /(1 )hnf f p p1 2
2.5 (4)

Fig. 4. Variation of mean Nusselt numbers and maximum values of stream function with the mesh density at Ra = 105, ϕ = 0.06 and q = 5.

Table 2
Comparison of average Nusselt numbers with Elshamy et al. [37] for different
Ra.

Pr = 0.70 on the inner surface on the outer ellipse

Ra 104 6 × 104 2 × 105 104 6 × 104 2 × 105

Present study 3.53 5.48 7.21 1.14 1.81 2.35
Ref. [37] 3.53 5.5 7.25 1.19 1.78 2.22
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2.2. Basic equations in the dimensional form

The equations of continuity, motion, heat, and entropy generation
for steady 2D natural convection flow of hybrid nanofluid can be ex-
pressed in the elliptical coordinates system (η, θ, z). To obtain elliptical
coordinate system (η, θ, z) via Cartesian coordinate system (x, y, z), we
apply the following relationship (Fig. 2) [47]:

=
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1 (6)

where
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The inner and outer ellipse eccentricities are given as:

= =

= =

e

e

ch
A B

A

ch
A B

A

1
1
( )

2
1
( )

1

12 12

1

2

22 22

2 (8)

Mass equation:

+ =hV hV( ) ( ) 0
(9)

Motion equation:
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Heat equation:

+ = + +T V V T
c h

T T Q
Cp( )

1
( )

hnf

P hnf hnf

2

2

2

2
0

(11)

We defined the vorticity as:

= +
h
1

22

2

2

2

(12)

Entropy generation:
The local entropy generation, which is a measure of the imperfec-

tions of a system, is defined as a combination of entropy produced by
the viscous effects of the fluid and that produced by thermal effects (in
the absence of mass transfer and chemical reactions), as the following
formula expresses [48–50]:

= +s s slt lht lfr (13)

The local entropy produced by thermal diffusion (slht) and the local
entropy produced by viscous dissipation (slfr) are given in elliptical

Fig. 5. Comparison of streamlines and isotherms of the present study with Elshamy et al. [37] at Ra = 104 and Ra = 2 × 105.
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Fig. 6. Streamlines (left) and isotherms (right) for different values of Ra at ϕ = 0.06 and q = 0.
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coordinates by the following equations:

= + +s
h T

f g T T1
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hnf
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(14)
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where = +T T T( )/2ref h c
And:
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Fig. 7. Streamlines (left) and isotherms (right) for different values of Ra at
ϕ = 0.06 and q = 5.

Fig. 8. Streamlines (left) and isotherms (right) for different values of Ra at
ϕ = 0.06 and q = -5.
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2.3. Basic equations in the dimensionless form

The associated non-dimensional parameters are defined as:

= = = = =H h
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V r V V r V T T T
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The characteristic length r is chosen as the distance between the
semi-major axis of the ellipses, =r A A( )/22 1 .

Following equations gives the non-dimensional form of the gov-
erning equations:
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Where is the irreversibility factor, which is given as:

=
µ T

r T T( )
f f ref

h c f

2

2 2 (23)

The dimensionless local total entropy is:

= +S S Slt lht lfr (24)

The velocity components are obtained by the following relations:

=

=

V

V
H

H

1

1
(25)

The Boundary conditions dimensionless equations are:

• Inner cylinder surface (η = η1 = constant):

=T 1

= = = =V V 0
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H
1
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2

• Outer cylinder surface (η = η2 = constant):
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= +
H
1
2

2
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2

The dimensionless numbers shown are given as follows:

=

=
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Rayleigh,

Prandtl,

g r T T( )r f h c

f f
f

f

3

(26)

Local Nusselt number on the inner heated cylinder surface is per-
formed by:

=Nu
H

T1hnf

f 1 (27)

To show which viscous and thermal effects dominate, we define a
dimensionless number called Bejan number. This number shows the
contribution of thermal effects in the total entropy generation. It is
defined as the ratio of the entropy generation due to thermal effects to
the total entropy generation [48–50]:

=Be S
Sl
lht

lt (28)

The average Nusselt number (Nuavg) and average Bejan number
(Beavg) are calculated using the following formulas:

=Nu Nud1
2avg

2

0 (29)

=Be
V

Be dV1
avg l (30)

The average entropy production is determined as follows:

=

=

=

S S dV

S S dV

S S dV

HT V lht

Fr V lfr

T V lt

1

1

1
(31)

3. Numerical procedure, computational domain and validation

The finite volume technique is employed to discretizing di-
mensionless governing equations on a two-dimensional configuration
[51] by using in-house computer code, written down in FORTRAN. The

Fig. 9. Local entropy production due to thermal (Slht) and frictional irreversibility (Slfr), local total entropy production (Slt) and local Bejan number (Bel) for Ra= 102

and Ra = 105 at ϕ = 0.06 and q = 0.
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upwind scheme is utilized to discretizing the diffusive and convective
terms. The elliptic equations are solved by the centered differences
based schemes [52]. Gauss-Seidel (GS) iterative procedure is adopted to
solve linear equations. Convergence criterion for computer code is as-
sumed to be:

10i j
new

i j
old

i j
new

, ,

,

5

(32)

where Φ could be any one of the flow variables or T* and i, j asso-
ciated with the space coordinates.

Fig. 3 represented the 2D physical domain (x, y) in which is trans-
formed to the computational domain (η, θ).

The grid independence study, based on Nuavg on the inner heated
ellipse and | |max , was performed for six non-uniform grids for the
parameters, Ra = 105, ϕ = 0.06, and q = 5.

The effect grids size on Nuavg and | |max represented in Fig. 4.
Negligible changes are noticed after the grid (51 × 121). Hence this
grid was selected to obtain the flow variables in the present numerical
investigation.

To assure the accuracy of our computer code written down in
FORTRAN, we are validated our results quantitatively (Table 2), and
qualitatively (Fig. 5) with these reported by Elshamy et al. [37] using
the same configuration and parameters as used.

4. Results and discussion

The present simulation work has been performed to explore the
impact of Rayleigh number (102 ≤ Ra ≤ 2 × 105), Heat generation
parameter (-5 ≤ q ≤ 5), and volumic fraction of the hybrid nanoliquid
(0 ≤ ϕ ≤ 0.09) on natural convection and entropy generation char-
acteristics in an annular enclosure delimited by two isothermal ellip-
tical rigid cylinders and occupied with hybrid nanoliquid are studied.
For this investigation, the eccentricities of the inner and outer ellipses
and orientation angle of the annulus are kept fixed at 0.9, 0.4, and 0°,
respectively.

In Figs. 6–8, the flow and thermal fields are shown by the isothermal
lines and streamlines contours inside the annulus for a wide range of
Rayleigh numbers, Ra= 102 to 2 × 105 and various values of the heat
generation parameter, q= 0, 5 and −5 in an annulus filled with 6% of
Al2O3-Cu/water-based hybrid nanoliquid. For the zero internal heat
generation (q = 0) and heat source (q = 5) cases, the flow field is
characterized by the formation of a pair of symmetrical (about the
vertical axis) and counter-rotating cells, one of which rotates counter-
clockwise and the second rotates clockwise. In fact, the fluid near to the
hot cylinder receives heat and becomes more buoyant and ascends due
to buoyancy forces. Near the external cold cylinder, the fluid cools and
becomes heavier (less buoyant) and descends along this surface. It is
this behavior that causes the rotational aspect of the flow circulation
within the annulus. For low Rayleigh numbers, Ra = 102 and 103, the
conduction regime is predominant, weak flow circulation in the an-
nulus is found. As the Rayleigh number increases, the convection mode
is noticeable, the flow cells become stronger and move upward under
the buoyancy effects. In addition, it seems from Figs. 6 and 7 that the
global feature of the flow is not perturbed by varying q from 0 to 5
except the size of the rotating cells which are extended toward the
bottom because of the presence of higher temperature in the lower
region of the annulus for the internal heat generation condition. For the
heat absorption condition (q = −5), the flow is characterized by the
formation of two secondary counter-rotating cells above and below the

main rotating cells. This behavior due to the presence of a low nano-
fluid temperature zone between the active surfaces (inner and outer
cylinders). As the Rayleigh number increases, under the buoyancy ef-
fects, the flow intensity increases and the cells move upward. The upper
secondary cells are destroyed (since the fluid in the upper region is
heated) and the other secondary cells in the lower part of the annulus
amplify because a cold nanofluid zone still exists. The thermal fields in
Figs. 6–8 show that heat generation or absorption largely affects the
distribution of temperature inside the annuls. The overall temperature
in the annulus with heat generation is higher than the annulus tem-
perature when heat absorption is applied. Furthermore, the higher
thermal gradients are concentrated essentially at the heated inner sur-
face for the case of q= 0 and q= -5 while the higher thermal gradient
is found close to the outer wall for the case of heat source (q= 5). It is
important to note that the isotherms rapidly cluster on the heated
surface with the augmentation of Rayleigh number for the case of heat
sink compared to the two other cases.

Figs. 9–11, illustrate the local maps of the entropy generation due to
the thermal diffusion (Slht) and frictional effects (Slfr), the total entropy
generation (Slt) and Bejan numbers (Bel) for 6% of hybrid nanoliquid
during the domination of the conduction regime (Ra= 102) and during
the convection-dominated regime (Ra = 105), separately, for the case
of zero internal heat generation (q = 0), internal heat source condition
(q = 5), and heat sink condition (q = -5), respectively.

As can be seen, during the conduction-dominated regime, at weak
Rayleigh number, the significant amount of entropy generation related
to heat diffusion is found nearby to the hot inner wall for the case of
q= 0 and q= -5 (See Fig. 9(a) and Fig. 11(a)). For the case of internal
heat source condition, it is found that the entropy due to the thermal
diffusion is concentrated close to the outer wall as shown in Fig. 10(a)
with a large boundary layer. This is because of the relatively important
thermal gradient in those regions. As Rayleigh increases, during the
convection-dominated regime, the isolines of Slht become very close and
clustered essentially on the internal wall (for q= 0 and q= -5) and on
the external wall for q = 5.

For the three cases of internal heat generation parameter, a notable
amount of entropy production related to the flows has appeared ad-
jacent to the right and left surfaces of the internal and external cylin-
ders which are areas that offer a high flow rate (high-velocity gradient)
according to the flow field represented in the previous figures.

The local total entropy generation isolines (Slt) revealed that in the
conduction-dominated regime, the most significant participation in the
total entropy generation is due to the thermal diffusion. This can be
inferred from the contour maps of (Slht) and (Slt) in the annulus which
are almost identical, and also be inferred from the contour maps of
Bejan local numbers (Bel) which are close to the unit in the almost entire
system. As the Rayleigh number is increased, the convective flow cir-
culation increased as well due to increased natural convection, and the
entropy generation related to the viscous effects is increased con-
siderably and becomes the leading participant in the total entropy
generation in the annulus. This behavior is valid for all cases of q.

Regarding the contour maps of (Bel), it is seen that local Bejan
numbers reach their maxima in the areas that offer a higher thermal
gradient and/or lesser flow rate.

Overall heat transfer from the hot inner cylinder to the hybrid na-
nofluid is described by the average Nusselt number (Nuavg). Fig. 12 (a)-
(d) depicts the influences of Rayleigh number (Ra), internal heat gen-
eration parameter (q), and volumetric concentration (ϕ) on the overall
heat transfer. It can be noted that an important strengthens in the

Fig. 10. Local entropy production due to thermal (Slht) and frictional irreversibility (Slfr), local total entropy p (Slt) and local Bejan number (Bel) for Ra = 102 and
Ra = 105 at ϕ = 0.06 and q = 5.
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average Nusselt number with the augmentation in Rayleigh number
caused by the ascendancy of buoyancy forces over viscous forces. It
should be noted that for small Ra, negative values of Nusselt number
are recorded (inner surface receive heat from the flowing fluid). Indeed,
the internal heat generation effects overcome the natural convection
effects which make the fluid temperature higher than the inner hot
cylinder and therefore lead to a reverse heat transfer from nanoliquid to
the hot inner surface. On the contrary, the opposite effect occurs in the
condition of heat absorption, q = −5. Furthermore, we note a slight
enhancement in Nuavg when we use liquid (water) suspended by hybrid
nanoparticles, this is because of the domination of thermal conductivity
of hybrid nanoliquid over host liquid. Also, it was observed that the
effect of nanoparticles on the overall heat transfer rate is equally im-
portant for different internal heat generation/absorption parameters.
We remark also from the curves of Fig. 12 (a), (d) that the value of
Nuavg is found to depend strongly on the internal heat generation
parameter. For a given Ra and ϕ, as q increases the mean Nusselt
number decreases. This can be explained by the fact that the increase of
the internal heat energy of the nanofluid increases its temperature
which leads to a decrease in the thermal gradient between the inner
surface and the nanofluids and thus a decrease in Nusselt number.
Therefore, the maximum rate of heat transfer occurs at a maximum heat
absorption value, q = −5.

The variations of the averaged dimensionless thermal entropy pro-
duction within the annulus (SHT), with Ra, ϕand q is displayed in

Fig. 13(a)-(c). For the positive internal heat parameter (q = 5), A re-
duction in the SHT is noticed with Ra when the conduction-dominated
regime, whereas an augmentation in SHT has been noticed as Ra rises
when he convection is established. In contrast, there is a continuous
increase in SHT according to Ra for the other two cases (q = 0 and
q=−5). From Fig. 13(a) and (b) it can be noted that for a fixed value
of Ra and ϕ the maximum values of SHT are obtained for the case of
q = −5 (absorption case), followed by the case of internal generation
condition (q= 5), and finally the case with no internal heat generation
(q= 0). Except for the case when the Rayleigh number is very large, it
is noted the reverse of this behavior for the case of q= 0 and q=5 (See
Fig. 13 (b)). The values of SHT are found to increase with ϕ for all values
of q. Therefore, the maximum values of SHT are achieved at higher
values of Ra, ϕ and the negative value of q.

Fig. 14(a) and (b) represent that the magnitude of ST strongly
augments with Rayleigh. Indeed, the raising Rayleigh leads the entropy
production related to the viscous effects (SFR) to increase due to the rise
in the convective flow circulation and thus, an increase in the total
entropy generation. In addition, curves show also that for a given Ra
and ϕ, the maximums of ST are obtained for minimum values of q when
the absorption condition is involved, followed by the case of internal
generation condition, and finally the case with no internal heat gen-
eration. The value of ST is found to increases with ϕ for all values of q.
Thus, the maximum of ST is achieved at higher values of Ra and ϕ when
the absorption condition is applied.

Fig. 11. Local entropy production due to thermal (Slht) and frictional irreversibility (Slfr), local total entropy production (Slt) and local Bejan number (Bel) for
Ra = 102 and Ra = 105 at ϕ = 0.06 and q = −5.

Fig. 12. Effect of Rayleigh number (Ra), volume fraction (ϕ) and heat generation parameter (q) on Mean Nusselt number (Nuavg).
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From the curves in Fig. 15. We may conclude that raising the
Rayleigh number causes a diminishing in average Bejan number less
than unity, this indicates that entropy generation is dominated by vis-
cous effects at higher values of Rayleigh. It can also be seen that the
maximum values of Beavg are registered for the absorption case (q= -5)
at lower Ra and for the case of heat source (q = 5) at higher Ra.
Moreover, we note a minor influence of ϕ on Bejan numbers for all
values of q. This happens because the mixing of nano-sized Cu and
Al2O3 particles in the liquid (water) rises both viscosity and heat con-
ductivity of the mixture and thus growing both kinds of entropy gen-
eration nearly at the same value.

5. Conclusion

In this current numerical study, natural convection and entropy
generation of copper- alumina/water hybrid nanoliquid in an annular
cavity delimited by two elliptical and isothermal cylinders is examined.
The internal heat generation or absorption is considered. Equations
were formulated in their non-primitive form using the elliptical co-
ordinate system. The finite volume technique (FVM) is applied to dis-
cretize the transport equations using a computer code written down in
FORTRAN. Investigations have been executed considering the pertinent
quantities: Rayleigh number (Ra), volumic concentration of the hybrid
nanoliquid (ϕ), dimensionless internal heat generation/absorption
parameter (q). The main conclusions are summarized as follows:

• Internal heat generation or absorption affect thermal and flow field
distributions, entropy generation distributions and heat transfer rate
inside the annulus;
• The maximum flow intensity occurs at a maximum internal heat
generation value for the case of the conduction-dominated regime,
while the maximum flow intensity occurs in the presence of max-
imum internal heat absorption value for the case of the convection-
dominated regime;
• The maximum rate of heat transfer occurs at a maximum heat ab-
sorption value;
• The maximum values of SHT and ST are achieved at higher Ra and ϕ
when the absorption condition is applied.
• SHT and ST are found to increases with ϕ for all values of q.
• It was observed that the effects of nanoparticles on Nuavg, SHT, and ST
are equally important for all values of q.
• Beavg reduces strongly with Ra and this reduction is more gradually
for the case of absorption condition, whereas the addition of hybrid
nanoparticles doesn't have much influence on Beavg.
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Fig. 13. Effect of Rayleigh number (Ra), volumic fraction (ϕ) and heat generation parameter (q) on thermal entropy generation (SHT).
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Fig. 14. Effect of Rayleigh number (Ra), volumic fraction (ϕ) and heat generation parameter (q) on the total entropy generation (ST).

Fig. 15. Effect of Rayleigh number (Ra), volumic fraction (ϕ) and heat generation parameter (q) on average Bejan number (Beavg).
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