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Abstract:   
An analysis of convective heat and mass transfer of nanofluids flow that are connected to an 

annulus-shaped, two concentric cylindrical regions are studied. The hybrid nanoparticles in 

Cu-Au and water-based hybrid nano liquids are considered, the salient features of convection 

in an inclined porous annulus are analysed. The conservation laws are in a non-linear model 

for the geometry considered. Using the appropriate analogues transformations, the resultant 

equations are employed RK-4th order method with shooting technique to obtain closed form 

solutions for transverse velocity, temperature, and concentration. The consequences of key 

parameters on the non-dimensional velocity, temperature, concentration, skin friction 

coefficient are presented through surface plots. The second order resistance and mixed 

convection mechanisms favours the flow structure. The velocity, temperature and 

concentration fields are greater for platelet-shaped nanoparticles, when compared to cylinder, 

bricks, and spherical-shaped nanoparticles. Applications of cylinders in nuclear waste disposal, 

energy extraction in catalytic beds. The observations of the present investigation are in good 

agreement with the flow structure of various physical parameters with the existing ones. 

         Keywords: Laminar flow, irregular heat source, hybrid nanoliquid, Heat and mass transfer, 

porous medium, concentric cylinder  

Introduction:  
Mixed convection is a phenomenon that can happen in electronic equipment like 

computer chips. While natural convection can happen because of temperature differences, 

forced convection can be produced by fans or heat sinks.  Mixed convection is frequently 

used in HVAC (heating, ventilation, and air conditioning) systems. Fans can force air over an 

area, but convection from the natural environment can also distribute heat. Mixed convection 

is a common occurrence in solar collectors, which are devices that capture solar energy. Both 

forced and natural convection can be induced by temperature variations brought about by the 

absorbed solar energy. Mixed convection can occur in a variety of industrial operations using 

heat exchangers. For instance, forced convection via a pump and spontaneous convection 

from temperature gradients are both possible in a chemical reactor. Systems for ventilating 

buildings may combine natural convection with forced air movement. This is especially 

important in areas where ventilation and temperature requirements vary. Designing effective 

heat transfer systems requires an understanding of the ability to forecast mixed convection. 

Computational fluid dynamics (CFD) simulations are widely used by researchers and 

engineers to study and improve systems in which mixed convection plays a key role. This 

enhances the effectiveness and energy economy of numerous applications pertaining to heat 

transfer and fluid flow. 

Researchers have been paying close attention to heat transfer enhancement in 

engineering and industrial applications in the last several years. This is because the rate of 
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heat transfer has a major impact on the efficiency of most of the equipment used in this 

industry, such as heat exchangers and electrical devices. Because of their low thermal 

conductivity, base fluids like water, oil, and ethylene glycol limit the pace at which heat is 

transferred. One kind of nanosized particle is added to the a   fore mentioned fluids to make 

up for their deficit. Choi and Eastman [1] initially discussed this procedure and referred to 

this mixture as "nanofluid" and the pioneers of this novel form of nanotechnology. The 

researchers have examined a wide range of nanoparticle combinations, including 

semiconductors (SiO2, TiO2), metal oxides (Al2O3, CuO). 

Although there are so many possible uses for nanoparticles in the optical, biological, 

and electronic fields, there is currently a strong scientific interest in this sector. A particle is 

defined in nanotechnology as a microscopic object that functions in terms of attributes and 

transport. The field of nanotechnology encompasses the development and use of materials 

with nanoscale sizes between 1 and 100 nm to produce goods with unusual characteristics. 

The use of nanotechnology in biological applications with distinctive physical and chemical 

properties has the potential to produce greatly enhanced molecular liability devices and 

diagnostic techniques [2–3]. Afterwards, in an asymmetric channel, Akbar et al. [4] study the 

effect of metallic nanoparticles on incompressible viscous fluid. In a curved tube, the two 

phase nanofluid was examined by Nadeem et al. [5]. Researchers have given special attention 

to nanoparticles, and several studies have been conducted to examine the benefits of 

nanotechnology in a range of applications. These studies are published in literature and can 

be found in sources like [6–7]. An extremely important tool for studying the origins of many 

complications in human organs where peristaltic pumping is used, such as the stomach and 

small intestine, is the endoscope. Moreover, the distribution and flow inside an artery will 

alter because of a catheter injection. Numerous inquiries are conducted to Examine how the 

endoscope affects both Newtonian and non-Newtonian fluids' peristaltic transit [8-9]. 

Applications of nanofluids plays a novel role in heat transfer technique using hybrid 

nanofluids has recently gained popularity among scientists, engineers, and researchers. The 

concept and development of nanofluids—basic fluid with nanoparticles—were 

groundbreaking. When several different nanoparticles are combined to form a homogenous 

phase, this process is referred to as "hybridization." The typical materials of the nanoparticles 

that are disseminated in kerosene, water, ethylene glycol, and oil are metals (Al, Fe, and Cu), 

metal oxides (MgO, Al2O3, and CuO), semiconductors (SiO2), and TiO2. Suresh and 

associates [10] shown that improved thermophysical properties can be seen when metallic 

and non-metallic nanoparticles are combined with a conventional liquid. They demonstrated 

that the thermal hybrid nanoliquids (Al2O3-Cu-H2O) diffusivity is greater than the mono 

Nano liquids. Devi and Devi [11] investigated a numerical analysis of hybrid nano liquid 

flow past a plate with a Newtonian heating effect. They demonstrated that Cu - Al2O3/water 

had a higher heat transfer rate than Cu/water. The stability and heat transfer mechanism of a 

water-based hybrid nanoliquid was investigated by Kanchana et al. [12] explained isothermal 

border restrictions. The suspension of two nanoparticles in water is shown to result in an 

improvement in the friction factor. Sathya Narayana and Venkateswarlu [13] investigated the 

magnetized hybrid nanoliquid flow across an extended plate with THS and conclude that, in 

terms of flow structure and thermal pattern, hybrid nanoliquids are more important than 

nanoliquids. Using hybrid nanoliquid, Waini et al. [14] investigated the impact of the porous 

media on mixed convective flow. They demonstrated how the dispersion of nanoparticles 

reduces the boundary layer separation. 
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It is of interest to study the effect of heat source on temperature distributions and heat 

transfer when the fluid is capable of emitting and absorbing thermal radiation. Over the years, 

due to the use of cylinders in nuclear waste disposal, energy extraction in catalytic beds, and 

undergrounds, convective heat transfer about cylindrical geometries has begun to attract the 

attention of many researchers. This can be explained by the fact that, when considering space 

applications (space travel) and higher operating temperatures, heat transmission by thermal 

radiation is becoming more significant. Numerous writers have examined heat generation and 

thermal radiation in cylindrical shape. The heat and mass transmission of an MHD flow over 

a moving object was examined by Chamkha [15]. permeable cylinder capable of chemical 

reaction, heat generation, or absorption. He concluded that the fluid velocity is decreased by 

the Hartmann number. The heat and mass transfer process during the evaporation of water 

from a circular surface. cylinder by means of CFD simulation. The heat and mass transport 

from a permeable cylinder in a porous medium with heat generation/absorption as well as a 

magnetic field in other related study. The investigated an unsteady natural convective flow 

past semi-infinite vertical cylinder with heat and mass transfer under different physical 

situations. Using an implicit finite-difference technique, [16-17] described the radiation-

conduction interaction on mixed convection from a horizontal circular cylinder. 

Approximation of Boussinesq (NBA). According to their analysis, the NBA is 

advantageous for the flow field. Kameswaran et al. [18] examined the quadratic convective 

flow in a wave-shaped surface filled with Nano liquid. Looked at the heat transfer 

characteristic over a plate using the NBA. According to their analysis, the NBA has a higher 

flow structure than the LBA. A recent statistical examination of hybrid Nano liquid flow in 

an annulus subjected to NBA was carried out by Thriveni and Mahanthesh [19]. They 

discovered that NBA accounting increases heat transfer. Conversely, not much research has 

been done on the effect of NBA on the flow of hybrid nanoliquid in a convectively heated 

inclined porous annulus.  

This paper addresses the dynamics of hybrid nanoliquids in a convectively heated 

inclined porous annulus under nonlinear Boussinesq approximation, based on a survey of the 

literature and hybrid nanoliquid applications. The analysis of heat and mass transfer over a 

concentric cylinder in the presence of Cu-Au nanoparticles. The impacts of THS and ESHS is 

another innovative feature of this work. The bvp5c routine is used to obtain the numerical 

solutions for the complex governing equations. Examined further is the impact of effective 

parameters on flow characteristics. 

 

Mathematical formulation: 

The nonlinear mixed convection of Cu-Au 𝐻2𝑂 hybrid nanoliquid in an inclined 

porous annulus is considered. the convective boundary conditions 𝑘ℎ𝑛𝑙
𝜕𝑇

𝜕𝑟
= ℎ1(𝑇 − 𝑇0) at 

inner cylinder and 𝑘ℎ𝑛𝑙
𝜕𝑇

𝜕𝑟
= −ℎ2(𝑇 − 𝑇𝑊) at outer cylinder are considered. The standard 

cylindrical coordinate system is taken into consideration, with the z-axis serving as the 

annulus' common axis and the r-axis pointing in the radial direction. Since the fluid flow is 

independent of z due to the annulus of infinite length, the interested domine is defined by the 

r-axis, where the radius of the inner cylinder a is less than the radius of the outer cylinder b. 

The fluid obeys the nonlinear Boussinesq approximation and is incompressible, Newtonian, 

and heat-conducting. The Darcy law for the porous medium, THS, and ESHS features is used 

to characterize the heat transfer rate and flow structure. Included are not the effects of Joule 

heating, induced magnetic field, or viscous dissipation. The governing equation for laminar 

flow inside the annulus is given below [19-20] 
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Fig 1: Physical arrangement of the problem. 

Conservation of momentum 
𝜇ℎ𝑛𝑙

𝜌ℎ𝑛𝑙
.

1

𝑟

𝑑

𝑑𝑟
(𝑟

𝑑𝑢

𝑑𝑟
) +

𝑔

𝜌ℎ𝑛𝑙
[(𝜌𝛽0)ℎ𝑛𝑙(𝑇 − 𝑇0) + (𝜌𝛽1)(𝑇 − 𝑇0)2]𝑐𝑜𝑠𝛼 −

𝑔

𝜌ℎ𝑛𝑙
[(𝜌𝛾0)ℎ𝑛𝑙(𝐶 − 𝐶0) + (𝜌𝛾1)(𝐶 −

𝐶0)2]𝑐𝑜𝑠𝛼 + 𝑢∗ 𝜇ℎ𝑛𝑙

𝐾,𝜌ℎ𝑛𝑙
−

1

𝜌ℎ𝑛𝑙

𝑑𝑃

𝑑𝑍
= 0                                                                                                                     (1)                                                                                                   

Conservation of energy  

𝐾ℎ𝑛𝑙

(𝜌𝐶𝑝)
ℎ𝑛𝑙

[
1

𝑟

𝑑

𝑑𝑟
(𝑟.

𝑑𝑇

𝑑𝑟
)] +

𝑄0

(𝜌𝐶𝑝)
ℎ𝑛𝑙

(𝑇 − 𝑇0) +
(𝑇𝑤−𝑇0)

(𝜌𝐶𝑝)
ℎ𝑛𝑙

𝑄𝑙𝑒𝑥𝑝 (
−𝑛𝑟

𝑎
) = 0                                                                  (2) 

Concentration equation 

𝐷𝐵

𝑟

𝑑

𝑑𝑟
(𝑟

𝑑𝑐

𝑑𝑟
) − 𝐾(𝐶 − 𝐶0)𝑛 = 0                                                                                                                             (3) 

under the boundary conditions 

𝑟 = 𝑎 ; 𝑢′ = 0, 𝑘ℎ𝑛𝑙

𝜕𝑇

𝜕𝑟
= ℎ1(𝑇 − 𝑇0), 𝑘ℎ𝑛𝑙

𝜕𝐶

𝜕𝑟
= 𝑑1(𝐶 − 𝐶0) 

𝑟 = 𝑏 ; 𝑢′ = 0, 𝑘ℎ𝑛𝑙
𝜕𝑇

𝜕𝑟
= −ℎ2(𝑇 − 𝑇𝑊),  𝑘ℎ𝑛𝑙

𝜕𝐶

𝜕𝑟
= −𝑑2(𝐶 − 𝐶𝑊)                                        (4) 

where 𝑢′ denotes the velocity, 𝜌 −density, T-temperature, g-acceleration due to gravity, 

𝛼 −angle of inclination, 𝑄0 −THS co-efficient, K permeability factor, 𝑄𝐸 −ESHS co-

efficient, k-thermal conductivity, n-exponential index, v-viscosity and 𝐶𝑝-heat capacitance 

(ℎ1, ℎ2)- convective heat transport co-efficient. (𝑑1, 𝑑2) −convective mass transfer co-

efficient. The subscript hnl- hybrid nano liquid and l -base liquid. 

The total nanoparticle volume fraction is defined as; 

∅ = ∅𝐶𝑢 + ∅𝐴𝑢                                                                                                                         (5) 
The effective thermophysical properties of hybrid nano liquid is given by mixed theory [21-

22] 

(𝜌𝛽0)ℎ𝑛𝑙 = ((1 − ∅) + ∅𝐶𝑢
(𝜌𝛽0)𝐶𝑢

(𝜌𝛽0)𝑙
+ ∅𝐴𝑢

(𝜌𝛽0)𝐴𝑢

(𝜌𝛽0)𝑙
) (𝜌𝛽0)𝑙′                                                   (6) 

(𝜌𝛾0)ℎ𝑛𝑙 = ((1 − ∅) + ∅𝐶𝑢
(𝜌𝛾0)𝐶𝑢

(𝜌𝛾0)𝑙
+ ∅𝐴𝑢

(𝜌𝛾0)𝐴𝑢

(𝜌𝛾0)𝑙
) (𝜌𝛾0)𝑙′                                                    (7)  

x 

 

r 

a 

b 

𝑘ℎ𝑛𝑙

𝜕𝑇

𝜕𝑟
= −ℎ2(𝑇 − 𝑇𝑊) 

 
𝑘ℎ𝑛𝑙

𝜕𝑇

𝜕𝑟
= ℎ1(𝑇 − 𝑇0) 

 

𝜶 

 

g 

 
Porous medium containing 

Cu – Au nanoparticle 
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𝜌ℎ𝑛𝑙 = ((1 − ∅) + ∅𝐶𝑢
𝜌𝐶𝑢

𝜌𝑙
+ ∅𝐴𝑢

𝜌𝐴𝑢

𝜌𝑙
) 𝜌𝑙′                                                                             (8)                                

(𝜌𝐶𝑝)ℎ𝑛𝑙 = [(1 − ∅) +
∅𝐶𝑢(𝜌𝐶𝑝)

𝐶𝑢

(𝜌𝐶𝑝)
𝑙

+
∅𝐴𝑢(𝜌𝐶𝑝)

𝐴𝑢

(𝜌𝐶𝑝)
𝑙

] (𝜌𝐶𝑝)𝑙′                                                        (9) 

The brinkman model for the effective dynamic viscosity is given by phenomenological law 

[19] 

𝜇ℎ𝑛𝑙 =
1

(1−∅)2.5
𝜇𝑙′                                                                                                                   (10) 

The effects of several nanoparticle forms, including spherical, platelet, cylinder, and brick, 

has been examined in this work using the Hamilton-Crosser model for effective thermal 

conductivity. The results are provided by 

𝑘ℎ𝑛𝑙

𝑘𝑙
=

(
(∅𝑘)𝐶𝑢+(∅𝑘)𝐴𝑢

∅
)+(𝑚−1)𝑘1+(𝑚−1)((∅𝑘)𝐶𝑢+(∅𝑘)𝐴𝑢)−(𝑚−1)𝑘𝑙∅

(
(∅𝑘)𝐶𝑢+(∅𝑘)𝐴𝑢

∅
)+(𝑚−1)𝑘𝑙−((∅𝑘)𝐶𝑢+(∅𝑘)𝐴𝑢)+𝑘𝑙∅

                                                (11) 

 

In this case, the subscript the form factor is m, and the copper and gold nanoparticles are Au 

and Cu. The hybrid nano liquid’s thermophysical characteristics and form factor values are 

tabulated. 

Dimension less equations are [19] 

U=
𝜇

𝜇0
, 𝑃 =

𝑝𝑎

𝑢0𝑣𝑙
, 

𝜃 =
𝑇−𝑇0

𝑇𝑤−𝑇0
, 𝑅 =

𝑟

𝑎
, 𝑍 =

𝑧

𝑎
  ; 𝐶 =

𝐶−𝐶0

𝐶𝑤−𝐶0
                                                                                    (12) 

 By virtue of equation no (12) and (5) to (11). The equations (1)-(4) reduced to the following 

equation  

𝑑2𝑢

𝑑𝑅2 =
𝑈

𝐷𝑎
+

𝑀

𝐴1
−

1

𝑅

𝑑𝑢

𝑑𝑅
−

𝑀𝑐

𝐴1
[𝐴2𝜃 + 𝑄𝑐. 𝜃2]𝑐𝑜𝑠𝛼                                                                    (13) 

𝑑2𝜃

𝑑𝑅2 =
−1

𝑅

𝑑𝜃

𝑑𝑅
− 𝑄𝑇

𝜃.𝑃𝑟

𝐴4
−

𝑃𝑟

𝐴4
. 𝑄𝐸 . exp(−𝑛𝑟)                                                                           (14) 

𝑑2𝜙

𝑑𝑅2 =
−1

𝑅

𝑑𝜙

𝑑𝑅
+ 𝐾. 𝑆𝑐. 𝜙                                                                                                           (15) 

At  𝑅 = 1: 𝑈 = 0,
𝑑𝜃

𝑑𝑅
=

𝐵𝑖1

𝐴4
𝜃      ; 𝑅 = 𝜆: 𝑈 = 0,

𝑑𝜃

𝑑𝑅
=

𝐵𝑖2

𝐴4
(1 − 𝜃) 

At 𝑅 = 1:
𝑑𝜙

𝑑𝑟
=

𝐷𝑖1

𝐾𝑛𝑙
𝜙; 𝑅 = 𝜆 =

𝑏

𝑎
 ,

𝑑𝜙

𝑑𝑟
=

−𝐷𝑖2

𝐾𝑛𝑙
(1 − 𝜙)                                                          (16) 

Nusselt number and Skin friction are given by [19] 

𝑁𝑢1 =
𝑘ℎ𝑛𝑙

𝑘𝑙
(

𝑑𝜃

𝑑𝑅)
)

𝑅=1

 , 𝜏1 =
𝜇ℎ𝑛𝑙

𝜇1
(

𝑑𝑈

𝑑𝑅
)

𝑅=1

,   𝑎𝑡 𝑅 = 1 

𝑁𝑢𝜆 =
𝑘ℎ𝑛𝑙

𝑘𝑙
(

𝑑𝜃

𝑑𝑅)
)

𝑅=𝜆
 , 𝜏𝑙 =

𝜇ℎ𝑛𝑙

𝜇𝑙
(

𝑑𝑈

𝑑𝑅
)

𝑅=𝜆
,   𝑎𝑡 𝑅 = 𝜆                                                           (17) 

The dimensionless quantities obtained from Eqs. (13)-(16) are given below: 

𝑀𝑐 =
𝑔(𝜌𝛽0)𝑙(𝑇𝑤−𝑇0)𝑎2

𝑢0𝜇𝑙
   (mixed convection parameter), 𝑄𝑐 =

(𝜌𝛽1)𝑙

(𝜌𝛽0)𝑙
(𝑇𝑤 − 𝑇0)  (quadratic 

convection parameter), 𝛼 is the angle of inclination, 𝐷𝑎 =
𝐾

𝑎2  (Darcy number), 𝑄𝑇 =
𝑄0𝑎2

𝑣𝑙(𝜌𝐶𝑝)𝑙
  

(temperature-related heat source parameter), 𝐵𝑖1 =
ℎ1𝑎

𝑘𝑙
  and 𝐵𝑖2 =

ℎ2𝑎

𝑘𝑙
  (Boit number  for 

each cylinder), 𝑅𝑒 =
𝑢0𝑎

𝑣𝑙
  (Reynolds number), 𝑃𝑟 =

(𝜇𝐶𝑝)𝑙

𝑘𝑙
  is the Prandtl number, 𝜆 =

𝑏

𝑎
  

(aspect ratio). 

𝐴1 =
1

(1−∅)2.5 ,  𝐴2 = (1 − ∅) + ∅𝐶𝑢
(𝜌𝛽0)𝐶𝑢

(𝜌𝛽0)𝑙
+ ∅𝐴𝑢

(𝜌𝛽0)𝐴𝑢

(𝜌𝛽0)𝑙
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𝐴3 = (1 − ∅) + ∅𝐶𝑢

(𝜌)𝐶𝑢

(𝜌)𝑙
+ ∅𝐴𝑢

(𝜌)𝐴𝑢

(𝜌)𝑙
 

𝐴4 =
(

(∅𝑘)𝐶𝑢 + (∅𝑘)𝐴𝑢

∅
) + (𝑚 − 1)𝑘𝑙 + (𝑚 − 1)((∅𝑘)𝐶𝑢 + (∅𝑘)𝐴𝑢) − (𝑚 − 1)𝑘𝑙∅

(
(∅𝑘)𝐶𝑢 + (∅𝑘)𝐴𝑢

∅
) + (𝑚 − 1)𝑘𝑙 − ((∅𝑘)𝐶𝑢 + (∅𝑘)𝐴𝑢) + 𝑘𝑙∅

𝑎𝑛𝑑 
𝑑𝑃
𝑑𝑍

= 𝑀 

Table 1: EO, Cu and Au nanoparticles thermos-physical properties at 300K 

Properties Cu Au EO Shape of Nanoparticles m 

Density  

(𝑘𝑔 𝑚−3) 

8933 19300 884  

Spherical 

 

3 

 

 

Thermal 

conductivity 

K(𝑊 𝑚−1𝑘−1) 

401 129.1 0.144                    

                  Platelet 

5.7 

Thermal expansion 

coefficient  

𝛽(𝑘−1)(10−5) 

1.67 1.80 57                   

                 Cylinder 

4.8 

Dynamic viscosity  

𝜇(𝑘𝑔 𝑚−1𝑠−1) 

- - -                  Brick  3.7 

Methodology:  
In the view of boundary conditions (16) the governing Eqs. (13-15) are numerically 

solved using the finite difference method based on bvp5c algorithm. (see Shampine kierzenka 

[42]). By substituting [U, U’,𝜃 , 𝜃′ , 𝜙 , 𝜙′] = [𝑦1, 𝑦2, 𝑦3,𝑦4, 𝑦5, 𝑦6], the system of first order 

differential equations are as follows. 

 

 

 

 

 

= 

         (18) 

 

 

 

 

 

and corresponding initial conditions                       (18) 

[𝑦1(1), 𝑦2(1), 𝑦3(1), 𝑦4(1), 𝑦5(1), 𝑦6(1)] = [0, 𝑡1, 𝑡2,
𝐵𝑖1

𝐴4
𝑡2, 𝑐1, 𝑐2

−𝐷𝑖1

𝐾𝑛𝑙
𝑐2] 

Where 𝑡1 𝑎𝑛𝑑 𝑡2 are the initial guess. Here the values for the initial guess are 

approximated until the boundary conditions are satisfied. Besides the maximum residual 

10−5. Table 2 provides the documentation of the heat transfer 𝑁𝑢1 values in comparison with 

those reported by Oni [34] for various values of 𝑄𝑇(𝑄𝑇 = 0.5(0.5)3.0). the comparison 

shows an excellent collaboration. 
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−
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Table 2: Numerical values of 𝑁𝑢1 for change in values of 𝑄𝑇 when Da=0.1, Mc= 50, Pr =1, 

𝑄𝐶 =  𝑄𝐸 =𝜑 = 0 and 𝛼 = 0°. 

𝑄𝑟 Oni [8] Present work 

0.5 1.571404 1.571404 

1.0 1.716981 1.716981 

1.5 1.882604 1.882604 

2.0 2.072277 2.072277 

2.5 2.291116 2.291116 

3.0 2.545765 2.545765 

Results and Discussions: 

  
Fig 2: ∅ influence on U(R) Fig 3: ∅ influence on 𝜃(𝑅) 

  

Fig 4: 𝐷𝑎 influence on U(R) Fig 5: the shape of the nanoparticle influence 

on 𝑈 (R) 
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Fig 6: the shape of the nanoparticle influence 

on 𝜃 (R) 

Fig 7: 𝐵𝑖1 𝑎𝑛𝑑 𝐵𝑖2 influence on 𝜃 (R) 

Graphs and tables are used to analyze the nature of velocity U(R), temperature θ(R), skin 

friction coefficients (τ1 & τλ), and heat transfer rate (𝑁𝑢1 & 𝑁𝑢𝜆) for changes in the values of 

mixed convection parameter (Mc), angle of inclination (𝛼), quadratic convection parameter  

(Qc), THS parameter (𝑄𝑇), ESHS parameter (𝑄𝐸), Darcy number (Da), Biot number for each 

cylinder (𝐵𝑖1 & 𝐵𝑖2), and total nanoparticle volume fraction (∅).The effective parameters 

values for these graphs and tables are fixed as follows: Mc = 2, Qc = 0.5, a = π/4, Da = 0.1, 

𝑄𝑇 =0.01, 𝑄𝐸 = 0.1, 𝐵𝑖1 = 𝐵𝑖2 = 0.3, Pr = 6.0674, and ∅= 4%. 

Parametric analysis 

The response of total nanoparticles volume fraction ∅ on the U(R) is displayed in Fig. 

2. As ∅ increases, the magnitude of U(R) decreases. In a physical sense, the suspension of 

nanoparticles in a transparent liquid increases the base liquid's density and makes it denser, 

which lowers the liquid's velocity in an inclined porous annulus.Near the inner and outer 

cylinders, an increase in ∅ results in an improvement and a decrease in θ(R). as shown in Fig 

3. The behavior of the velocity field for the various value of Da is illustrated in Fig. 4. For the 

lower value of Da, the permeability is tiny or the porous matrix is densely packed. Here, a 

greater value of Da causes the frictional drag to decrease, improving the velocity in the 

porous region (Da ≠ 0) as opposed to the clear hybrid nanoliquid region (Da = 0). Our 

findings for Da are comparable to Oni's [34]. 

The relevance of nanoparticle shape aspect on U(R) is sketched in Fig. 5. Platelet-

shaped nanoparticles had the highest U(R), followed by cylinder, brick, and spherical-shaped 

nanoparticles. Fig 6. shows the variation in θ(R) for the different shapes of nanoparticles. 

Near the inner cylinder, platelet-shaped nanoparticles have a higher temperature profile than 

cylinder, brick, and spherical-shaped nanoparticles; however, the opposite is true near the 

outer cylinder, and increase in ∅ results in an improvement in θ(R) near the inner cylinder 

and a decrease in θ(R) toward the outside cylinder. The fact that the point of junction took 

place inside the annulus suggests that ∅ has no discernible effect on θ(R). 

The consequence of Bi, and 𝐵𝑖2 on U(R) is displayed in Fig. 7. At the two cylinders, 

𝐵𝑖1 ≠ 𝐵𝑖2, separate heat transfer coefficients ℎ1𝑎𝑛𝑑, ℎ2 are measured. The 2D graph shows 

that for an increasing value of 𝐵𝑖1 and 𝐵𝑖2, the U(R) decreases and improves proportionally. 
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This is due to the fact that a higher Biot number increases the rate of heat transfer at the 

cylinder walls. The influence of 𝐵𝑖1 and 𝐵𝑖2 on 𝜃(R) is diagrammed in Fig. 7. When the 

value of Bin increases, the temperature distribution improves, but when 𝐵𝑖1 increases, it 

diminishes. Convective cooling at the cylinders is the reason of this. 

Conclusions  

We numerically simulate the hybrid nano liquid flow with ESHS and THS in a convectively 

heated inclined annulus. The following are the primary results of this work:  

• The mixed and quadratic convection mechanisms favour the hybrid nano liquid's 

momentum.  

• As the angle of inclination increases, the acceleration caused by gravity has less of an 

impact on the flow field; the amplitude of the temperature and velocity fields increases with 

the heat source phenomena.  

• As the Biot number increases, the outer cylinder's flow structure and thermal pattern 

improve.  

• In contrast to the clear hybrid nano liquid area (Da = 0), the momentum structure is higher 

in the porous zone (Da ≠0). 

• Platelet-shaped nanoparticles have the highest velocity and temperature fields, followed by 

cylinder, brick, and spherical-shaped nanoparticles.  

• THS and ESHS have positive effects on heat transmission and the friction factor.  

• The rise in friction at the cylinder walls is responsible for the quadratic convection, mixed 

convection, and Darcy number.  

• THS has a greater influence on the local Nusselt number than the total nanoparticle volume 

percentage.  

• The sensitivity of the Nusselt number 𝑁𝑢1 to the concentration of nanoparticles, ESHS, and 

THS is positive. 
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