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Abstract 

A study has been carried out to investigate the three–dimensional free convective heat and mass transfer flow of a viscous 

incompressible fluid within a vertical channel. The analysis considers the combined effects of thermal radiation and a chemical 

reaction, which are important in many engineering and industrial processes such as energy systems, cooling devices, and 

chemical processing units. The presence of a magnetic field is also taken into account because it significantly influences the 

motion of electrically conducting fluids. The governing equations representing the conservation of momentum, energy, and 

concentration are formulated under appropriate physical assumptions. These equations are nonlinear and coupled in nature; 

therefore, they are first transformed into non–dimensional form using suitable similarity parameters. An approximate analytical 

solution of the resulting equations is then obtained by applying a perturbation technique. This method enables the determination 

of velocity, temperature, and concentration distributions inside the vertical channel and helps in analysing the influence of 

different physical parameters on the flow characteristics. The results reveal several important features of the flow. In the case of 

a cooling plate, the primary velocity component decreases with an increase in the magnetic parameter, chemical reaction 

parameter, Prandtl number, and Schmidt number. The magnetic field introduces a resistive force, which tends to slow down the 

fluid motion. Similarly, larger values of the Prandtl and Schmidt numbers reduce thermal and mass diffusivity, leading to a 

reduction in fluid velocity. On the other hand, the primary velocity increases with increasing values of the thermal Grashof 

number and mass Grashof number, since these parameters represent buoyancy forces that enhance the fluid motion within the 

channel. It is also observed that the temperature distribution decreases with an increase in the Reynolds number, Prandtl number, 

and radiation parameter. Furthermore, the concentration field decreases when the Schmidt number, Reynolds number, or 

chemical reaction parameter increases, indicating a reduction in species diffusion within the fluid flow. 
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1. Introduction 

Natural convection accompanied by heat and mass transfer 

has been the subject of extensive investigation because of its 

important role in many scientific and engineering processes. 

Such flows arise due to density variations caused by tempera-

ture and concentration differences, leading to buoyancy-in-

duced motion. These effects are commonly observed in at-

mospheric circulation, ocean currents, and even in geophysi-

cal systems within the Earth’s interior. In a related study, Gu-

ria and Jana [1] analyzed three-dimensional flow in a vertical 

channel under the influence of periodic suction. However, 

their work did not incorporate thermal radiation, which be-

comes a key factor in several practical situations, particularly 

those involving very high temperatures. For instance, radia-

tion plays a vital role in aerospace engineering problems such 

as the thermal analysis of re-entering space vehicles. High-

temperature environments frequently encountered in ad-

vanced engineering systems—such as nuclear reactors, gas 

turbines, and propulsion units used in aircraft, missiles, satel-

lites, and space crafts—intensify radiative heat transfer effects. 

In such conditions, neglecting radiation can lead to inaccurate 

predictions. Even in common domestic and industrial settings, 

natural convection is significant, such as in the warming of 

rooms by radiators and in heat dissipation from hot pipes, fur-

naces, and other equipment exposed to relatively cooler sur-

roundings. 

The influence of thermal radiation on fluid flow along a ver-

tical plate has attracted considerable attention from research-

ers. Takhar et al. [2] analyzed the role of radiation in modify-

ing the characteristics of flow past a vertical plate. Later, Gu-

ria et al. [3] examined the effect of radiative heat transfer on 

three-dimensional flow within a vertical channel subjected to 

periodic suction. Guria et al. [4] further extended their work 

to steady three-dimensional flow past a vertical porous plate 

under the action of a magnetic field, highlighting the interac-

tion between radiation and magnetohydrodynamic forces. 

The impact of periodic suction on three-dimensional mixed 

convection flow with simultaneous mass transfer was investi-

gated by Singh and Thakar [5]. In another study, Ahmed [6] 

discussed heat and mass transfer characteristics in steady 

three-dimensional flow of a viscous incompressible fluid over 

a moving vertical plate. Subsequently, Ahmed and Liu [7] an-

alyzed similar transport phenomena for flow past a vertical 

porous plate with a constant free stream velocity. 

Further contributions by Reddy and Reddy [8] addressed 

unsteady magnetohydrodynamic free convection flow over a 

vertical porous plate, incorporating the combined effects of 

radiation, mass transfer, and viscous dissipation. More re-

cently, Guria [9] conducted detailed investigations on heat and 

mass transfer in three-dimensional flow past a vertical porous 

plate, emphasizing the role of radiation. Additional studies by 

Guria [10] explored radiative effects in vertical channel flows, 

including analyses within the slip flow regime. Additionally, 

Guria [11] explored heat and mass transfer through a vertical 

channel with radiation effects. Further research by Guria [12] 

focused on heat and mass transfer through a vertical channel 

in the slip flow regime, and Guria [13] extended this work to 

include radiation effects through porous medium. Moreover, 

Zigta and Koya [14] examined the coupled influence of mag-

netic fields, radiation, and chemical reactions on free convec-

tion flow. Zigta [15, 16] also independently reported on the 

combined impact of radiation and chemical reactions in mag-

netohydrodynamic flow configurations. 

The analysis of heat and mass transfer processes involving 

chemical reactions plays a vital role in chemical processing 

and hydrometallurgical operations. Chemical reactions are 

generally categorized into two types: homogeneous and heter-

ogeneous. Homogeneous reactions take place uniformly 

within a single phase, whereas heterogeneous reactions occur 

at the interface between different phases or within a limited 

region. When the reaction rate is directly proportional to the 

concentration of the reacting species, the process is referred to 

as a first-order reaction. Many reactions are accompanied by 

either heat generation (exothermic) or heat absorption (endo-

thermic), which significantly influence transport processes. 

Such phenomena are particularly relevant in industries such as 

polymer manufacturing, glass and ceramic production, and 

food technology. 

Reddy et al. [17] analyzed three-dimensional magnetohy-

drodynamic flow and heat transfer in a porous medium with 

periodically varying permeability in the presence of chemical 

reactions. Sharma and Mahanta [18] studied the influence of 

chemical reactions on three-dimensional MHD heat and mass 

transfer over a vertical plate. In another investigation, Niran-

jana et al. [19] discussed the effects of chemical reactions on 

three-dimensional flow within a porous medium. The present 

study focuses on examining the combined influence of ther-

mal radiation and chemical reaction on three-dimensional free 

convective heat and mass transfer flow in a vertical channel. 

Our present study is a non-trivial extension of Sharma and 

Mahanta [18], incorporating (i) the effect of radiation and (ii) 

flow through a vertical channel. 

2. Basic Equations 

We examine a steady-state flow of a viscous and incom-

pressible fluid confined between two vertical, parallel porous 

plates separated by a distance 𝑑. The coordinate system is de-

fined such that the 𝑥∗-axis is aligned with the primary flow 

direction, the 𝑦∗-axis is oriented perpendicular to the plates 

across the channel width, and the 𝑧∗-axis is taken normal to 

the 𝑥∗𝑦∗-plane (Figure 1). 

The plate located at 𝑦∗ = 0 is maintained at a higher con-

stant temperature 𝑇𝑤 , while the opposite plate at 𝑦∗ = 𝑑 is 

kept at a lower temperature 𝑇0, with 𝑇𝑤 > 𝑇0. 
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Figure 1. Physical model and Co-ordinates system. 

The plate at 𝑦∗ = 𝑑 experiences a constant injection veloc-

ity 𝑉0, whereas the plate at 𝑦∗ = 0 is exposed to a spatially 

varying suction given by 

𝑣∗ = − 𝑉0 [1 + 𝜀cos⁡ (
𝜋𝑧∗

𝑑
)]              (1) 

where 𝜀(𝜀 ≪ 1) represents a small parameter indicating the 

magnitude of the periodic suction. Because the channel 

extends infinitely in the 𝑥∗ -direction, all flow and thermal 

variables are independent of 𝑥∗ . However, the presence of 

injection and periodic suction across the plates generates a 

cross-flow, making the motion inherently three-dimensional. 

Let 𝑢∗, 𝑣∗, and 𝑤∗denote the velocity components along 

the 𝑥∗-, 𝑦∗-, and 𝑧∗-directions, respectively. The mathemati-

cal formulation of the problem is described by the following 

governing equations. 

𝜕𝑣⋆

𝜕𝑦⋆
+

𝜕𝑤⋆

𝜕𝑧⋆
= 0                    (2) 

𝑣⋆
𝜕𝑢⋆

𝜕𝑦⋆
+ 𝑤⋆ 𝜕𝑢

⋆

𝜕𝑧⋆
= 𝜈 (

𝜕2𝑢⋆

𝜕𝑦⋆2
+

𝜕2𝑢⋆

𝜕𝑧⋆2
) + 𝑔𝛽 + 𝑔𝛽(𝐶∗ − 𝐶0) −

𝜎𝐵0
2

𝜌
𝑢∗                        (3) 

𝑣⋆
𝜕𝑣⋆

𝜕𝑦⋆
+ 𝑤⋆ 𝜕𝑣

⋆

𝜕𝑧⋆
= −

1

𝜌

𝜕𝑝⋆

𝜕𝑦⋆
+ 𝜈 (

𝜕2𝑣⋆

𝜕𝑦⋆2
+

𝜕2𝑣⋆

𝜕𝑧⋆2
)     (4) 

𝑣⋆
𝜕𝑤⋆

𝜕𝑦⋆
+𝑤⋆ 𝜕𝑤

⋆

𝜕𝑧⋆
= −

1

𝜌

𝜕𝑝⋆

𝜕𝑧⋆
+ 𝜈 (

𝜕2𝑤⋆

𝜕𝑦⋆2
+

𝜕2𝑤⋆

𝜕𝑧⋆2
) −

𝜎𝐵0
2

𝜌
𝑤∗ (5) 

𝑣⋆
𝜕𝑇∗

𝜕𝑦⋆
+ 𝑤⋆ 𝜕𝑇

∗

𝜕𝑧⋆
=

1

𝜌𝐶𝑝
(
𝜕2𝑇∗

𝜕𝑦⋆2
+

𝜕2𝑇∗

𝜕𝑧⋆2
) −

1

𝜌𝐶𝑝

𝜕𝑞𝑟
∗

𝜕𝑦∗
     (6) 

𝑣⋆
𝜕𝐶∗

𝜕𝑦⋆
+ 𝑤⋆ 𝜕𝐶

∗

𝜕𝑧⋆
= 𝐷 (

𝜕2𝐶∗

𝜕𝑦⋆2
+

𝜕2𝐶∗

𝜕𝑧⋆2
) − K∗(𝐶∗ − 𝐶0)   (7) 

Here, 𝜈 denotes the kinematic viscosity of the fluid, 𝜌rep-

resents its density, and 𝑝∗ is the pressure. The symbol 𝑔 

stands for gravitational acceleration, 𝛽 is the coefficient of 

thermal expansion, and 𝐶𝑝indicates the specific heat at con-

stant pressure. The parameter 𝐾∗corresponds to the rate con-

stant associated with the chemical reaction. 

The conservation of radiative heat transfer per unit volume, 

considering contributions over all wavelengths, can be ex-

pressed as 

∇ ⋅ 𝑞𝑟
∗ = ∫ 𝐾𝜆

∞

0
(𝑇∗)[4𝑒𝜆ℎ(𝑇

∗) − 𝐺𝜆]𝑑𝜆  

where 𝑒𝜆ℎ denotes the Planck distribution function. The 

incident radiation 𝐺𝜆is defined by 

𝐺𝜆 =
1

𝜋
∫ 𝑒𝜆Ω=4𝜋

(Ω) 𝑑Ω  

with Ωrepresenting the solid angle and ∇ ⋅ 𝑞𝑟
∗indicating the 

divergence of the radiative heat flux. 

For the case of an optically thin fluid interacting with an 

isothermal flat surface maintained at temperature 𝑇0, and by 

applying Kirchhoff’s law together with the above definition of 

radiative flux divergence, the incident radiation simplifies to 

𝐺𝜆 = 4𝑒𝜆ℎ(𝑇0)  

Under these assumptions, the radiative heat transfer expres-

sion can be further simplified accordingly. 

∇. 𝑞𝑟
∗ = 4∫

∞

0
𝐾𝜆(𝑇

∗)(𝑒𝜆ℎ(𝑇
∗) − 𝑒𝜆ℎ(𝑇0))𝑑𝜆  

Expanding 𝐾𝜆(𝑇
∗) and 𝑒𝜆ℎ(𝑇0) in a Taylor series around 

𝑇0, for small (𝑇∗ − 𝑇0), we can rewrite the radiative flux di-

vergence as 

∇. 𝑞𝑟
∗ = 4(𝑇∗ − 𝑇0) ∫

∞

0
𝐾𝜆0(

𝜕𝑒𝜆ℎ

𝜕𝑇
)0𝑑𝜆  

where 𝐾𝜆0 = 𝐾𝜆(𝑇0). 

Hence an optical thin limit for a non-gray gas near equilib-

rium, the following relation holds 

∇. 𝑞𝑟
∗ = 4(𝑇∗ − 𝑇0)𝐼  

and hence 

𝜕𝑞𝑟
∗

𝜕𝑦∗
= 4(𝑇∗ − 𝑇0)𝐼  

where 

𝐼 = ∫
∞

0
𝐾𝜆0(

𝜕𝑒𝜆ℎ

𝜕𝑇
)0𝑑𝜆  

The boundary conditions of the problem are 
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𝑢⋆ = 0, 𝑣⋆ = −𝑉0 [1 + 𝜖cos (
𝜋

𝑑
𝑧⋆)] , 𝑤⋆ = 0, 𝑇∗ = 𝑇𝑤 , 𝐶

∗ = 𝐶𝑤 ⁡a𝑡⁡𝑦
⋆ = 0  

𝑢⋆ = 0, 𝑣⋆ = −𝑉0, 𝑤
⋆ = 0, 𝑇∗ = 𝑇0, 𝐶

∗ = 𝐶0, 𝑝
⋆ = 𝑝∞⁡a𝑡⁡𝑦

⋆ = 𝑑                       (8) 

Introducing the non dimensional variables 

𝑦 =
𝑦⋆

𝑑
, 𝑧 =

𝑧⋆

𝑑
, 𝑝 =

𝑝⋆

𝜌𝑉0
2 , 𝑢 =

𝑢⋆

𝑉0
, 𝑣 =

𝑣⋆

𝑉0
, 𝑤 =

𝑤⋆

𝑉0
, 𝜃 =

(𝑇∗−𝑇0)

(𝑇𝑤−𝑇0)
                      (9) 

equations (2)-(7) become 

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
= 0              (10) 

𝑣
𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
=

1

𝑅𝑒
(
𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
) + 𝐺𝑟𝜃 + 𝐺𝑚𝐶 −𝑀𝑢  (11) 

𝑣
𝜕𝑣

𝜕𝑦
+𝑤

𝜕𝑣

𝜕𝑧
= −

𝜕𝑝

𝜕𝑦
+

1

𝑅𝑒
(
𝜕2𝑣

𝜕𝑦2
+

𝜕2𝑣

𝜕𝑧2
)       (12) 

𝑣
𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
= −

𝜕𝑝

𝜕𝑧
+

1

𝑅𝑒
(
𝜕2𝑤

𝜕𝑦2
+

𝜕2𝑤

𝜕𝑧2
) − 𝑀𝑤   (13) 

𝑣
𝜕𝜃

𝜕𝑦
+ 𝑤

𝜕𝜃

𝜕𝑧
=

1

𝑅𝑒𝑃𝑟
(
𝜕2𝜃

𝜕𝑦2
+

𝜕2𝜃

𝜕𝑧2
) − 𝐹𝜃      (14) 

𝑣
𝜕𝐶

𝜕𝑦
+𝑤

𝜕𝐶

𝜕𝑧
=

1

𝑆𝑅𝑒
(
𝜕2𝐶

𝜕𝑦2
+

𝜕2𝐶

𝜕𝑧2
) − 𝐾𝑐𝐶      (15) 

where 𝑅𝑒 = 𝑉0𝑑/𝜈  is the Reynolds number, 𝑃𝑟 = 𝜈/𝜌  is 

the Prandtl number, 𝐺𝑟 = 𝑑𝑔𝛽(𝑇𝑤 − 𝑇0)/𝑉0
2 is the Grashof 

number, 𝐺𝑚 = 𝑑𝑔𝛽(𝐶𝑤 − 𝐶0)/𝑉0
2 is the mass Grashof num-

ber, 𝐹 =
4𝐼𝑑

𝜌𝐶𝑝𝑉0
𝑖𝑠⁡ the radiation parameter, 𝑆 = 𝜈/𝐷  is the 

Schmidt number, 𝑀 =
𝜎𝐵0

2

𝜌

𝑑

𝑉0
 is the magnetic parameter and 

𝐾𝑐 =
𝐾∗𝑑

𝑉0
 is chemical reaction parameter. Using (9), the 

boundary conditions (8) become 

𝑢 = 0, 𝑣 = −⁡[1 + 𝜖cos(𝜋𝑧)], 𝑤 = 0, 𝜃 = 1, 𝐶 = 1, a𝑡⁡𝑦 = 0  

𝑢 = 0, 𝑣 = −1,𝑤 = 0, 𝜃 = 0, 𝐶 = 0, 𝑝 =
𝑝∞

𝜌𝑉2
⁡a𝑡⁡𝑦 = 1                          (16) 

3. Solution of the Problem 

In order to solve the differential equations (10)-(15), we assume the solution of the following form 

𝑢(𝑦, 𝑧) = 𝑢0(𝑦) + 𝜖𝑢1(𝑦, 𝑧) + 𝜖2𝑢2(𝑦, 𝑧) + ⋯  

𝑣(𝑦, 𝑧) = 𝑣0(𝑦) + 𝜖𝑣1(𝑦, 𝑧) + 𝜖2𝑣2(𝑦, 𝑧) + ⋯  

𝑤(𝑦, 𝑧) = 𝑤0(𝑦) + 𝜖𝑤1(𝑦, 𝑧) + 𝜖2𝑤2(𝑦, 𝑧) + ⋯                           (17) 

𝑝(𝑦, 𝑧) = 𝑝0(𝑦) + 𝜖𝑝1(𝑦, 𝑧) + 𝜖2𝑝2(𝑦, 𝑧) + ⋯  

𝜃(𝑦, 𝑧) = 𝜃0(𝑦) + 𝜖𝜃1(𝑦, 𝑧) + 𝜖2𝜃2(𝑦, 𝑧) + ⋯  

𝐶(𝑦, 𝑧) = 𝐶0(𝑦) + 𝜖𝐶1(𝑦, 𝑧) + 𝜖2𝐶2(𝑦, 𝑧) + ⋯  

On substituting (17) in equations (10)-(15) and equating the 

terms independent of 𝜖, we get the following system of dif-

ferential equations. 

𝑣0
′ = 0                      (18) 

𝑢0
′′ − 𝑅𝑒𝑣0𝑢0

′ = −𝑅𝑒𝐺𝑟𝜃0 − 𝑅𝑒𝐺𝑚𝐶0 +𝑀𝑅𝑒𝑢0   (19) 

𝜃0
′′ − 𝑅𝑒𝑃𝑟𝑣0𝜃0

′ − 𝐹𝑅𝑒𝑃𝑟𝜃0 = 0           (20) 

𝐶0
′′ − 𝑆𝑅𝑒𝑣0𝐶0

′ − 𝑆𝑅𝑒𝐾𝑐𝐶0 = 0          (21) 

where primes denotes differentiation with respect to 𝑦 and 

the corresponding boundary conditions become 

𝑢0 = 0, 𝑣0 = −1, 𝜃0 = 1, 𝐶0 = 1⁡a𝑡⁡𝑦 = 0    (22) 

𝑢0 = 0, 𝑣0 = −1, 𝜃0 = 0, 𝐶0 = 0⁡a𝑡⁡𝑦 = 1     (23) 

The solutions of the equations (18) to (21), subject to the 
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boundary conditions (22) are 

𝑣0(𝑦) = −1                  (24) 

𝜃0(𝑦) =
1

(𝑒−𝜆1−𝑒−𝜆2)
⁡ [𝑒−𝜆1𝑒−𝜆2𝑦 − 𝑒−𝜆2𝑒−𝜆1𝑦]   (25) 

𝐶0(𝑦) =
1

(𝑒−𝜆4−e−𝜆3)
⁡[𝑒−𝜆4𝑒−𝜆3𝑦 − 𝑒−𝜆3𝑒−𝜆4𝑦]    (26) 

𝑢0(𝑦) = ∑ 𝐴i𝑒
−𝜆i𝑦6

𝑖=1               (27) 

where 

𝜆1,2 =
1

2
{𝑅𝑒𝑃𝑟 ± √𝑅𝑒2𝑃𝑟2 + 4𝐹𝑅𝑒𝑃𝑟}  

𝜆3,4 =
1

2
{S𝑅𝑒 ± √𝑆2𝑅𝑒2 + 4𝑆𝑅𝑒𝐾𝑐}  

𝜆5,6 =
1

2
{𝑅𝑒 ± √𝑅𝑒2 + 4𝑀𝑅𝑒}  

𝐾1 =
−𝑅𝑒𝐺𝑟

(𝑒−𝜆2−𝑒−𝜆1)
  

𝐾2 =
−𝑅𝑒𝐺𝑚

(𝑒−𝜆4−𝑒−𝜆3)
  

𝐴1 =
𝑘1𝑒

−𝜆2

𝜆1
2−𝑅𝑒𝜆1−𝑀𝑅𝑒⁡

  

𝐴2 =
−𝑘1𝑒

−𝜆1

𝜆2
2−𝑅𝑒𝜆2−𝑀𝑅𝑒⁡

  

𝐴3 =
𝑘2𝑒

−𝜆4

𝜆3
2−𝑅𝑒𝜆3−𝑀𝑅𝑒⁡

  

𝐴4 =
−𝑘2𝑒

−𝜆3

𝜆4
2−𝑅𝑒𝜆4−𝑀𝑅𝑒⁡

  

𝐴5 =
1

(𝑒−𝜆6−𝑒−𝜆5)
∑ Ai(𝑒

−𝜆𝑖 − 𝑒−𝜆6)4
𝑖=1       (28) 

𝐴6 =
−1

(𝑒−𝜆6−𝑒−𝜆5)
∑ Ai(𝑒

−𝜆𝑖 − 𝑒−𝜆5)4
𝑖=1   

On substituting (17) in equations (10)-(15) and equating the 

coefficient of 𝜖, we get the following system of differential 

equations. 

𝜕𝑣1

𝜕𝑦
+

𝜕𝑤1

𝜕𝑧
= 0                                                  (29) 

𝑣0
𝜕𝑢1

𝜕𝑦
+ 𝑣1

𝜕𝑢0

𝜕𝑦
=

1

𝑅𝑒
(
𝜕2𝑢1

𝜕𝑦2
+

𝜕2𝑢1

𝜕𝑧2
) + 𝐺𝑟𝜃1 + 𝐺𝑚𝐶1 −𝑀𝑢1                           (30) 

𝑣0
𝜕𝑣1

𝜕𝑦
= −

𝜕𝑝1

𝜕𝑦
+

1

𝑅𝑒
(
𝜕2𝑣1

𝜕𝑦2
+

𝜕2𝑣1

𝜕𝑧2
)        (31) 

𝑣0
𝜕𝑤1

𝜕𝑦
= −

𝜕𝑝1

𝜕𝑧
+

1

𝑅𝑒
(
𝜕2𝑤1

𝜕𝑦2
+

𝜕2𝑤1

𝜕𝑧2
) − 𝑀𝑤1    (32) 

𝑣0
𝜕𝜃1

𝜕𝑦
+ 𝑣1

𝜕𝜃0

𝜕𝑦
=

1

𝑅𝑒𝑃𝑟
(
𝜕2𝜃1

𝜕𝑦2
+

𝜕2𝜃1

𝜕𝑧2
) − 𝐹𝜃1    (33) 

𝑣0
𝜕𝐶1

𝜕𝑦
+ 𝑣1

𝜕𝐶0

𝜕𝑦
=

1

𝑆𝑅𝑒
(
𝜕2𝐶1

𝜕𝑦2
+

𝜕2𝐶1

𝜕𝑧2
) − 𝐾𝑐𝐶1    (34) 

The corresponding boundary conditions become 

𝑢1 = 0, 𝑣1 = −cos(𝜋𝑧), 𝑤1 = 0, 𝜃1 = 0, 𝐶1 = 0⁡a𝑡⁡𝑦 = 0  

𝑢1 = 0, 𝑣1 = 0,𝑤1 = 0, 𝜃1 = 0, 𝐶1 = 0⁡a𝑡⁡𝑦 = 1  (35) 

These are the linear partial differential equations describing 

the three dimensional flow. To solve the equations (30)-(34), 

we assume velocity components and pressure in the following 

form 

𝑢1(𝑦, 𝑧) = 𝑢11(𝑦)cos(𝜋𝑧)  

𝑣1(𝑦, 𝑧) = 𝑣11(𝑦)cos(𝜋𝑧)  

𝑤1(𝑦, 𝑧) = −
1

𝜋
𝑣11
′ (𝑦)𝑠𝑖𝑛(𝜋𝑧)⁡        (36) 

𝑝1(𝑦, 𝑧) = 𝑝11(𝑦)cos(𝜋𝑧)  

𝜃1(𝑦, 𝑧) = 𝜃11(𝑦)cos(𝜋𝑧)  

𝐶1(𝑦, 𝑧) = 𝐶11(𝑦)cos(𝜋𝑧)  

The functions 𝑣1and 𝑤1are selected in such a way that the 

continuity equation (29) is inherently fulfilled. By inserting 

the expressions given in equation (36) into equations (30)–(34) 

and equating the coefficients corresponding to similar 

harmonic components, a system of differential equations is 

derived as follows 

𝑣11
′′ + 𝑅𝑒𝑣11

′ − 𝜋2𝑣11 = 𝑅𝑒𝑝11
′         (37) 

𝑣11
′′′ + 𝑅𝑒𝑣11

′′ − (𝑀𝑅𝑒 + 𝜋2)𝑣11
′ = 𝑅𝑒𝜋2𝑝11   (38) 

𝜃11
′′ + 𝑅𝑒𝑃𝑟𝜃11

′ − (𝐹𝑅𝑒𝑃𝑟 + 𝜋2)𝜃11 = 𝑅𝑒𝑃𝑟𝑣11𝜃0
′  (39) 

𝐶11
′′ + 𝑆𝑅𝑒𝐶11

′ − (𝐾𝑐𝑆𝑅𝑒 + 𝜋2)⁡𝐶11 = 𝑆𝑅𝑒𝑣11𝐶0
′   (40) 

 

𝑢11
′′ + 𝑅𝑒𝑢11

′ − 𝜋2𝑢11 = 𝑅𝑒𝑣11𝑢0
′ − 𝑅𝑒(𝐺𝑟𝜃11 + 𝐺𝑚𝐶11)                    (41) 
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The corresponding boundary conditions are 

𝑢11 = 0, 𝑣11 = −1, 𝑣11
′ = 0, 𝜃11 = 0, 𝐶11 = 0⁡a𝑡⁡𝑦 = 0  

𝑢11 = 0, 𝑣11 = 0, 𝑣11
′ = 0, 𝜃11 = 0, 𝐶11 = 0⁡a𝑡⁡𝑦 = 1 (42) 

Solutions of the equations (37)-(41) subject to (42) and on 

using (36) yield. 

𝑣1(𝑦, 𝑧) = ∑ [𝐵i𝑒
−𝜇𝑖𝑦]4

𝑖=1 cos(𝜋𝑧)        (43) 

𝑤1(𝑦, 𝑧) =
1

𝜋
∑ [𝐵i𝜇𝑖𝑒

−𝜇𝑖𝑦]4
𝑖=1 sin(𝜋𝑧)       (44) 

𝜃1(𝑦, 𝑧) = [𝐸1𝑒
−𝑚1𝑦 + 𝐸2𝑒

−𝑚2𝑦 +∑ 𝐶𝑖𝑒
−(𝜇𝑖+𝜆2)𝑦4

𝑖=1 − ∑ 𝐷𝑖𝑒
−(𝜇𝑖+𝜆1)𝑦4

𝑖=1 ]cos(𝜋𝑧)           (45) 

𝐶1(𝑦, 𝑧) = [𝐸3𝑒
−𝑚3𝑦 + 𝐸4𝑒

−𝑚4𝑦 + ∑ 𝐹𝑖𝑒
−(𝜇𝑖+𝜆3)𝑦4

𝑖=1 − ∑ 𝐺𝑖𝑒
−(𝜇𝑖+𝜆4)𝑦4

𝑖=1 ]cos(𝜋𝑧)           (46) 

𝑢1(𝑦, 𝑧) = [𝐸5𝑒
−𝑚5𝑦 + 𝐸6𝑒

−𝑚6𝑦 + ∑ 𝐿𝑖𝑒
−(𝜇𝑖+𝜆3)𝑦 − ∑ 𝑀𝑖𝑒

−(𝜇𝑖+𝜆4)𝑦 + ∑ 𝑁𝑖𝑒
−𝑚𝑖𝑦4

𝑖=1 1
+4

𝑖=1
4
𝑖=1 ∑ 𝑃𝑖𝑒

−(𝜇𝑖+𝜆2)𝑦 +4
𝑖=1

∑ 𝑄𝑖𝑒
−(𝜇𝑖+𝜆1)𝑦 +∑ 𝑅𝑖𝑒

−(𝜇𝑖+𝜆3)𝑦 + ∑ 𝑆𝑖𝑒
−(𝜇𝑖+𝜆4)𝑦4

𝑖=1
4
𝑖=1

4
𝑖=1 ]cos(𝜋𝑧),                  (47) 

where 

𝑚1,2 =
1

2
{𝑅𝑒𝑃𝑟 ± √𝑅𝑒2𝑃𝑟2 + 4(𝐹𝑅𝑒𝑃𝑟 + 𝜋2)}  

𝑚3,4 =
1

2
{𝑆𝑅𝑒 ± √𝑆2𝑅𝑒2 + 4(𝐾𝑐𝑆𝑅𝑒 + 𝜋2)}  

𝑚5,6 =
1

2
{𝑆𝑅𝑒 ± √𝑆2𝑅𝑒2 + 4(𝑀𝑅𝑒 + 𝜋2)}  

𝜇1,2 =
1

2
{𝜆5 ± √𝜆5

2 + 4𝜋2}  

𝜇3,4 =
1

2
{𝜆6 ± √𝜆6

2 + 4𝜋2}  

𝑟1 = (μ4 − μ1)(𝑒
−𝜇1 − 𝑒−𝜇3)  

𝑟2 = (μ4 − μ2)(𝑒
−𝜇2 − 𝑒−𝜇3)  

𝑟3 = (μ3 − μ1)(𝑒
−𝜇1 − 𝑒−𝜇4)  

𝑟4 = (μ3 − μ2)(𝑒
−𝜇2 − 𝑒−𝜇4)  

𝑟5 = 𝜇4𝑒
−𝜇3 , 𝑟6 = 𝜇3𝑒

−𝜇4  

𝐵1 =
𝑟4𝑟5−𝑟2𝑟6

𝑟1𝑟4−𝑟2𝑟3
, 𝐵2 =

𝑟1𝑟6−𝑟3𝑟5

𝑟1𝑟4−𝑟2𝑟3
 

𝐵3 =
1

(𝜇3−𝜇4)
[𝜇4 + (𝜇4 − 𝜇1)𝐵1 + 𝐵2(𝜇4 − 𝜇2)]  

𝐵4 =
−1

(𝜇3−𝜇4)
[𝜇3 + (𝜇3 − 𝜇1)𝐵1 + 𝐵2(𝜇3 − 𝜇2)] (48) 

The other constants are not given here to save space. 

4. Results and Discussion 

Graphs have been prepared to illustrate the variations in ve-

locity, temperature, and concentration distributions for differ-

ent values of the governing non-dimensional parameters. In 

the analysis, the Grashof number (Gr) is assumed to be posi-

tive, which represents the case of a strongly cooled plate under 

the influence of buoyancy-driven flow. The Prandtl number is 

fixed at 0.71, corresponding to air. From a physical standpoint, 

relatively high values of the Grashof number are considered, 

as such values are characteristic of natural convection–domi-

nated flows. The Schmidt number (Sc) is chosen to represent 

different gases, namely helium (Sc = 0.3), water vapor (Sc = 

0.60), and ammonia (Sc = 0.78). 

The influence of the magnetic parameter, mass Grashof 

number, thermal Grashof number, chemical reaction 

parameter, Prandtl number, and Schmidt number on the 

primary velocity is depicted in Figures 2–7. The results indi-

cate that, for a cooled plate (Gr > 0), the primary velocity di-

minishes with increasing magnetic parameter, chemical reac-

tion parameter, Prandtl number, and Schmidt number. In con-

trast, an increase in either the thermal or mass Grashof number 

enhances the primary velocity. Temperature distributions cor-

responding to various Reynolds numbers, Prandtl numbers, 

and radiation parameters are presented in Figures 8–10. The 

analysis shows that higher values of the Reynolds number, 

Prandtl number, or radiation parameter lead to a reduction in 

the temperature field. Figures 11–13 display the concentration 

profiles for different Schmidt numbers, Reynolds numbers, 

and chemical reaction parameters. It is observed that the 

concentration decreases as any of these parameters increase.
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Figure 2. Primary velocity 𝑢 for 𝐺𝑟 = 5, 𝐺𝑚 = 5,𝑅𝑒 = 0.5. 

 
Figure 3. Primary velocity 𝑢  for 𝐺𝑟 = 5,𝑀 = 5, 𝑃𝑟 = 0.71, 𝑆 =

1, 𝐹 = 2,𝐾𝑐 = 0.5, 𝜖 = 0.05⁡𝑅𝑒 = 0.5, 𝑃𝑟 = 0.71, 𝑆 = 1, 𝐹 =

2,𝐾𝑐 = 0.5, 𝜖 = 0.05. 

 
Figure 4. Primary velocity 𝑢 for 𝑀 = 5, 𝐺𝑚 = 5,𝑅𝑒 = 0.5. 

 
Figure 5. Primary velocity 𝑢 for 𝐺𝑟 = 5, 𝐺𝑚 = 5,𝑅𝑒 = 0.5.⁡𝑃𝑟 =

0.71, 𝑆 = 1, 𝐹 = 2,𝐾𝑐 = 0.5, 𝜖 = 0.05⁡𝑃𝑟 = 0.71, 𝑆 = 1, 𝐹 =

2,𝑀 = 5⁡𝜖 = 0.05. 

 
Figure 6. Primary velocity 𝑢 for 𝐺𝑟 = 5, 𝐺𝑚 = 5. 

 
Figure 7. Primary velocity 𝑢  for 𝐺𝑟 = 5, 𝐺𝑚 = 5,𝑅𝑒 =

0.5,𝑀, 𝑆 = 1, 𝐹 = 2,𝐾𝑐 = 0.5, 𝜖 = 0.05⁡𝑅𝑒 = 0.5, 𝑃𝑟 = 0.71,𝑀 =

1, 𝐹 = 2,𝐾𝑐 = 0.5, 𝜖 = 0.05. 
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𝐹 = 2, 𝜖 = 0.05 

Figure 8. Temperature profile 𝜃 for 𝑃𝑟 = 0.71. 

 
𝑃𝑟 = 0.71, 𝐹 = 2, 𝜖 = 0.05 

Figure 9. Temperature profile 𝜃 for 𝑅𝑒 = 0.5. 

 
𝑃𝑟 = 0.71, 𝜖 = 0.05 

Figure 10. Temperature profile 𝜃 for 𝑅𝑒 = 0.5. 

 
𝐾𝑐 = 0.5, 𝜖 = 0.05 

Figure 11. Concentration profile 𝐶(𝑦) for 𝑅𝑒 = 0.5. 

 
𝐾𝑐 = 0.5, 𝜖 = 0.05 

Figure 12. Concentration profile 𝐶(𝑦) for S=1. 

 
𝐾𝑐 = 0.5, 𝜖 = 0.05 

Figure 13. Concentration profile 𝐶(𝑦) for 𝑅𝑒 = 0.5. 
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Next, we evaluate the skin friction at the channel bounda-

ries. The shear stress generated by the primary flow at the 

plate located at 𝑦∗ = 0 is expressed as follows. 

𝜏𝑥
∗ = 𝜇 (

𝜕𝑢∗

𝜕𝑦∗
)
y∗=0

⁡=
𝜇𝑉0

𝑑
(
𝜕𝑢

𝜕𝑦
)
𝑦=0

       (49) 

In dimensionless terms, the expression for the shear stress 

at the boundary 𝑦 = 0 takes the following form. 

𝜏𝑥 =
𝜏𝑥
∗𝑑

𝜇𝑉0
= (

𝜕𝑢

𝜕𝑦
)
𝑦=0

= 𝑢0
′ (0) + 𝜖𝑢1

′ (0)  

= ∑ −𝐴i𝜆𝑖 − 𝜖⁡{𝐸5𝑚5 + 𝐸6𝑚6 + ∑ 𝐿𝑖(𝜇𝑖 + 𝜆3) + ∑ 𝑀𝑖(𝜇𝑖 + 𝜆4) + ∑ 𝑁𝑖𝑚𝑖
4
𝑖=1 +4

𝑖=1
4
𝑖=1 ∑ 𝑃𝑖(𝜇𝑖 + 𝜆2) +

4
𝑖=1

6
𝑖=1

∑ 𝑄𝑖(𝜇𝑖 + 𝜆1) + ∑ 𝑅𝑖(𝜇𝑖 + 𝜆3) + ∑ 𝑆𝑖(𝜇𝑖 + 𝜆4)
4
𝑖=1

4
𝑖=1

4
𝑖=1 }𝑐𝑜𝑠⁡𝜋𝑧⁡                      (50) 

The shear stress at the plate 𝑦∗ = 1 due to the primary flow is given by 

𝜏𝑥
∗ = 𝜇 (

𝜕𝑢∗

𝜕𝑦∗
)
y∗=1

⁡=
𝜇𝑉0

𝑑
(
𝜕𝑢

𝜕𝑦
)
𝑦=1

                                        (51) 

In non-dimensional form the shear stress at the plate 𝑦 = 1 can be written as 

𝜏𝑥 =
𝜏𝑥
∗𝑑

𝜇𝑉0
= (

𝜕𝑢

𝜕𝑦
)
𝑦=1

= 𝑢0
′ (1) + 𝜖𝑢1

′ (0), = ∑ −𝐴i𝜆𝑖𝑒
−𝜆𝑖⁡ − 𝜖⁡{𝐸5𝑚5𝑒

−𝑚5 + 𝐸6𝑚6𝑒
−𝑚6 + ∑ 𝐿𝑖(𝜇𝑖 + 𝜆3)𝑒

−(𝜇𝑖+𝜆3) +4
𝑖=1

6
𝑖=1

∑ 𝑀𝑖(𝜇𝑖 + 𝜆4)𝑒
−(𝜇𝑖+𝜆4) + ∑ 𝑁𝑖𝑚𝑖𝑒

−𝑚𝑖4
𝑖=1 +4

𝑖=1 ∑ 𝑃𝑖(𝜇𝑖 + 𝜆2)𝑒
−𝑃𝑖(𝜇𝑖+𝜆2) + ∑ 𝑄𝑖(𝜇𝑖 + 𝜆1)𝑒

−(𝜇𝑖+𝜆1) +4
𝑖=1

4
𝑖=1

∑ 𝑅𝑖(𝜇𝑖 + 𝜆3)𝑒
−(𝜇𝑖+𝜆3) + ∑ 𝑆𝑖(𝜇𝑖 + 𝜆4)

4
𝑖=1

4
𝑖=1 𝑒−(𝜇𝑖+𝜆4)}𝑐𝑜𝑠⁡𝜋𝑧⁡                   (52) 

The variation of the primary-flow shear stress at the lower 

plate 𝑦 = 0, represented by 𝜏𝑥0, is illustrated in Figures 14–

19 for different values of the mass Grashof number (Gm), 

thermal Grashof number (Gr), chemical reaction parameter 

(Kc), magnetic parameter (M), Reynolds number (Re), and 

Schmidt number (S), considering the cooling case of the plate 

(Gr > 0). The results indicate that 𝜏𝑥0increases as Gr, Gm, Re, 

or M increase, whereas it decreases with increasing Schmidt 

number or chemical reaction parameter under cooling condi-

tions. 

 
for 𝐺𝑟 = 5,𝑀 = 5.0,𝐾𝑐 = 0.5, 𝜖 = 0.05 

Figure 14. Shear stress at 𝑦 = 0 due to primary flow. 
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for 𝐺𝑚 = 5,𝑀 = 5.0, 𝐾𝑐 = 0.5, 𝜖 = 0.05 

Figure 15. Shear stress at 𝑦 = 0 due to primary flow. 

 
for 𝐺𝑟 = 5,𝑀 = 5.0, 𝐺𝑚 = 5.0, 𝜖 = 0.05 

Figure 16. Shear stress at 𝑦 = 0 due to primary flow. 
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for 𝐺𝑟 = 5,𝑀 = 5.0, 𝐺𝑚 = 5.0, 𝜖 = 0.05 

Figure 17. Shear stress at 𝑦 = 0 due to primary flow. 

 
for 𝐾𝑐 = 0.5, 𝐺𝑟 = 5,𝑀 = 5.0, 𝐺𝑚 = 5.0, 𝜖 = 0.05 

Figure 18. Shear stress at 𝑦 = 0 due to primary flow. 
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for 𝐺𝑟 = 5,𝑀 = 5.0,𝐾𝑐 = 0.5, 𝜖 = 0.05 

Figure 19. Shear stress at 𝑦 = 1 due to primary flow. 

Similarly, the shear stress at the upper plate 𝑦 = 1, denoted 

by 𝜏𝑥1 , is presented in Figures 20–24 for the same range of 

governing parameters. In this case, 𝜏𝑥1 is found to increase 

with higher values of the chemical reaction parameter and 

Schmidt number, while it decreases as the mass Grashof num-

ber, thermal Grashof number, or magnetic parameter increase 

for a cooled plate. 

 
for 𝐺𝑚 = 5,𝑀 = 5.0, 𝐾𝑐 = 0.5, 𝜖 = 0.05 

Figure 20. Shear stress at 𝑦 = 1 due to primary flow. 
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for 𝐺𝑟 = 5,𝑀 = 5.0, 𝐺𝑚 = 5.0, 𝜖 = 0.05 

Figure 21. Shear stress at 𝑦 = 0 due to primary flow. 

 
for 𝐺𝑟 = 5,𝑀 = 5.0, 𝐺𝑚 = 5.0, 𝜖 = 0.05 

Figure 22. Shear stress at 𝑦 = 1 due to primary flow. 
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for 𝐾𝑐 = 0.5, 𝐺𝑟 = 5,𝑀 = 5.0, 𝐺𝑚 = 5.0, 𝜖 = 0.05 

Figure 23. Shear stress at 𝑦 = 1 due to primary flow. 

 
at the plate 𝑦 = 0⁡for 𝑃𝑟=0.71 

Figure 24. Rate of heat transfer in terms of Nusselt number. 

The Nusselt number serves as an important indicator of the 

rate of heat transfer between the channel walls and the fluid 

moving through the space between them. Owing to its engi-

neering significance, it is widely used to quantify convective 

heat transfer performance. By definition, the Nusselt number 

is directly related to the heat transfer rate from the plate sur-

face to the adjacent fluid. The convective heat transfer coeffi-

cient at the wall, which characterizes the intensity of heat ex-

change between the plate and the fluid, can be determined as 

follows. 

𝑞 = −𝑘(
𝜕𝑇∗

𝜕𝑦∗
)𝑦∗=0 = −

𝑘(𝑇𝑤−𝑇0)

𝑑
(
𝜕𝜃

𝜕𝑦
)
𝑦=0

        (53) 
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Expressed in dimensionless form, the heat transfer coefficient at the plate 𝑦 = 0 can be written as follows. 

𝑁𝑢1 =
𝑞𝑑

𝑘(𝑇𝑤−𝑇0)
= −(

𝜕𝜃

𝜕𝑦
)
𝑦=0

= −𝜃0
′(0) − 𝜖𝜃1

′(0)  

=
1

(𝑒−𝜆1−𝑒−𝜆2)
[𝜆1𝑒

−𝜆2 − 𝜆2𝑒
−𝜆1] − 𝜖[𝐸1𝑚1 + 𝐸2𝑚2 +∑ 𝐶𝑖(𝜇𝑖 + 𝜆2)

4
𝑖=1 +∑ 𝐷𝑖(𝜇𝑖 + 𝜆1)

4
𝑖=1 ]𝑐𝑜𝑠𝜋𝑧      (54) 

and the heat transfer coefficient at the plate 𝑦 = 1 is given by 

𝑁𝑢2 =
𝑞𝑑

𝑘(𝑇𝑤−𝑇0)
= −(

𝜕𝜃

𝜕𝑦
)𝑦=1 = −𝜃0

′ (1) − 𝜖𝜃1
′(1)  

=
e−(𝜆1+𝜆2)

(𝑒−𝜆1−𝑒−𝜆2)
(𝜆2 − 𝜆1) − 𝜖[𝐸1𝑚1𝑒

−𝑚1 + 𝐸2𝑚2𝑒
−𝑚2 + ∑ 𝐶𝑖(𝜇𝑖 + 𝜆2)𝑒

−(𝜇𝑖+𝜆2)4
𝑖=1 +∑ 𝐷𝑖(𝜇𝑖 + 𝜆1)

4
𝑖=1 𝑒−(𝜇𝑖+𝜆1)]𝑐𝑜𝑠𝜋𝑧 (55) 

 
at the plate 𝑦 = 0⁡for 𝐹 = 2 

Figure 25. Rate of heat transfer in terms of Nusselt number. 

 
at the plate 𝑦 = 1⁡for 𝐹 = 2 

Figure 26. Rate of heat transfer in terms of Nusselt number. 

 
at the plate 𝑦 = 1⁡for 𝑃𝑟 = 0.71 

Figure 27. Rate of heat transfer in terms of Nusselt number. 

 
for 𝐾𝑐 = 0.5 

Figure 28. Sherwood number at the plate 𝑦 = 0. 

The variation of the heat transfer rate, expressed through 

the Nusselt number, is illustrated for different values of the 

radiation parameter and Reynolds number, while keeping Gr 
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= 5.0, 𝜀 = 0.05, and 𝑧 = 0.0 fixed (see Figures 24–25). At 

the lower plate 𝑦 = 0, the Nusselt number increases as the ra-

diation parameter increases, indicating enhanced heat transfer. 

However, it decreases with an increase in the Prandtl number. 

For the upper plate 𝑦 = 1, the heat transfer rate, represented 

by 𝑁𝑢2, is shown in Figures 25–28. The results reveal that the 

Nusselt number at this plate decreases with increasing Prandtl 

number, radiation parameter, and Reynolds number. 

In dimensionless form, the mass transfer rate at the plate 

𝑦 = 0 can be expressed in terms of the Sherwood number 𝑆ℎ 

as follows 

𝑆ℎ0 = (
𝜕𝐶

𝜕𝑦
)𝑦=0  

= −𝐶0
′(0) − 𝜖𝐶1

′(0)  

= −𝐶0
′(0) − 𝜖𝐶11

′ (0)cos(𝜋𝑧)  

= −
(𝜆4𝑒

−𝜆3−𝜆3𝑒
−𝜆4)

(𝑒−𝜆4−𝑒−𝜆3)]
+ 𝜖⁡[E3𝑚3 + 𝐸4𝑚4 + ∑ 𝐹𝑖(𝜇𝑖 + 𝜆3) −

4
𝑖=1 ∑ 𝐺𝑖(𝜇𝑖 + 𝜆4)]

4
𝑖=1               (56) 

In dimensionless terms, the mass transfer rate at the boundary 𝑦 = 1 is represented by the Sherwood number 𝑆ℎ as given 

below. 

𝑆ℎ1 = (
𝜕𝐶

𝜕𝑦
)𝑦=1  

= −𝐶0
′(1) − 𝜖𝐶1

′(1),  

= −𝐶0
′(1) − 𝜖𝐶11

′ (1)cos(𝜋𝑧),  

= −
(𝜆4𝑒

−𝜆3−𝜆3𝑒
−𝜆4)

(𝑒−𝜆4−𝑒−𝜆3)]
+ 𝜖[E3𝑚3𝑒

−𝑚3 + 𝐸4𝑚4𝑒
−𝑚4 + ∑ 𝐹𝑖(𝜇𝑖 + 𝜆3)𝑒

−(𝜇𝑖+𝜆3) −4
𝑖=1 ∑ 𝐺𝑖(𝜇𝑖 + 𝜆4)𝑒

−(𝜇𝑖+𝜆4)]4
𝑖=1     (57) 

The behavior of mass transfer, represented by the Sherwood 

number, at both plates 𝑦 = 0  and 𝑦 = 1  is illustrated in 

Figures 28–31 for various values of the Schmidt number (S), 

chemical reaction parameter (Kc), and Reynolds number (Re). 

The results indicate that, at the lower plate 𝑦 = 0, the Sher-

wood number increases as either the Schmidt number or the 

chemical reaction parameter increases. In contrast, at the up-

per plate 𝑦 = 1, the Sherwood number exhibits the opposite 

trend, decreasing with an increase in these parameters. 

 
for 𝑆 = 0.3 

Figure 29. Sherwood number at the plate 𝑦 = 0. 

http://www.sciencepg.com/journal/ijfmts


International Journal of Fluid Mechanics & Thermal Sciences http://www.sciencepg.com/journal/ijfmts 

 

48 

 
for 𝐾𝑐 = 0.5 

Figure 30. Sherwood number at the plate 𝑦 = 1. 

 
for 𝑆 = 0.3 

Figure 31. Sherwood number at the plate 𝑦 = 1. 

5. Conclusion 

The study investigates heat and mass transfer in a viscous, 

incompressible fluid flowing through a vertical channel under 

magnetic field and thermal radiation effects. It is observed that 

increasing the thermal Grashof number (Gr) enhances fluid 

velocity due to stronger buoyancy forces caused by tempera-

ture differences. Similarly, a higher mass Grashof number in-

creases velocity by intensifying buoyancy effects arising from 

concentration differences. In contrast, an increase in the chem-

ical reaction parameter reduces both velocity and concentra-

tion. This is because chemical reactions alter buoyancy forces 

and consume solute near the surface, thereby weakening the 

concentration gradient and overall flow. 

Abbreviations 

𝐶𝑝  Specific Heat at Constant Pressure 

𝑑,  Channel Width 

𝐹,  Radiation Parameter 

𝑔,  Gravitational Acceleration 

𝐺𝑟,  Grashoff Number 
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𝐾1,2  Constants 

𝑘,  Thermal Conductivity 

𝐾∗,  Chemical Reaction Rate Constants 

𝑚𝑖 , 𝑖 = 1,⋯ 6  Constants 

𝑁𝑢1, 𝑁𝑢2,  Nusselt Number at the Plates 𝑦 = 0 

and 𝑦 = 1 

𝑝∗  Pressure 

𝑝,  Dimensionless Pressure 

𝑃𝑟,  Prandtl Number 

𝑞,  Local Heat Transfer at the Plate 

𝑟𝑖 , 𝑖 = 1,⋯4  Constants 

𝑅𝑒,  Reynolds Number 

𝑇∗,  Temperature of the Fluid 

𝑇𝑤 ,  plate Temperature 𝑦∗ = 0 

𝑇0,  plate Temperature 𝑦∗ = 𝑑 

𝑢∗, 𝑣∗, 𝑤∗  Velocity Components in 

𝑥∗, 𝑦∗, 𝑧∗ −Axes Respectively 

𝑥∗, 𝑦∗, 𝑧∗  Cartesian Coordinates System 

𝑉0,  Constant Suction Velocity 

𝜇,  Viscosity 

𝛽,  Coefficient of Thermal Expansion 

𝜃,  Non-dimensional Temperature 

𝜈,  Kinematic Viscosity 

𝜀,  Amplitude of the Suction Velocity 

𝜌,  Density 

𝜏𝑥 , 𝜏𝑧  Shear Stress Due to Primary and 

Secondary Flows 
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