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A B S T R A C T   

This study aims to explain the impact of the presence of a solid conductive partition on the thermal-free 
convective motion mechanism and heat transmission process within a concentric circular annulus filled with a 
water-based hybrid nanoliquid containing Copper (Cu) and Alumina (Al2O3) nanoparticles. The thermal natural 
convective flow is formed within the annulus due to the temperature difference which is externally imposed 
between the internal heated cylinder and the external cooled one and internally generated by the interior heat 
generation/absorption (IHG/A) phenomenon. The technique of finite volume is applied to discretize and 
approximately solve the non-dimensional conservation equations. The influence of selected factors such as the 
nanoparticles concentration, Rayleigh number, fluid/solid heat conductivity ratio, and the IHG/A parameter on 
the thermo-hydrodynamic behavior and heat exchange rate is interpreted. The findings show that, in the pres-
ence of a conductive solid partition, the combined effects of the IHG/A phenomenon and the combined nano-
particles considerably modify the flow and heat exchange behaviors within the annulus. We also employed a new 
correlation to predict the mean heat exchange rate in the defined input parameter range.   

1. Introduction 

Due to the fact that the annular circular passages have existed in 
many thermal energy devices (e.g. solar collector, heat exchanger, 
HVAC, cooling of electronic equipment), the researchers are attracted to 
study experimentally and theoretically the flow and heat transfer, in all 
possible aspects, in such systems. For instance, Kuehn and Goldstein [1] 
experimentally and theoretically analyzed thermal free convection in a 
horizontal circular annular cavity which is filled with water and air. 
They have evaluated the influences of Rayleigh number on the distri-
bution of temperature, velocity, and local heat transfer coefficient. 
Custer and Shaughnessy [2] utilized low Prandtl fluid to investigate 
thermo-natural convection developed in a horizontal circular annulus 
cavity for two thermal boundary conditions. They noted that liquid 
metals display a distinctive flow characteristic from a highly viscous 

liquid. Ho et al. [3] considered various horizontal cylindrical annulus 
configurations with two different temperature boundary conditions to 
inspect the behavior of the thermo-natural convective fluid flow and 
heat transfer process. They also adopted a correlation for Nusselt num-
ber based on the Rayleigh number. In an annular region of two non- 
coaxial cylinders comprising a saturated porous domain, thermal- 
natural convection is investigated by Bau [4]. Shekar et al. [5] numer-
ically analyzed thermal-free convective motion inside an eccentric cir-
cular annular enclosure with the presence of an internal energy source. 
Effects of dimensionless numbers (Rayleigh and Prandtl), radius ratio, 
and characteristic temperatures ratio of internal and external heating 
are examined. Thermo-fluid-dynamics of natural convection in an air- 
filled 2D elliptical annular enclosure under isothermal boundary con-
ditions at the internal and external surfaces has been numerically 
investigated by Elshamy et al. [6]. Local and total heat exchange rates 

* Corresponding author at: Department of Mechanical Engineering, Faculty of Sciences and Technology, University of Bordj Bou Arreridj, El-Anasser 34030, 
Algeria. 

E-mail address: tahartayebi@gmail.com (T. Tayebi).  

Contents lists available at ScienceDirect 

International Communications in Heat and Mass Transfer 

journal homepage: www.elsevier.com/locate/ichmt 

https://doi.org/10.1016/j.icheatmasstransfer.2021.105397    

mailto:tahartayebi@gmail.com
www.sciencedirect.com/science/journal/07351933
https://www.elsevier.com/locate/ichmt
https://doi.org/10.1016/j.icheatmasstransfer.2021.105397
https://doi.org/10.1016/j.icheatmasstransfer.2021.105397
https://doi.org/10.1016/j.icheatmasstransfer.2021.105397
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icheatmasstransfer.2021.105397&domain=pdf


International Communications in Heat and Mass Transfer 126 (2021) 105397

2

varying of buoyancy parameter and eccentricity of the inner cylinder are 
determined. Shadlaghani et al. [7] have numerically studied the effect of 
internally inserted fins on inner and outer walls on the heat exchange 
within concentric and eccentric annulus cavities filled with water. The 
mean heat exchange rate was more important when fins were fixed on 
the inner surfaces at lower Rayleigh numbers. Serrano-Aguilera et al. [8] 

Fig. 1. 3D model and 2D section of the physical domain.  

Table 1 
Properties of pure water and nanoparticles [28,29].   

ρ(kg/m3) Cp (J/kg K) k(W/m K) β (1/K) 

Pure water 997.1 4179 0.613 21×10− 5 

Al2O3 3970 765 40 0.85×10− 5 

Cu 8933 385 401 1.67×10− 5  

Fig. 2. Grid for the computational domain.  

Fig. 3. Comparison of the present Nuavg with the numerical results of Abu-Nada 
et al. [17] and Matin and Pop [21] when Pr = 0.706 and RR = 2.5. 
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carried out an analysis based on the flow structure to identify the global 
stability of the buoyancy convection process inside a concentric annulus. 

Since the advent of the nanofluids that have been shown to effec-
tively boost the heat exchange process in thermal devices [9–16], 
considerable works have been focused on investigating the behavior and 
characteristics of flow and heat exchange by thermal-convection in the 
nanofluid-filled annulus enclosures. Abu-Nada et al. [17] elaborated a 
CFD code to investigate thermal-free convection water-based different 

nanofluid enclosed in a horizontal circular annulus. In another work, 
Abu-Nada [18], has perused the effect of variable heat conductivity and 
viscosity of CuO-H2O nanoliquid-filled horizontal concentric annular 
space on natural convection heat exchange intensification. Sheikho-
leslami et al. [19] have perused the effect of the presence of magnetic 
forces on the thermal-free convection in a semi-annular region loaded 
with copper-water nanofluid. The overall thermal transmission rate was 
found to augment with Rayleigh and solid nanoparticles' concentration. 
Also, at weak Rayleigh, the overall thermal transmission rate was found 
to augment with Hartmann number. The thermal buoyancy-driven flow 
in a Cu-water nanofluid filled-semi annular domain was numerically 
studied by Soleimani et al. [20]. They revealed that the addition of 
copper solid nanoparticles is beneficial at weak Rayleigh numbers. 
Matin and Pope [21] reviewed the effect of eccentricity, radius ratio of 
cylinders, Rayleigh number, and nanoparticles' concentration in volume 
on thermal-free-convection in a nanoliquid filled-eccentric annular 
cavity. They have reported that the incorporation of the used solid 
nanoparticles in the host liquid had contributed to a marked improve-
ment in the rate of heat exchange. Hu et al. [22] explored thermal-free- 
convection in a Cu–H2O nanoliquid-filled eccentric annular cavity with a 
constant heat flux thermal condition. Selimefendigil and Öztop [23] 
have explored the effect of the presence of a radial conductive solid 
partition within a horizontal concentric annular enclosure filled with 
nanofluid on MHD free convection heat transfer. Hatami et al. [24] have 
executed a numerical study on the thermal-natural convection of a 
nanofluid confined between a wavy-walled and heated internal cylinder 
and a cooled external circular cylinder. Dogonchi et al. [25] have used a 
combined CFD numerical code to simulate the ferro-nanofluid thermal- 
natural convection in annular space. Heat radiations and magnetic ef-
fects are considered. Thermal-natural convection in a CNT-H2O 
nanofluid-filled annular elliptic cavity with mixed thermal boundary 
conditions is studied by Tayebi et al. [26]. Equations are formulated in 

Fig. 4. Results of dimensionless temperature distribution in comparison with 
those of Abu-Nada et al. [17] and Matin and Pop [21] when Ra = 47 × 103, Pr 
= 0.706, and RR = 2.6. 

Fig. 5. Comparison of the present results, (a) for streamlines and isothermal lines by Matin and Pop [21], (b) when ϕ  = 0.03 (Cu), RR = 2.5, and Pr = 6.21.  
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Fig. 6. Development of thermal isolines and streamlines with Ra at k* = 0.5, ϕ = 6% and q = 0.  
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Fig. 7. Development of thermal isolines and streamlines with Ra at k* = 0.5, ϕ = 6% and q = 5.  
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Fig. 8. Development of thermal isolines and streamlines with Ra at k* = 0.5, ϕ = 6% and q = − 5.  
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the elliptic coordinates system using non-primitive variables. Dogonchi 
et al. [27] elaborated a numerical code based on modified Fourier for-
mula to numerically study magneto-hydrodynamic natural convective 
ferrofluid flow within a semi-circular enclosure in the existence of an 
internal triangular-shaped radiator and internal thermal source/sink. 
Tayebi and Chamkha [28 and 29] explored the effectiveness of the use of 
hybrid nanoliquid as heat exchange agent in the improvement of 
thermal-free convection in a confocal elliptical annular space and 
eccentric circular annulus. Alsabery et al. [30] have accomplished a CFD 
study on the thermal-natural convective motion and thermal trans-
mission in a horizontal coaxial annulus filled with blood as non- 
Newtonian fluid considering conductive solid inner surface. Bou-
zerzour et al. [31,32] perused the effect of different arrangements of 
heat sources on the inner surface [31] and the inclination angle [32] on 
the buoyancy-driven flow and heat transfer rate of a nanofluid filled- 
elliptical annular passage. Recently, Tayebi et al. [33] performed an 
entropy generation-based analysis of thermal-buoyancy convection in 
an annulus fitted with rectangular fins on its inner cylinder. Miles and 

Bessah [34] looked at laminar-thermal-free-convective motion and en-
tropy aspects inside a vertical porous annulus. Different nanofluids were 
used as heat transmission agents in the system. They reported that the 
Ag-based nanofluid had the best heat exchange rate when convection 
was predominant. 

As shown by the aforementioned literature survey and despite the 
vital importance and the multiple usage of circular annulis in thermo- 
engineering systems, researchers had not previously investigated the 
influence of internal heat generation/absorption (IHG/A) phenomenon 
on thermal-natural convection in a concentric circular annular enclosure 
which is filled by a suspension of hybrid nanofluid and partitioned with 
a conductive material has not previously been considered by re-
searchers. Such configuration may be found in many practice thermo- 
engineering purposes e.g. solar thermal receivers, heat exchangers, 
heating and cooling of underground electric cables, heat removal in 
nuclear reactors, and lubrication, etc. the conductive barriers can be 
used as supports within the annulus. 

Fig. 9. Development of thermal isolines and streamlines with k* at Ra = 105, ϕ = 6% and q = 0.  
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2. Mathematical formulation 

2.1. Problem definition 

Thermo-free convection under the Boussinesq approximation of Cu- 
Al2O3/H2O nanofluid confined in a concentric circular annular enclosure 
with a conducting solid partition is considered. Due to the difference in 
temperature between the hot inner cylinder and the cold outer one and 
the internal heat source/sink phenomenon, the free convective flow is 
formed within the annulus. The mixture consists of an equal concen-
tration of both nanoparticles in the pure water. The study is evaluated 
according to the approach of the thermal equilibrium condition between 
all mixture components. The convective motion is supposed to be 
laminar and incompressible. The geometric conditions for this problem 
such as the radius ratio, the dimension of the solid partitions, and the 
system orientations angle are kept unchanged (see Fig. 1). 

Hybrid nanofluids are novel generation of engineering heat transfer 
liquids that combines two kinds of solid nanoparticles dispersed in 

common liquids. A hybrid nanofluid benefits from the excellent thermal 
conductivity of metallic solid nanoparticles (MNPs) such as Ag, Cu, Al, 
etc., and from the good stability and the low chemical reactivity of 
metallic oxide nanoparticles (MONPs) such as Al2O3, Ti2O3, CuO, and 
others [28,29,35]. We display the properties of the materials used to 
make the hybrid nanofluid, water liquid, and each solid nanoparticles, in 
Table 1 [28,29]. 

Material properties of the hybrid nanoliquid are estimated on the 
basis of the concentration in volume of Copper and Alumina nano-
particles in the following equations: 

ρhnf =
(
1 − ϕp1 − ϕp2

)
ρf + ρp2ϕp2 + ρp1ϕp1 (1)  

(ρCp)hnf =
(
1 − ϕp1 − ϕp2

)
(ρCp)f +(ρCp)p1ϕp2 +(ρCp)p1ϕp1 (2)  

(ρβ)hnf =
(
1 − ϕp1 − ϕp2

)
(ρβ)hnf +(ρβ)p2ϕp2 +(ρβ)p1ϕp1 (3) 

The global heat conductivity and viscosity of the mixture are 

Fig. 10. Development of thermal isolines and streamlines with k* at Ra = 105, ϕ = 6% and q = 5.  
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estimated following the Maxwell and Brinkman models [36,37], as: 

khnf = kf

(
kp2ϕp2+kp1ϕp1

ϕp1+ϕp2
+ 2kf

)

− 2
(
ϕp1 + ϕp2

)
(

kf −
kp2ϕp2+kp1ϕp1

ϕp1+ϕp2

)

(
kϕp2+kp1ϕp1

ϕp1+ϕp2
+ 2kf

)

+
(
ϕp1 + ϕp2

)
(

kf −
kp2ϕp2+kp1ϕp1

ϕp1+ϕp2

) (4)  

μhnf = μf

/(
1 − ϕp1 − ϕp2

)2.5 (5)  

2.2. Dimensional equations 

The Navier–Stokes and heat equations for 2D, laminar, incompress-
ible, and steady thermal-free-convective hybrid nanoliquid flow with 
internal heat generation/absorption phenomenon can be expressed as:  

- Mass equation: 

∂u
∂x

+
∂v
∂y

= 0 (6)    

- Motion equations: 

u
∂u
∂x

+ v
∂u
∂y

= −
1

ρhnf

∂p
∂x

+
μhnf

ρhnf

(
∂2u
∂x2 +

∂2u
∂y2

)

(7a) 

u
∂v
∂x

+ v
∂v
∂y

= −
1

ρhnf

∂p
∂y

+
μhnf

ρhnf

(
∂2v
∂x2 +

∂2v
∂y2

)

+
(ρβ)hnf

ρhnf
g(T − Tc) (7b)    

- Heat equation: 

u
∂T
∂x

+ v
∂T
∂y

= αhnf

(
∂2T
∂x2 +

∂2T
∂y2

)

+
Q0

(ρCp)hnf
(8a) 

-Heat equation for the solid part: 

Fig. 11. Development of thermal isolines and streamlines with k* at Ra = 105, ϕ = 6% and q = − 5.  
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∂
(

ks
∂T
∂x

)

∂x
+

∂
(

ks
∂T
∂y

)

∂y
= 0 (8b) 

We deduce: 
{

∂ψ = u∂y
∂ψ = − v∂x (9)  

2.3. Dimensionless equations 

The above dimensional equations are transformed into dimension-
less form after considering the following no-dimensional variables: 

X =
x

(r2 − r1)
, Y =

y
(r2 − r1)

,U =
(r2 − r1)

αf
u,V =

(r2 − r1)

αf
v,P =

p
p0
, p0

= ρf
αf

2

(r2 − r1)
2, θ =

T − Tc

Th − Tc
, k* =

kf

ks
,Ψ =

ψ
αf  

q =
Q0(r2 − r1)

2

αhnf (ρCp)hnf (Th − Tc)

The dimensionless equations are written as follows: 

∂U
∂X

+
∂V
∂Y

= 0 (10)  

U
∂U
∂X

+V
∂U
∂Y

= −
ρf

ρnf

∂P
∂X

+
μhnf

/
μf

ρhnf
/

ρf
Pr

(
∂2U
∂X2 +

∂2U
∂Y2

)

(11a)  

U
∂V
∂X

+V
∂V
∂Y

= −
ρf

ρnf

∂P
∂Y

+
μhnf

/
μf

ρhnf
/

ρf
Pr

(
∂2V
∂X2 +

∂2V
∂Y2

)

+
(ρβ)hnf

ρhnf βf
RaPrθ (11b) 

U
∂θ
∂X

+V
∂θ
∂Y

=
αhnf

αf

(
∂2θ
∂X2 +

∂2θ
∂Y2

)

+
αhnf

αf
q (12a) 

∂
(

k* ∂θ
∂X

)

∂X
+

∂
(

k* ∂θ
∂Y

)

∂Y
= 0 (12b)  

{
∂Ψ = U∂Y
∂Ψ = − V∂X (13) 

The non-dimensional parameters illustrated in the non-dimensional 
equations are: 
⎧
⎪⎪⎨

⎪⎪⎩

Rayleigh,Ra =
gβf (Th − Tc)(r2 − r1)

3

υf αf

Prandtl,Pr =
υf

αf

(14) 

The boundary conditions of dimensionless form are imposed on the 
extremities of studied system as following: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Inner circular surface : U = V = Ψ = 0, θ = 1

Outer circular surface : U = V = Ψ = 0, θ = 0

Nanofluid − solid cylinder interface : U = V = Ψ = 0, θhnf = θs

and
(

khnf
∂θ
∂n

)

hnf
=

(

ks
∂θ
∂n

)

s

(15) 

The local and global heat transmission rate are evaluated by calcu-
lating local and mean Nusselt numbers, respectively, which can be 
expressed as follows: 

Nu =

(
− khnf

kf

)
∂θ
∂n

⃒
⃒
⃒
⃒

r1

(16)  

Nuavg =
1

2π

∫2π

0

Nu dη (17)  

3. Numerical solution 

The finite volume technique is used to solve the resulting dimen-
sionless governing Eqs. [38]. The second-order upwind scheme is 
employed to discretizing the motion and heat equations. Velocity and 
pressure terms in the momentum equation are coupled invoking the 
SIMPLE algorithm. The convergence criterion is assumed to be 10− 6. 

Fig. 12. Local Nu number on the upper and the lower surface of the internal 
cylinder at Ra = 105, k* = 1, ϕ  = 6% and (a): q = − 5, (b): q = 0, (c): q = 5. 
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Fig. 2 represented the 2D grid employed in this study. A grid inde-
pendency check, based on average Nusselt, Nuavg on the internal cylinder 
surface and |Ψmax|, is conducted for various meshes size at Ra = 105, ϕ 
= 0.06, k* = 0.5 and q = 5. Eventually, a grid with 401 × 41 was selected 
as the best one as the variation of Mean Nusselt become negligible. 

To assure the validity of our computational model and CFD pro-
cedure, we compared our results quantitatively based on mean Nusselt 
number (Fig. 3) and dimensionless temperature distribution (Fig. 4) and 
qualitatively based on streamlines and isotherms contour maps (Fig. 5) 
with those of by Abu-Nada et al. [17] and Pop [21]. 

4. Results and discussion 

Influences of the different parametric variations e.g. Rayleigh num-
ber (103 ≤ Ra ≤ 106), internal heat generation coefficient (− 5 ≤ q ≤ 5), 
fluid/solid heat conductivity ratio (0.2 ≤ k* ≤ 5) and volumetric con-
centration of the mixture nanoparticles (0 ≤ ϕ ≤ 0.09) on thermal- 
natural convective flow feature and heat transmission behavior in a 
concentric annular enclosure containing hybrid nanoliquid and parti-
tioned by a conductive solid portion are studied. The geometric condi-
tions of the system are kept unchanged. 

In Figs. 6-8, the dynamic and thermal patterns development as 
function of Rayleigh numbers, Ra = 103 to 106 for three values of the 
heat generation parameter, q = 0 (correspond absence of internal 
thermal source case), q = 5 (correspond internal source case) and q = − 5 
(correspond internal absorption case) at k* = 0.5 and ϕ  = 0.06 are 
portrayed streamlines and isotherms contour maps. First of all, the solid 

part divides the annulus into two separate free spaces (domains) of flow, 
upper and lower. In each free space, we notice the formation of a duo of 
counter-rotating and symmetrical (with respect to the vertical midline) 
vortices. The left vortex turns in the counterclockwise (CCW) direction 
while the right one circulates in the clockwise (CW) direction. In Fig. 8, 
we note the formation of other secondary vortices for the heat absorp-
tion condition (q = − 5). This behavior is caused by the existence of 
negative values of nanofluid temperatures in the bottom section of the 
annulus, which leads to additional recirculation zones. For weak Ray-
leigh numbers, during the conduction-dominated stage, a low flow rate 
is seen in both upper and lower flow areas within the annulus for all 
values of q. The streamlines reveal that the thermal convection mech-
anism becomes prominent with the rise in Rayleigh number, and the 
flow vortices become more powerful and flit upward. It is evident that 
the flow strength became stronger in the upper region compared to the 
lower region due to buoyancy forces. It was also observed that the 
convective flow speeds within the annulus increase by reducing the 
dimensionless parameter, q from 5 to − 5 as shown by the absolute 
values of stream functions. 

The isothermal lines shown in Figs. 6 to 8 portray that the existence 
of heat generation or absorption phenomenon considerably influences 
the heat delivery within the system. It is obvious that the average 
dimensionless temperature for the internal heat source condition is more 
important than that for the heat absorption condition. Moreover, higher 
temperature lines concentration at the level of the heated cylinder wall 
is found for q = − 5 and q = 0 cases. This reflects a more important local 
heat exchange rate compared to the case of q = 5. Besides, it is requisite 

Fig. 13. Average Nu number with the respect to Ra for various values of k* at ϕ = 6% and (a): q = − 5, (b): q = 0, (c): q = 5.  
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to notice that the isothermal lines on the hot surface, for all cases denote 
that the maximum local heat exchange rate is located on both sides of 
the inner cylinder in the upper flow region and on the bottom of the 
inner cylinder in the lower flow region. 

The impacts of k* (kf/ks) at three values of the dimensionless internal 
heat source coefficient, q on the dynamic and thermal patterns are 
illustrated in Figs. 9-11. As can be seen, elevating ks (reducing k*) makes 
the flow speed increases for all specified values of q. This is because 
raising the solid part heat conductivity allows the largest amount of heat 
to pass from the bottom up which helps in increasing the convective flow 
within the annulus. Furthermore, the thermal fields show that the 
nanofluid temperatures inside the lower domains of the annular cavity 
increase with increasing k* while decreasing with increasing of k* inside 
the upper domains. This is because reducing the thermal conductivity of 
the solid partition causes more heat to be confined at the bottom. 

Distributions of local Nusselt numbers on the upper and lower sur-
face of the hot inner cylinder are drawn in Fig. 12 (a–c) at Ra = 105, k* =

1, ϕ = 0.06, and for different values of q separately. According to this 
figure, one can see that the maximums of the local heat exchange rate 
from the heated interior surface to the nanofluid are achieved at both 
sides of the inner cylinder in the upper flow region, and on the bottom 
surface of the inner cylinder in the lower flow region. Although the 
minimums are achieved in the middle of the top surface and near the 
upper margins of the lower region. Also, the local Nusselt numbers are 
higher for smaller values of q. 

Profiles in Fig. 13 represent the variation of Nuave with Ra for 
different values of k* at ϕ = 0.06 and the three considered values of the 

dimensionless IHG/A parameter (q), separately. The mean Nusselt 
number increases as Rayleigh increases for all considered values of q. 
The average heat transfer increases as the ratio of conductivity increase 
except for the case of q = 5 at weak Rayleigh. The negative values of 
Nusselt number, which are identified for the case of q = 5 at weak 
Rayleigh number (Fig. 13 (c)), are due to the fact that the effect of in-
ternal heating overcomes the effects of buoyancy forces which cause the 
flowing liquid's temperature to surpass the temperature of the internal 
surface. Thus, this surface receives heat from the hybrid nanoliquid. 

Fig. 14 confirms that, under all the conditions considered, the in-
clusion of the hybrid solid particles performing an enrichment of global 
heat exchanges. It was also discovered that the improvement the rate of 
heat transfer by the addition of hybrid solid nanoparticles is more 
important for internal heat generation case (q = 5), where 6% of solid 
nanoparticles have reinforced the Nusselt number by about 9.44% 
versus 3.80% for q = 0 and 2.40% for q = − 5 compared to the pure 
liquid case at k* = 0.2 and Ra = 105 as an example. 

Moreover, as a result of Figs. 13 and 14 it can be stated that the 
maximum heat exchange happens when the heat absorption condition is 
applied (q = − 5) followed by zero internal thermal energy source case 
(q = 0), and finally, by the internal thermal energy source case (q = 5) 
for maximum values of Ra and ϕ. 

Finally, the results obtained from this present study are reported in 
the form of correlation equation to predict the average Nusselt number 
(Nuavg) in the defined input parameter range, Ra = 103 to 106, ϕ = 0 to 
0.09, k* = 0.2 to 5 and q = − 5 to 5, as follows:  

Fig. 14. Average Nu number with the respect to ϕ for various values of k* at Ra = 105 and (a): q = − 5, (b): q = 0, (c): q = 5.  

T. Tayebi et al.                                                                                                                                                                                                                                  
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Fig. 15. Interactive effects of input parameters on the mean Nusselt number.  
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Fig. 15. (continued). 
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The R-Squared for this correlation is 0.9998. 
The interactive influences of input variables on the mean Nusselt 

number are depicted in Fig. 15. It is shown that the maximum rate of 
heat exchange was achieved for q = − 5 at high values of Ra, k*, and ϕ. 
The Rayleigh number is determined to be the most controlling factor, 
followed by the volume concentration of hybrid nanomaterials, and 
finally the conductivity ratio. This correlation is useful in the design of 
thermal devices whose working principle is based on the thermal-free 
convection within horizontal cylindrical structures. 

5. Conclusion 

The aim of this study was to investigate the thermo-natural 
convective fluid motion and heat exchange characteristics in a concen-
tric, circular and horizontal annulus enclosure having a conducting solid 
partition. The annulus is filled with a modern working fluid which is Cu- 
Al2O3/water-based combined nanofluid. The natural fluid motion inside 
the annulus is produced due to the difference in temperature between 
the hot internal cylinder and the cold external one and the interior 
thermal generation and absorption phenomenon. The finite volume 
method is chosen to numerically solve the problem. Examinations have 
been executed under the effects of various factors (i.e. Rayleigh number 
(Ra), composite nanoparticles' concentration (ϕ), fluid to solid thermal 
conductivity parameter (k*), and IHG/A coefficient (q)). The geometric 
conditions for this problem are kept unchanged. The results state that 
the IHG/A phenomenon and the presence of the solid conductive 
partition resulted in an apparent modification of the natural convective 
flow characteristics, temperature distributions, and as result, influenced 
the heat exchange within the annular space. The maximum flow speed 
was achieved at a high Rayleigh number for the thermal absorption case. 
In addition, elevating ks (reducing k*) makes the flow speed increases for 
all specified q. As well, the highest rate of heat exchange has been 
recorded for the heat absorption case at high values of Ra, k* and ϕ. The 
average heat exchange boosts as the ratio of conductivity increases 
except for the case of q = 5 at weak Rayleigh. Further, it was also 
observed that the inclusion of hybrid nanocomposites is more effective 
for the q = 5 case at a given Ra and k*. 

List of Symbols 

Cp Specific heat at constant pressure (J.kg− 1 K− 1) 
g Acceleration of gravity (m s− 2) 
k Heat conductivity (W m− 1 K− 1) 
k* Heat conductivity ratio (m2 s− 1) 
Q0 Internal heat generation (W m− 3) 
q IHG/A coefficient 
T Temperature (K) 
u,v Components of velocity (m.s− 1) 
U, V Dimensionless of velocity components (m.s− 1) 
x, y Coordinate system (m) 
X, Y Dimensionless of coordinates 

Greek letters 

ψ Stream function (m2 s− 1) 

Ψ Dimensionless of stream function 
α Thermal diffusivity (m2 s− 1) 
β Coefficient of volume expansion (K− 1) 
μ Dynamic viscosity, kg m− 1 s− 1 

ρ Density (kg.m− 3) 
υ Kinematic viscosity (m2 s− 1) 
ϕ Cu an Al2O3 concentration (in volume) 
θ Dimensionless temperature 

Subscripts 

avg Average 
c Cold 
f The host liquid (water) 
h Hot 
hnf Combined Nanofluid 
hp Composite Cu-Al2O3 nanoparticles 
p1 Refer to the Cu particles 
p2 Refer to the Al2O3 particles 
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[9] F. Selimefendigil, H.F. Öztop, Influence of inclination angle of magnetic field on 
mixed convection of nanofluid flow over a backward facing step and entropy 
generation, Adv. Powder Technol. 26 (6) (2015) 1663–1675. 

[10] A.I. Alsabery, T. Tayebi, A.J. Chamkha, I. Hashim, Effects of two-phase nanofluid 
model on natural convection in a square cavity in the presence of an adiabatic 
inner block and magnetic field, Int. J. Num. Methods for Heat & Fluid Flow 28 
(2018) (2018) 1613–1647. 

[11] E. Ghahremani, Transient natural convection in an enclosure with variable thermal 
expansion coefficient and Nanofluid properties, J. Appl. Comput. Mech. 4 (3) 
(2018) 133–139. 

[12] M. Sheikholeslami, Numerical approach for MHD Al2O3-water nanofluid 
transportation inside a permeable medium using innovative computer method, 
Comput. Methods Appl. Mech. Eng. 344 (2019) 306–318. 

Nuavg = 1.14864+ 1.23399× 10− 5 ×Ra+ 3.21527×ϕ − 0.51937× q+ 0.10163× k* + 3.43337× 10− 6 ×Ra×ϕ+ 6.32072× 10− 9 ×Ra× q+ 7.09072
× 10− 8 ×Ra× k* − 0.011514×ϕ× q+ 0.010169×ϕ× k* − 4.86087× 10− 3 × q× k* − 6.75821× 10− 12 ×Ra2 − 28.75449×ϕ2 + 2.07530× 10− 3

× q2 − 0.015759× k*2

(18)   

T. Tayebi et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0005
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0005
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0005
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0010
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0010
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0015
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0015
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0015
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0020
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0020
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0020
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0025
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0025
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0025
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0030
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0030
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0030
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0035
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0035
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0035
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0035
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0040
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0040
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0040
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0045
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0045
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0045
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0050
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0050
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0050
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0050
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0055
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0055
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0055
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0060
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0060
http://refhub.elsevier.com/S0735-1933(21)00290-6/rf0060


International Communications in Heat and Mass Transfer 126 (2021) 105397

16

[13] B. Rezaeianjouybari, M. Sheikholeslami, A. Shafee, H. Babazadeh, A novel 
Bayesian optimization for flow condensation enhancement using nanorefrigerant: a 
combined analytical and experimental study, Chem. Eng. Sci. 215 (2020) 115465. 

[14] M. Izadi, B. Bastani, M.A. Sheremet, Numerical simulation of thermogravitational 
energy transport of a hybrid nanoliquid within a porous triangular chamber using 
the two-phase mixture approach, Adv. Powder Technol. 31 (6) (2020) 2493–2504. 

[15] T. Tayebi, A.J. Chamkha, Magnetohydrodynamic natural convection heat transfer 
of hybrid nanofluid in a square enclosure in the presence of a wavy circular 
conductive cylinder, J. Thermal Sci. Eng. Applicat. 12 (3) (2020). 

[16] M.S. Sadeghi, T. Tayebi, A.S. Dogonchi, M.K. Nayak, M. Waqas, Analysis of thermal 
behavior of magnetic buoyancy-driven flow in ferrofluid–filled wavy enclosure 
furnished with two circular cylinders, Int. Communicat. Heat Mass Transfer 120 
(2021) 104951. 

[17] E. Abu-Nada, Z. Masoud, A. Hijazi, Natural convection heat transfer enhancement 
in horizontal concentric annuli using nanofluids, Int. Communicat. Heat Mass 
Transfer 35 (5) (2008) 657–665. 

[18] E. Abu-Nada, Effects of variable viscosity and thermal conductivity of CuO-water 
nanofluid on heat transfer enhancement in natural convection: mathematical 
model and simulation, J. Heat Transf. 132 (5) (2010). 

[19] M. Sheikholeslami, M. Gorji-Bandpy, D.D. Ganji, S. Soleimani, Effect of a magnetic 
field on natural convection in an inclined half-annulus enclosure filled with 
cu–water nanofluid using CVFEM, Adv. Powder Technol. 24 (6) (2013) 980–991. 

[20] S. Soleimani, M. Sheikholeslami, D.D. Ganji, M. Gorji-Bandpay, Natural convection 
heat transfer in a nanofluid filled semi-annulus enclosure, Int. Communicat. Heat 
Mass Transfer 39 (4) (2012) 565–574. 

[21] M.H. Matin, I. Pop, Natural convection flow and heat transfer in an eccentric 
annulus filled by copper nanofluid, Int. J. Heat Mass Transf. 61 (2013) 353–364. 

[22] Y. Hu, D. Li, S. Shu, X. Niu, Natural convection in a nanofluid-filled eccentric 
annulus with constant heat flux wall: a lattice Boltzmann study with immersed 
boundary method, Int. Communicat. Heat Mass Transfer 86 (2017) 262–273. 
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