Combined effects of Arrhenius chemical reaction, internal heat generation and viscous dissipation on the heat and mass transfer of natural convection flow over a vertical plate with convective surface boundary condition


[bookmark: _GoBack]Abstract 
The current study examines how mass and heat transfer mechanisms in air convection across a vertical plate are affected by highly nonlinear heat radiation and Arrhenius chemical reactions. Using the Boussinesq approximation, we were able to predict the nonlinear behaviour of density fluctuations dependent on concentration and temperature. Through the use of similarity transformation, we were able to convert the partial differential equation governing fluid flow that is nonlinearly included ordinary differential equation in the boundary layer. A boundary value issue was then converted to an initial value issue by applying the shooting method. The ensuing baseline value issue was solved using MAPLE 24 and the fifth-order Runge Kutta algorithm. At elevated chemical reaction parameters, the heat boundary layer thickens and the momentum and concentration border layers thins, as a result of radiative thermal flux enhancing heat energy within the border layer, this alters the velocity profile and reduces fluid viscosity. Even while heat transmission between the plates surfaces to the stream-free zone reduces when the parameters of the chemical reaction change, the rate of mass transfer within the boundary layer increases. The relative temperature and thickness of the boundary layer concentration decrease as a result of the Arrhenius chemical reaction parameters. Internal heat production additionally increases the thickness of the heat boundary layer that runs along the wall's surface. The flow and both the nonlinear density change and the Eckert number have a high correlation.
Keywords: Arrhenius chemical reaction, Internal Heat Generation, Viscous Dissipation, Dufour, Soret.

1.0     INTRODUCTION
Cooling systems, environmental management, and energy-efficient technologies are just a few of the many technical applications of studying heat transfer and mass movement in natural convection flows. When temperature or concentration variations cause a change in buoyancy, rather than an external mechanical force, fluids flow in a convective fashion (Incropera & DeWitt, 2007). Many technical systems rely on these phenomena, including electronic cooling devices, heat exchangers, and atmospheric processes. The fluid's interaction with the surface it touches is an important part of natural convection. Disparities in concentration and temperature impact the mass transport and heat rate through the fluid to the surface. The efficiency of these transfer mechanisms is highly dependent on the surface boundary conditions, especially convective surface boundary conditions. The mass and heat fluxes over the surface are influenced by the fluid's characteristics, the temperature of its surface, and the surroundings, which are all part of the convective boundary conditions (Bejan, 2013). Surfaces that are stretched or deformed, like electrically conducting fluids, may lead to very complicated interactions. Thermal management system design and process performance improvement dependent on natural air flow rely on a better knowledge of these dynamics (Churchill & Chu, 1975). 
As pointed out by (Weyl, 1942), the traditional issue of fluid flow down a horizontal, stationary surface in an evenly distributed freestream was first addressed by Blasius (1908). This subject is still being studied in modern research. Many areas, from engineering and research to everyday life and home appliances, rely on the principles of boundary layer, heat, and mass transport. Improved hot rolling, glass manufacturing, wire drawing, golf ball aerodynamic design detachment and reattachment techniques, heat transfer, paper and material production, and many more technical applications are applicable to these ideas. When the flow rate changes with height, it is in the boundary layer—a narrow band of flow immediately around a surface—where viscous forces are most prominent Jha and Samaila (2022). The fluid's temperature rises passively as it mixes with a vertically illuminated surface because density fluctuations brought on by temperature gradients or uneven concentration distributions cause the fluid's temperature to fluctuate. Natural convective flow describes this occurrence.
The features of free convective a laminar boundary-layer flow has been thoroughly investigated due to their increasing relevance in numerous engineering and industrial contexts, as emphasized by Ibrahim & Reddy (2013). These contexts include metal coating, cooling procedures, waste management, and heat dissipation in nuclear power plants, petroleum extraction, and construction. The physical and technical aspects of heat transmission and the flow of various liquids are greatly influenced by thermal radiation, which is referred as the outward emissions of energy across the outer layer as electromagnetic waves. Nuclear power stations, gas turbines, aeroplanes, spaceships, dependable machinery, satellites, and a whole lot more fall under this category.  Considering several active parameters, including the convective heat transfer parameter, the nonlinear density variation with temperature (NDT), and the suction/injection parameter, Samaila & Jha (2022) investigated the effects of nonlinear thermal radiation on mixed and natural convection flows over a vertical plate that is either stationary or moving uniformly.
2.0	MATHEMATICAL STATEMENT
A stream of a cold incompressible fluid flows uniformly across the right side of the plate at a constant change in speed, and we take into account the convection heating of a heated fluid over the left side of the plate at a constant temperature with a heat transfer coefficient. Internal heat generation occurs at the volumetric rate when the cold fluid makes contact with the plate's appropriate surface. The momentum equation, which makes use of the Boussinesq approximation, accounts for the density change caused by buoyancy effects. This investigation is predicated on many assumptions, including:
1. A nonlinear thermal radiation effect with radioactive heat flux is applied to the boundary layer flow. 
2. The correct surface and cold fluid constantly interact to produce the internal heat at a volumetric rate of 𝑞.
3. The radiative heat flow 𝑞𝑟 may be calculated using the Roseland approach. 
4. The buoyancy term's nonlinear density fluctuation with temperature may be predicted using the Boussinesq approximation.
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Figure 1.  The coordinate system and flow arrangement of the model 
The governing equations have been stated as follows, taking into account the assumptions given earlier and references (Jha and Samaila, 2024):
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The study's boundaries can be written as follows:
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2.1	 Solution by similarity variables

The PDEs in (1)–(4) were converted to ODEs by use of similarity variables.  Using the following transformation, we achieve non-dimensionalisation of (1)-(4):






,,,,(6)
Where does the stream function is defined by the continuity equation (1) and how does it adhere to it? Where denotes a dimensionless stream function, the similarity variable, the fluid's dimensionless species concentration, and the fluid's dimensionless temperature inside the boundary layer. Equation (6) was used to transform the partial equations (2)–(4) into local similarity equations.

                                                                                (7)          

                             (8)

                                          (9)
Where the boundary conditions take on the following form and primes indicates differentiation with regard to:
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Where   is the local temperature Grashof number,

  is the local concentration Grashof number,

 is the Schmidt  number,

    is the Soret number,   

    is the radiation number      

  is the Prandtl number           

      is the Dufour number  

  is the Eckert number.
The relevant parameters are Nusselt number, Sherwood, and local friction.
2.2	 Computational Procedure
The set of equations (7)–(9) and the boundary conditions (10) and (11) were precisely solved using the shooting approach and the Runge–Kutta method of order four. In a similar vein, a numerical code was created and executed on the computer using MAPLE 2024 software. In order to verify the approach employed in the study, the acquired findings were compared with the available literature and benchmark examples.
3.0	 RESULTS AND DISCUSSION
Tables and graphs displaying calculated results for a few dimensionless physical variables were provided to provide thorough understanding of the flow characteristics. Researchers used confirmed theoretical findings to determine the ranges of parameters for the graphs. For non-Newtonian fluids subjected to Arrhenius kinetics and non-linear thermal radiation, studies are conducted on some critical engineering quantities to ascertain the parameters' effect a profile of concentration, momentum, and energy field on the flow. The answers are computed and solved using the shooting numerical approach. 
Tables 1 and 2 display the numerical values that were computed. You can notice that the calculated values accord well quantitatively with existing ones in Table 1, which displays the validation of computed findings with earlier correlated efforts. Table 2 displays the flow physical parameters for temperature, shear stress, mass gradients, and surface temperature at the wall. As the non-linear density variation with temperature and concentration in table 2 increases, the skin-friction coefficient, heat transfer rate, and mass transfer rate at the wall's surface all increase; conversely, when the wall's surface temperature decreases, thermal radiation increases the skin-friction and Sherwood numbers with the surface temperature and decreases the Nusselt number. The skin-friction coefficient and mass transmission velocity at the wall both improve with increasing Dufour number, but the rate of heat transfer decreases with increasing wall temperature. Eckert numbers are inversely proportional to skin-friction coefficients, Nusselt numbers, mass transfer rates, and wall temperatures. While the heat transmission rate and skin-friction coefficients at the wall's surface decrease, the Sherwood value and wall temperature increase with greater values of the relative temperature, chemical reaction order, and chemical reaction circumstances. As the activation energy parameter is increased, the skin-friction coefficient and Nusselt number increase while the mass transfer rate and wall temperature fall. Finally, as the Soret number rises, the skin-friction coefficients at the wall's outer layer fall, but the mass and heat rates rise in tandem with the wall temperature.


Table 1: A contrast between the present research and the earlier research conducted by Jha and Samaila, (2024) on boundary value problems; for Sc=0.62, =0.2, . 
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Table 2: Illustrations showing how the active conditions affect the Sherwood number, Nusselt number and skin friction coefficient for Sc=0.62. =0.2,
[image: ]
Our study's steady-state model, shown in Figures 4, investigates mass and heat transfer in natural convection flow across a vertical plate with a convection outer layer boundary condition. Figure 2 shows how the number of local thermal Grashofs influences the speed profile variation, which improves as the number of local thermal Grashofs rises. The profile complies with the boundary criteria after a noticeable rise at the wall surface. Over the wall surfaces, the boundary layers of heat and concentration both decrease, as shown in Figures 3 and 4, which show the impact of local thermal Grashof numbers on the distributions of temperature and concentration. Increasing the local solutal Grashof number improves the change in speed boundary layer and decreases the thermal and concentration boundary layers across the wall surface, as shown in Figures 5 to 7, which show the impact of this value on the velocity, concentration profiles and temperature.
Because of the non-linear density variation with temperature, we can observe in Figures 8–9 how the heat boundary layer gets smaller and the change in direction at the boundary layer gets thicker as the parameter increases. As the non-linear density variation with concentration rises, the velocity boundary layer thickens (Figure 10). Figure 11 reveals that the thermal boundary layer thickens when thermal radiation levels are high. 
As seen in Figure 12, the heat boundary layer over the surface of the wall may be reduce by carefully selecting the Prandtl number. In Figures 13 and 14, we can see how the Dufour number affects the wall surface; as the Dufour number grows, the velocity and thermal boundary layers thicken. Figures 15 - 16 show the effect of the Eckert number. In Figure 17, improving the Eckert number makes the concentration boundary layer to level out and thicken the temperature and velocity boundary layers.
While Figure 19 shows how the activation energy parameter slightly improves the concentration boundary layer, Figure 18 shows how the chemical reaction parameter influences the concentration border layer and its deceases. Figures 21 and 22 illustrate the effects of the Soret number on concentration profiles and the Biot number on temperature profiles, respectively, whereas the species concentration decreases as the order of the chemical reaction value improves. While increasing the Biot number strengthens the thermal boundary layer across the wall, increasing the Soret number thickens the concentration boundary layers that are far from the wall.
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4.0 CONCLUSION
In this paper, the characteristics of laminar boundary layer flow on a vertical plate are investigated, as well as the effects of large nonlinear heat radiation and chemical processes. The science of heat and mass movement is significantly impacted by the phenomenon of nonlinear thermal radiation. At higher temperatures, the Arrhenius chemical reaction speeds up and alters the concentration boundary layers of both the reactants and the products. This has an impact not only on the pace of the reaction but also on the concentration profiles between the reactants and the products. Furthermore, it is clear that the thickness of the thermal boundary layer increases as the convective heat transfer parameter rises. As a result, the rate of heat transfer across the surface of the wall is reduced.
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Figure 3: Effects of local thermal Gkashof mumber Gry on temperature distribution for fixed
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Figure 4: Effects of local thermal Grashof number Gry on concentration distribution for fixed
values of
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CT=02,Pr=072,Du=001,Ec=2,5=062n=1




image49.png
Ge, =0.1
0000000 Ge, =03

G =05

Ge, =06
°F T ERa— T

Figure 5: Effects of local concentration Grashof number Gie on velocity distribution for fixed
values of
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Figure 6: Effects of local concentration Grashof number G on temperature distribution for
fixed values of
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Figure 7: Effects of local concentration Grashof number Gic; on concentration distribution for
fixed values of

Ge,=5=5,-Ra~=
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Figure 8: Effects of nonlinear density variation with temperature 6, on velocity distribution for
fixed values of

CT=02,Pr=072,Du=001,Ec=2,5%=0.62n=1
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Figure 9: Effects of nonlinear density variation with temperature 6, on temperature distribution
for fixed values of
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Figure 10: Effects of nonlinear density variation with concentration &, on velocity distribution
for fixed values of
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Figure 11: Effects of nonlinear thermal radiation parameter Rar on velocity distribution for fixed
values of

Ge, =8 =0y=A=6,=E=Bi,=Sr=01,
CT=02,Pr=072,Du=001,Ec=2,5=062n=1
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Figure 12: Effects of Prandtl number Pr on velocity distribution for fixed values of

Ge=0=0y=Ram2=0,=E =B |
1,Du=001,Ec=2,5=0.62,n=1
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Figure 14: Effects of Dufor number Dt on temperature distribution for fixed values of

6,=E=Bi,
Sr=0.1,Ra=1Ec=2,5=062n=1
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Figure 15: Effects of Eckert number Ec on velocity distribution for fixed values of

Ge, By,

Sr=0.1.Du=001Ra=1,Ec=2,5=0.62n=1
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Figure 16: Effects of Eckert number Ec on temperature distribution for fixed values of

Ge, 0,06, E =By,
=5r=0.1,Ra=1,Du=001Ec=25=062,n=1
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Figure 17: Effects of Eckert number Ec on concentration distribution for fixed values of

=8,=6,=
Sr=0.1,Ra=1Du=0.01,Ec=2,5=0.62,n=1





image62.png
1=01

0099099 4 =0.5
“w .
b =]
os
02
B TR —————
3 T T T

Figure 18: Effects of chemical reaction parameter / on concentration distribution for fixed
values of

G, Ge, =0, 0,26, = E=Bi,
=Sr=0.1,Ra=1,Du=0.01,Ec=2,5=0.62,n=1
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Figure 19: Effects of activation energy parameter £ on concentration distribution for fixed
values of
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Figure 20: Effects of order of chemical reaction parameter » on concentration distribution for]
fixed values of

Ge, =Gr, =8, =0, =6, =E=Bi,
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Figure 21: Effects of Soret number 7 on concentration distribution for fixed values of
Ge,=Gr,=8,=0,=6,=E=Bi,
=Ra=1,Du=001Ec =2, =062,n=1
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Figure 22: Effects of Biot number 51, on temperature distribution for fixed values of
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Figure 2: Effects of local thermal Grashof number Gr; on velocity distribution for fixed values of

Ge, = 6,=E=Bi,=5r=01
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