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Abstract: Scientists and engineers have conducted a considerable lot of experimental and theoretical study to increase 

the productivity of industrial operations. Experimental evidence from engineers and scientists shows that heat 

transfer is necessary for excellent multi scale production naturally, continuous phase liquids are used to achieve 

thermal characteristics. However, due to the limitations of heat transmission, their significance is constrained. We 

present a mathematical model for unsteady heat and mass transfer in MHD flow of Nano-fluid with buoyancy and 

variable thermal conductivity. Using self-similar variables, the coupled non-linear system of equations governing 

the boundary-layer flows of Nano-fluids were converted into a two-point boundary value problem. The dsolve 

command with the numeric option on a real-valued two-point boundary value problem (BVP) is used to finds a 

numerical solution for our system of equations. Computation is performed in both hardware precision and arbitrary 

precision. The output of the computation is plotted using the ode plot generator odeplot and displayed using Maple 

plot display, and wall rate transfer is extracted. From the result, increase in thermal buoyancy, unsteadiness 

parameter and suction parameter are seen to increase velocity distributions. Temperature boundary layer is 

enhanced with increase in unsteadiness parameter, Brownian motion parameter and Eckert number while radiation, 

thermophoretic diffusion parameter, reactivity parameter, thermal conductivity and suction enhances species 

concentration. 

Keywords: Unsteady, Heat and Mass Transfer, Nano-Fluids, Buoyance, Variable Thermal Conduction, thermo-

gravitational, Navier Stokes, magneto hydrodynamics. 

I.   INTRODUCTION 

Recently, scientists and engineers have conducted a considerable lot of experimental and theoretical study to increase the 

productivity of industrial operations. Experimental evidence from engineers and scientists shows that heat transfer is 

necessary for excellent multi scale production naturally, continuous phase liquids are used to achieve thermal characteristics. 

However, due to the limitations of heat transmission, their significance is constrained. In order to achieve the predicted 

results, researchers believed that improved heat transport phenomenon should be used. They discovered that a continuous 

phase liquid's thermal capacity can be improved through intensifying its thermal conductance in order to achieve such goals. 

This introduces the idea of adding materials to continuous phase liquid to create a superior transport medium. Due to their 

unique chemical and physical properties, these nanoparticles are highly intriguing. It is believed that adding nanoparticles 

improves the thermal properties of continuous phase liquid. In light of this, excited researchers have begun to focus on 

convective heat transport through Nano-material. Nano materials were first introduced by Choi [1]. He defined such idea 

of nanomaterials in a continuous phase liquid. He used experiments to demonstrate that the thermal properties of continuous 

phase liquids were improved by the use of such nanoparticles. By providing a model to assess the thermal properties of 
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continuous phase liquids, Buongiorno [2] presented research on nano-materials. He predicted that the small size and low 

volume percentage of supplemental nanoelements would be the cause of the continuous phase liquid's increased 

conductivity. In numerous industries, such as transportation, micro scale items, cancer therapy, power generation, and 

chemical and metallurgical devices, nanotechnology is crucial. Pandey and Kumar [3] have studied the heat transfer in the 

flow of a stretched cylinder made of copper-water nanomaterial. Recent years have seen a thorough analysis of Newtonian 

liquids developed using Navier-Stokes expressions. This is mostly due to the fact that these liquids are simple, making their 

solution convenient [4, 5]. However, Newtonian liquids that are linearly related to shear stress and strain rate are insufficient 

for their intended uses. These liquids don't exhibit many of the phenomena that are observed for liquids in technological 

and industrial applications. 

 

Figure 1: Model Configuration 

Soap, greases, blood, elastomers, suspensions, clay coating, and various emulsions are a few examples of multifarious 

liquids that are important due to their various industrial applications. However, Navier-Stokes expressions fall short when 

it comes to describing these so-called non-Newtonian liquids. These liquids are created via a non-linear relationship between 

shear stress and strain rate. Since non-Newtonian liquids make a considerable contribution to engineering and industry, 

understanding their flow characteristics is crucial. Due to widespread applications in several fields of geophysics, bio 

rheology, petroleum, and chemical industries, this relevance is stimulated. These applications have made the study of non-

Newtonian liquids and the investigation of their properties an increasingly interesting topic of modern research. 

Muhammad et al. [6, 7] investigated magneto hydrodynamics (MHD) radiated second order slip of nanomaterial on a curved 

surface with thermal radiation, viscous dissipation, mixed convection, chemical reaction, and activation energy. Because 

matter behaves and has different properties at the Nano-scale compared to regular macroscopic dimensions, Nano-

biotechnology is a brand-new, interdisciplinary science with ground-breaking perspectives. A new method of creating and 

obtaining materials, structures, and gadgets with significantly enhanced or entirely new qualities and capabilities is known 

as nanotechnology. Paolo [8]. Utilizing features and chemical-physical processes that appear at such scales, 

nanotechnologies govern and alter matter at the Nano-metric level. In recent years, many empirical technologies, including 

those related to ceramics, metallurgy, photography, heterogeneous catalysis, resins and polymers, and special compounds 

for pneumatic tires, have undergone complete or partial understanding and reconsideration in relation to their Nano-scale 

structures and mechanisms Paolo [9] 

The needs of industry or technology can be satisfied with a new generation of fluid with good thermal performance. A 

hybrid Nano-fluid combines two different kinds of nanoparticles with a base fluid (for example, water, ethylene glycol, or 

a combination of ethylene glycol and water) (i.e. metal oxides, metals, carbon materials). The stability of the resulting 

hybrid Nano-fluid might be maintained, according to Suresh et al. [10], by adding the least number of copper nanoparticles 

possible in a quantity that is appropriate to the alumina matrix. Though its thermal conductivity is less than that of copper 

nanoparticles, alumina nanoparticles exhibit good chemical inactivity and stability. Using an alumina-water Nano-fluid, 

Mansoury et al. [11] examined the heat transfer capabilities of parallel flow heat exchangers. They discovered that, when 

compared to two shell-and-tube heat exchangers and a plate heat exchanger, the double-pipe heat exchanger exhibited the 

greatest heat transfer enhancement. Ma et al. [12] used numerical analysis to study the natural convection heat transport of 

CuO-water Nano-fluid in a U-shaped enclosure with a baffle. They demonstrated that an increase in the volume fraction of 

nanoparticles caused an increase in the average Nusselt number. Additionally, these researchers have reviewed the uses, 

creation, and thermo-physical characteristics of both normal and hybrid Nano-fluids (see Jana et al. [13], Sarkar et al. [14], 

Sidik et al. [15], Akilu et al. [16], Babu et al. [17], Sundar et al. [18], Leong et al. [19], Huminic and Huminic [20] and Sajid 
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and Ali [21]). Researchers are also drawn to the study of hybrid Nano-fluids made of Nano-encapsulated phase transition 

materials (see Ghalambaz et al. [22–24] and Hajjar et al. [25]). Due to its many engineering applications in heat exchangers, 

HVAC (heating, ventilation, and air conditioning), and building insulation, the heat transfer mechanism associated to a 

cavity has also generated interest. The numerical simulation for hybrid Cu-Al2O3/water Nano-fluid flow and heat transfer 

from a cavity was carried out by Chamkha et al. [26]. Using the local thermal none-equilibrium (LTNE) model, Ghalambaz 

et al. [27] examined Ag-MgO hybrid Nano-fluid flow and heat transport within a porous square cavity. They discovered 

that the flow strength and heat transfer rate were decreased when hybrid nanoparticles were used. Sheremet et al. [28] 

examined the thermo-gravitational convection of a hybrid Al2O3-SiO2/water Nano-fluid in a porous chamber. 

Despite the contributions of the above authours, the unsteady heat and mass transfer in MHD flow of Nano-fluid with 

buoyancy and variable thermal conductivity has not been adequately reported. Hence in this report, we have considered the 

aforementioned with particular references to velocity, thermal and chemical species slips. 

II.   MATHEMATICAL MODELLING 

The first step in creating a mathematical theory of boundary layers is to demonstrate the existence of a limiting form of the 

equations of motion that differs from the one created by setting 𝜐 = 0 in the first place as the Reynolds number R or the 

kinematic viscosity tend to infinity or zero, respectively. It is hence reasonable to predict that a solution of these limiting 

equations will roughly reflect the flow in a laminar boundary layer for which R is big but not infinite. 

The full equation of motion for a two-dimensional flow are:  

𝜕𝑢

𝜕𝑥
+
𝜕𝑣

𝜕𝑦
= 0                                                                                                                                   (1) 
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𝜕𝑢

𝜕𝑥
+  𝑣

𝜕𝑢

𝜕𝑦
=  −

1

𝜌𝑛𝑓

𝜕𝑝

𝜕𝑥
 + 𝜐𝑛𝑓

𝜕2𝑢

𝜕𝑦2
+
𝛼𝑛𝑓
𝜌𝑛𝑓

𝜏 −
𝜎𝜇𝐵𝑜

2(𝑥)

𝜌𝑛𝑓𝑘
(𝑢 − 𝑈)

                                 ∓
𝑔

𝜌𝑛𝑓
(
𝐾1
𝜐
) |𝑢̂|(𝑢 − 𝑈) +

𝑔

𝜌𝑛𝑓
(𝛽𝜏(𝑇 − 𝑇∞) + 𝛽𝑐(𝐶 − 𝐶∞))

                                     (2) 

Energy transfer equation becomes 

𝜌𝑛𝑓𝑐𝑝 (
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Mass transfer (species) equation becomes 

𝜕𝐶
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𝜕𝑥
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𝜕𝐶
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((𝐶 − 𝐶∞)𝑉𝑇)                                                            (4) 

The viscoelastic function is given by 

𝜏 =
𝜕𝑢

𝜕𝑥

𝜕2𝑢

𝜕𝑦2
+ 𝑢

𝜕3𝑢
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                                                                                    (5) 

It is assumed that the radiation heat flux is to be presented in the form of an unidirectional flux in the 𝑦 direction. Using the 

Roseland approximation for radioactive heat transfer and the Roseland approximation for diffusion, the expression for the 

radioactive heat flux 𝑞𝑟 can be given as 

𝑞𝑟 = (
−4𝜎

3𝑘𝑠
) (
𝜕𝑇4

𝜕𝑦
)                                                                                                            (6) 

Here in Eq.(7), the parameters 𝜎 and 𝑘𝑠 represent the Stefan Boltzmann constant and the Roseland mean absorption 

coefficient, respectively. 

 

Now on assuming that the temperature differences within the fluid flow are sufficiently small, 𝑇4 in Eq.(7) can be expressed 
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as a linear function of 𝑇∞ ' using the Taylor series expansion. The Taylor series expansion of 𝑇4about 𝑇∞ , after neglecting 

the higher order terms, takes the form 

𝑇4 ≅ 4𝑇∞
3𝑇 − 3𝑇∞

4                                                                                                                (7) 

We employed chemical reaction of Arrhenius type of the 1st order irreversible reaction given by, 

𝑅𝐴 = 𝑘𝑟
2(𝑇 −  𝑇∞)𝑟 exp (−

𝐸𝑎
𝑅𝐺𝑇

) (𝐶 −  𝐶∞)                                                                        (8) 

Where 𝑘𝑟 is the reactivity of chemical reaction defined by frequency of collision 𝜔 and orientation factor 𝑝 as 𝑘𝑟 =

𝑘𝑟(𝜔, 𝑝) = 𝜔𝑝, GR  is the universal gas constant.  

In the same analysis, non-uniform heat source/sink (𝑞′′′) and thermo-phoretic velocity (𝑉𝑇) are given by 

          

𝑞′′′ = (
𝜅𝑢𝑤(𝑥)

𝑥𝜈
) [
𝐴∗(𝑇𝑤 − 𝑇∞)
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𝜏
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                (9) 

Following Arunachalam and Rajappa [29] and Chain [30] the thermal conductivity 𝐾𝑇 is taken as 

𝑘𝑇 = 𝑘
𝑇

𝑇∞
                                                                                 (10) 

The thermal boundary conditions depend on the type of heating process under consideration. In the present investigation, 

the heat transfer analysis has been carried out for two different heating processes namely VWT and VHF cases. 

𝑞𝑟 = (
−16𝜎𝑇∞

3

3𝑘𝑠
) (
𝜕𝑇

𝜕𝑦
)                                                                          (11) 

Far away from the plate, 𝑢 → 𝑈(𝑡), 𝑇 → 𝑇∞, 𝐶 − 𝐶∞ 
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1
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Using equations (6) and (9) – (13), equations (2) – (5) becomes 
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𝜕𝐶
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) (𝐶 −  𝐶∞) −
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𝜕

𝜕𝑦
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𝜕𝑦
)

   

            (15) 

𝐴∗, 𝐵∗ > 0 𝑎𝑛𝑑 𝐴∗ = (𝑇𝑤 − 𝑇∞), 𝐵
∗ = (𝐶𝑤  −  𝐶∞). 

The appropriate initial and boundary conditions relevant to the problem are  

𝑡 ≤ 0: 𝑢 =  𝑎𝑥, 𝑇 =  𝑇𝑤 , 𝐶 =  𝐶𝑤  ∀𝑦                                                     

𝑡 > 0: 

{
 
 

 
 𝑢 =  𝑈0(𝐵)𝑎𝑥, 𝑣 = 𝑣𝑤 , −𝑘

𝜕𝑇

𝜕𝑦
=  ℎ(𝑇𝑤 − 𝑇),

−𝐷𝐵𝐶𝑦  = ℎ2(𝑇𝑤 − 𝑇),
}   𝑦 =  0

𝑢 →  0, 𝑢𝑦 → 0, 𝑇 →  𝑇∞, 𝐶 →  𝐶∞ 𝑎𝑠 𝑦 →  ∞                        

                           (16) 
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The stream velocity is given by 

𝑈(𝑡) =
𝑎𝑥

1 − 𝜆𝑡
                                                                                                                  (17) 

while at time 𝑦 = 0, the suction/blowing is a function free stream given as 

𝑣(𝑡, 0) = 𝑣𝑤(𝑡)                                                                                                                    (18) 

 

III.   METHOD OF SOLUTION 

The governing system of equations described by equations (13)-(15) subject to (16) is transformed into system of ordinary 

differential equations using the self-similar variables which satisfy the stream function defined as follows: 

𝜓(𝑥, 𝑦, 𝑡) = (
𝑎𝜈

1 − 𝜆𝑡
)
1 2⁄

𝑥𝑓(𝜂), 𝜂(𝑦, 𝑡) = (
𝑎

1 − 𝜆𝑡
)
1 2⁄

𝑦,

𝜃(𝜂) =
𝑇 − 𝑇∞
𝑇𝑤 − 𝑇∞

, 𝜙(𝜂) =
𝐶 − 𝐶∞
𝐶𝑤 − 𝐶∞

                        

                                                                   (19) 

where 𝜂 is similarity variable and 𝜓 is stream function defined as 𝑢 = 𝜕𝜓 𝜕𝑦⁄  and 𝑣 = −𝜕𝜓 𝜕𝑥⁄  thus we have 

𝑢 =
𝑎𝑥

1 − 𝜆𝑡
𝑓′(𝜂), 𝑣 = −(

𝑎𝜈

1 − 𝜆𝑡
)
1 2⁄

𝑓(𝜂)                                                                           (20) 

Using (22) and (23), we have 

𝑓′′′(𝜂) + 𝑓(𝜂)𝑓′′(𝜂) − (𝑓′(𝜂))
2
+ 𝐴(1 − 𝑓′(𝜂) −

1

2
𝜂𝑓′′(𝜂)) − (𝐻𝑎 + 𝐹𝑠)(𝑓′(𝜂) − 1)

+𝛽 (2𝑓′(𝜂)𝑓′′′(𝜂) − 𝑓′′(𝜂)2 − 𝑓(𝜂)𝑓𝑖𝑣(𝜂)) + 𝐺𝑟𝑡 𝜃(𝜂) + 𝐺𝑟𝑐 𝜃(𝜂) = 0          

             (21) 

(1 +
4

3
𝑅 + 𝛼𝜃(𝜂)) 𝜃′′(𝜂) − 𝑃𝑟 (𝐴

1

2
𝜂 − 𝑓(𝜂)) 𝜃′(𝜂) +𝑁𝑏𝜃′(𝜂)𝜙′(𝜂)                

                            +(𝑁𝑡 + 𝛼)𝜃′(𝜂)2 + 𝐸𝑐𝜃′′(𝜂)2 + Pr(𝐴∗(𝑓′(𝜂) − 1) + 𝐵∗𝜗(𝜂)) = 0

                               (22) 

𝜙′′(𝜂) − 𝑆𝑐 (𝐴
1

2
𝜂 − 𝑓(𝜂))𝜙′(𝜂) − Ω(𝜙′(𝜂)𝜃′(𝜂) + 𝜙(𝜂)𝜃′′(𝜂)) + 𝑆𝑐𝛿𝜃(𝜂)𝑟𝑒

𝜃(𝜂)
1+𝜖𝜃(𝜂)𝜙(𝜂) = 0

               
           (23) 

The corresponding initial-boundary conditions becomes   

𝑓′(0) = 1 − 𝑀𝑠, 𝑓(0) = 𝑓𝑤, 𝜃
′(0) = 𝐵𝑖(𝜃(0) − 1), 𝜙′(0) = 𝛾(𝜙(0) − 1)

                                                  𝑓′(∞) → 0, 𝑓′′(∞) → 0, 𝜃(∞) → 0, 𝜙(∞) → 0
                                                   (24) 

where 

𝐵𝑖 =
ℎ1
𝑘
(
𝜈(1 − 𝜆𝑡)

𝑎
)

1 2⁄

, 𝛾 =
ℎ2
𝐷𝐵
(
𝜈(1 − 𝜆𝑡)

𝑎
)

1 2⁄

, 𝑀𝑠 =
𝜎𝐵0

2𝐿

𝑎𝜌𝑛𝑓
, 𝑓𝑤 = 𝑣𝑤 (

(1 − 𝜆𝑡)

𝜈𝑎
)

1 2⁄

 

𝐸𝑐 =
𝑘𝑟𝑎𝑥2𝜌𝑛𝑓
(𝑇𝑤 − 𝑇∞)𝑘

, 𝐻𝑎 =
𝜎𝜇𝑛𝑓𝐵0

2

𝑎𝜌𝑛𝑓
, 𝛽 =

𝛼𝑛𝑓

𝜇𝑛𝑓

𝑎

(1 − 𝜆𝑡)
,  

𝐺𝑟𝑡 = 𝑔𝛽𝑡
(1 − 𝜆𝑡)2

𝑎2𝑥
(𝑇𝑤 − 𝑇∞), 𝐺𝑟𝑐 = 𝑔𝛽𝑡

(1 − 𝜆𝑡)2

𝑎2𝑥
(𝐶𝑤 − 𝐶∞),

𝑔

𝜌𝑛𝑓
(
𝐾1
𝜐
)
𝐿

𝑈
|𝑢̂| = 𝐹𝑠, 

𝑃𝑟 =
𝜇𝑛𝑓𝑐𝑝𝑛𝑓
𝑘

,
𝜇𝑛𝑓

𝐷𝐵
= 𝑆𝑐, 𝑘𝑟

(𝑇𝑤 − 𝑇∞)
𝑟𝐷𝑇

𝜌𝑛𝑓𝑇∞𝑒
(
1
𝜖
)

= 𝛿, Ω =
(𝑇𝑤 − 𝑇∞)

𝐷𝐵

𝑘1𝜈𝑛𝑓

𝜏𝜌𝑛𝑓
, 𝑅 =

4𝜎𝑇∞
2

𝑘𝑠𝑘
, 

𝐴 =
𝜆

𝑎
,
𝑐𝑝(𝑇𝑤  − 𝑇∞)𝐷𝑇

𝜌𝑇∞𝑘
= 𝑁𝑡,

𝑐𝑝(𝐶𝑤  − 𝐶∞)𝐷𝑚

𝜌𝑇∞𝑘
= 𝑁𝑏 , 𝑀𝑠 =

𝜎𝜇𝑓𝐵0
2

𝑎𝜌𝑓 𝐿⁄
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IV.   RESULTS AND DISCUSSIONS 

In other to analyse the solution of the system of equations (21)-(23) subject to (24), we use differential solver, dsolve is 

maple release 2021 with inbuilt numerical generator madrich with 𝐸𝑐 = 0.4, 𝐺𝑟𝑐 = 1.5, 𝐺𝑟𝑡 = 2, 𝐻𝑎 = 1, 𝐿𝑒 = 1.0, 𝑁𝑏 =

0.5, 𝑁𝑡 = 0.2, 𝑃𝑟 = 1.0, 𝛽 = 0.1, 𝛿 = 0.5, 𝛾 = 0.2, 𝜆 = 0.3, 𝑛 = 1.2 as prescribe parameters. The dsolve command with 

the numeric option on a real-valued two-point boundary value problem (BVP), finds a numerical solution for our system of 

equations. The bvp under consideration is automatically detected by dsolve submethod which uses midrich algorithm is 

used as solver. The choice of madrich is hinged on its ability to use Richardson extrapolation enhancement or deferred 

correction enhancement. Computation is performed in both hardware precision and arbitrary precision, by the setting of 

Digits to 20. This is good enough to maintain both precisions either when Digits is smaller than the hardware precision for 

the machine or when Digits is larger. The computations were done by a program which uses a symbolic and computational 

computer language MAPLE. A step size of Δη = 0.001 was selected to be satisfactory for a convergence criterion of 10−7 

in nearly all cases. The value of η∞ was found to each iteration loop by the assignment statement η∞ = η∞ + Δη. The 

maximum value of η∞, to each group of parameters is determined when the values of unknown boundary conditions at η =

0 not change to successful loop with error less than 10−7. 

The output of the computation is plotted using the ode plot generator odeplot and displayed using Maple plot display, and 

wall rate transfer is extracted. The graphical results and wall rate transfer are presented below in Figure (2) – (25) and Table 

(1). 

A. Velocity distribution 

Velocity distribution was examined under the influences of thermal buoyancy 𝐺𝑡𝑡, unsteadiness parameter 𝐴, viscoelastic 

parameter 𝛽, Hartmann number 𝐻𝑎, velocity slip factor 𝑀𝑠 , suction velocity 𝑓𝑤, variable thermal conductivity factor 𝛼, 

and radiation parameter 𝑅 Figure 2 demonstrates how increasing thermal Gasohof number parameter result in higher 

velocity profiles. With increase in Grashof number, there is emergence of maximum velocity in the body of the fluid close 

to the surface. Close to 3 units away from the surface, we notice a point of mixed convection where the velocity properties 

were reversed. From Figure 3, the effect of unsteadiness parameter was displayed. The Figure shows that increase in 

unsteadiness parameter increases the bulk velocity of the flow. From the Figure 4 and 5 we observed that increase in both 

Hartmann number and velocity slip factor decline while at about 2 units away from the surface, the flow velocity property 

increases with increase in Hartmann number due to mixed convective force on the flow. From Figures 5, 8 and 9, we 

observed that velocity increases with an increase in suction velocity, variable thermal conductivity and radiation parameter. 

In those scenarios, maximum velocity was discovered to exist close to the surface for lower values of suction, velocity, 

variable thermal conductivity and radiation parameter. The effect of viscoelastic parameter was discovered to enhances the 

velocity as shown in Figure 7 

B. Temperature distribution 

The temperature distribution of the flow under consideration was discussed under radiation parameter R, variable thermal 

conductivity parameter, unsteadiness parameter, Brownian motion, thermophoretic parameter, Eckert number and 

convective surface heat transfer. Unsteadiness parameter, Brownian motion parameter and Eckert number we discovered to 

enhance the temperature distribution of the flow field as displayed in Figures 10, 14 and 15. While in Figures 12, 13, 16 

and 17 the radiation parameter, variable thermal conductivity suction velocity and Hartmann number impose adverse effect 

on the temperature distribution with a decrease in the temperature boundary layer as the parameters increases. The effect of 

convective surface heat transfer is displayed in Figure 11. From this figure, we discovered that the bulk temperature of the 

flow field increases with heat moving from the solid surface to the fluid (𝐵𝑖 < 0) while it decreases when he at moves from 

the fluid to the solid surface (𝐵𝑖 > 0) 

TABLE 1: WALL TRANSFER RATE FOR VARIOUS VALUES OF PARAMETERS 

Parameters 𝑓′′(𝜂) 𝜙′ 𝜃′ Parameters 𝑓′′(𝜂) 𝜙′ 𝜃′ 

𝐴 =  0.0 0.1768 -0.1927 0.2071  𝐸𝑐 =  1.0 0.2451 -0.1929 0.2134 

𝐴 =  0.2 0.2868 -0.1941 0.2627  𝐸𝑐 =  2.0 0.2737 -0.1933 0.2316 

𝐴 =  0.6 0.4421 -0.1955 0.3435  𝐸𝑐 =  3.0 0.3094 -0.1939 0.2544 

𝐴 =  1.2 0.7088 -0.1971 0.4881  𝐸𝑐 =  4.0 0.3562 -0.1945 0.2843 

𝐹𝑠 =  0.0 0.2865 -0.1936 0.2435  𝐵 ∗=  0.1 0.2737 -0.1933 0.2316 
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𝐹𝑠 =  0.2 0.2737 -0.1933 0.2316  𝐵 ∗=  0.5 -0.3008 -0.1517 -0.1441 

𝐹𝑠 =  0.4 0.2641 -0.1931 0.2214  𝐵 ∗=  1.0 -0.2552 -0.1569 -0.1087 

𝐹𝑠 =  2.0 0.2454 -0.1916 0.1736  𝐵 ∗=  1.5 -0.4250 -0.1541 -0.2348 

𝛽 = 0.1 0.2737 -0.1933 0.2316  Ω = 0.1 0.2737 -0.1934 0.2316 

𝛽 = 0.3 0.3209 -0.1933 0.2305  Ω = 0.3 0.2741 -0.1916 0.2314 

𝛽 = 0.8 0.4035 -0.1933 0.2311  Ω = 0.8 0.2744 -0.1903 0.2313 

𝛽 = 1.4 0.6195 -0.1935 0.2397  Ω = 1.4 0.2748 -0.1887 0.2312 

𝐺𝑟𝑡 =  0.0 0.0649 -0.1995 1.3743  𝛿 = −1.0 0.2748 -0.1908 0.2316 

𝐺𝑟𝑡 =  0.5 0.3326 -0.1962 0.3989  𝛿 = −0.5 0.2770 -0.1873 0.2319 

𝐺𝑟𝑡 = 1.5 0.6811 -0.1935 0.2335  𝛿 = −0.2 0.2836 -0.1809 0.2334 

𝐺𝑟𝑡 = 2.5 1.0995 -0.1943 0.2708  𝛿 = 0.0 0.3427 -0.1434 0.2522 

𝐺𝑟𝑐 =  0.3 0.3976 -0.1952 0.3201  𝛾 = 1.2 0.2697 -3.6672 0.2078 

𝐺𝑟𝑐 =  0.8 -0.2497 -0.1506 -0.1492  𝛾 = 0.8 0.2696 -2.8429 0.2134 

𝐺𝑟𝑐 =  1.3 -0.1319 -0.1511 -0.1505  𝛾 = 0.4 0.2710 -1.4744 0.2228 

𝐺𝑟𝑐 = 2.0 0.0831 -0.1513 -0.1637  𝛾 = 0.2 0.2730 -0.4601 0.2298 

𝐻𝑎 =  0.1 0.5384 -0.1962 0.3967  𝑓𝑤 = 0.0 0.4144 -0.1952 0.3256 

𝐻𝑎 =  0.5 0.3976 -0.1952 0.3201  𝑓𝑤 = 0.2 0.1260 -0.1902 0.1376 

𝐻𝑎 =  1.5 0.2737 -0.1933 0.2316  𝑓𝑤 = 0.4 -0.0202 -0.1851 0.0484 

𝐻𝑎 =  2.5 0.2460 -0.1922 0.1919  𝑓𝑤 = 1.4 -0.3087 -0.1647 -0.1157 

𝑅 =  1.0 0.2737 -0.1933 0.2316  𝐵𝑖 =  −0.6 -0.1107 -0.1770 0.0687 

𝑅 =  2.0 -0.0108 -0.1846 0.0462  𝐵𝑖 =  −0.2 -0.1447 -0.1732 0.0460 

𝑅 =  3.0 -0.1006 -0.1782 -0.0136  𝐵𝑖 =  0.2 0.2737 -0.1933 0.2316 

𝑅 =  4.0 -0.1550 -0.1722 -0.0508  𝐵𝑖 =  0.8 -0.0343 -0.1831 0.1131 

𝛼 = 0.1 0.4035 -0.1951 0.3185  𝑟 =  1.0 0.2779 -0.1862 0.2320 

𝛼 = 0.3 0.2737 -0.1933 0.2316  𝑟 =  2.0 0.2750 -0.1904 0.2316 

𝛼 = 1.5 0.0774 -0.1884 0.1004  𝑟 =  3.0 0.2737 -0.1933 0.2316 

𝛼 = 3.0 0.0072 -0.1853 0.0536  𝑟 =  4.0 0.2733 -0.1954 0.2318 

𝑁𝑏 =  0.2 0.2753 -0.1934 0.2327  𝑁𝑡 =  0.2 0.1757 -0.1915 0.1701 

𝑁𝑏 =  0.4 0.2737 -0.1933 0.2316  𝑁𝑡 =  0.4 0.2737 -0.1933 0.2316 

𝑁𝑏 =  0.8 0.2717 -0.1933 0.2303  𝑁𝑡 =  0.8 0.6503 -0.1969 0.4661 

𝑁𝑏 =  1.2 0.2657 -0.1932 0.2263  𝑁𝑡 =  1.2 1.0532 -0.1984 0.7148 

𝑆𝑐 =  0.60 0.2737 -0.1933 0.2316  𝑃𝑟 =  0.01 -0.1778 -0.1691 -0.0670 

𝑆𝑐 =  0.78 0.2735 -0.1941 0.2317  𝑃𝑟 =  0.71 0.1539 -0.1908 0.1527 

𝑆𝑐 =  1.20 0.2733 -0.1953 0.2318  𝑃𝑟 =  4.00 0.2559 -0.1930 0.2198 

𝑆𝑐 =  2.60 0.2733 -0.1968 0.2321  𝑃𝑟 =  7.00 0.3344 -0.1943 0.2726 

C. Concentration distribution 

The chemical species concentration of the flow under consideration was analysed under the influence of radiation parameter 

R, Thermophoretic Diffusion Coefficient, Chemical reaction parameter, concentration slip factor and reaction order, 

variable thermal conductivity parameter, and suction velocity. We discovered that as the unsteadiness parameter increases, 

the species concentration boundary layer declines so also an increase in both concentration slip factor and reaction order as 

displayed in Figures 18, 21 and 23 respectively. Figure 19 reveals that as radiation parameter increases it is equally increase 

the bulky of concentration. The effect of Thermophoretic Diffusion Coefficient Ω  on the concentration field shown in  

Figure 20. From this Figure we see that the effect  display various values of Thermophoretic Diffusion Coefficient as the 

value increases it increases the bulk of concentration profile. Figure 22 shows the effect of reactivity parameter on 

concentration profiles. It is clear from this Figure that concentration decreases for destructive chemical reactions (𝛿 >

0)  and increases for generative chemical reactions (𝛿 < 0) Figure 24 and 25 shows the effect of variable thermal 

conductivity parameter and suction velocity parameter on concentration profiles respectively. From these figures, we 

discovered that increase in these parameters enhances the species boundary layer. 
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Figure 2: Velocity Distributions for various  of  

valuesThermal Grashoof  number 

 

Figure 3: Velocity Distributions for various values 

of unsteadiness parameter 

 

Figure 4: Velocity Distributions for various values 

values  of Hartmann number. 

 

Figure 5: Velocity Distributions for various values 

of  velocity slip 

 

Figure 6: Velocity Distributions for various values 

values of suction parameter 

 

Figure 7: Velocity Distributions for various values 

values of viscoelastic parameter 
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Figure 8: Velocity Distributions for various values 

values of variable thermal conductivity. 

 

Figure 9 : Velocity Distributions for various 

values values of radiation parameter 

 

Figure 10: Temperature Distributions for various 

values of unsteadiness parameter 

 

Figure 11: Effect of Convective heat transfer on 

Temperature Distributions 

 

Figure 12: Effect of radiation parameter on 

Temperature Distributions 

 

 

Figure 13: Effect of variable thermal conductivity 

on Temperature Distributions 
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Figure 14: Effect of 𝑵𝒕 on Temperature 

Distributions 

 

Figure 15: Effect of Eckert number on 

Temperature Distributions 

 

Figure 16: Temperature Distributions for various 

values of suction parameter 

 

Figure 17: Temperature Distributions for various 

values of Hartmann number 

 

Figure 18: Effect of unsteadiness parameter on 

Concentration Distributions 

 

Figure 19: Effect of Radiation parameter on 

Concentration Distributions 
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Figure 20: Effect of thermophoretic diffusion 

parameter on Concentration Distributions 

 

Figure 21: Effect of concentration slip on 

Concentration Distributions 

 

Figure 22: Effect of reactivity parameter on 

Concentration Distributions 

 

Figure 23: Effect of reaction order on 

Concentration Distributions 

 

Figure 24: Effect of variable thermal conductivity 

on Concentration Distributions 

 

Figure 25: Effect of suction parameter on 

Concentration Distributions 
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D. Wall Rate Transfer 

The effect of the flow governing parameters on the wall rate transfer skin friction, Sherwood number and Nusselt number 

is displayed in Table 1. From this table, it is evidently clear that 𝐴, 𝐸𝑐, 𝛽, Ω, 𝐺𝑟𝑡, 𝛿, 𝛾, 𝐵𝑖, 𝑁𝑡 and 𝑃𝑟 all enhances the skin 

friction while 𝐹𝑠, 𝐵∗, 𝑅, 𝐺𝑟𝑐, 𝐻𝑎, 𝛼, 𝑁𝑏, 𝑓𝑤 and 𝑟 decline the strenght of skin friction. In the same analysis, 

𝐴, 𝐸𝑐, 𝑃𝑟, 𝛼, 𝑆𝑐, 𝐵𝑖, 𝑁𝑡 and 𝑟 improves the strenght of Sherwood number conversely, 𝐺𝑟𝑡, 𝐻𝑎, 𝛿, 𝑓𝑤, 𝐹𝑠, 𝐵∗ and Ω decline 

Sherwood number. So also, we discovered that for Nusselt number, 𝐴, 𝐸𝑐, 𝑆𝑐, 𝛿, 𝛾, 𝐵𝑖, 𝑟, 𝑁𝑡 and 𝑃𝑟 increases the value of 

Nusselt number while 𝐺𝑟𝑡, 𝐻𝑎, 𝑅, 𝛼, 𝑁𝑏, Ω and 𝑓𝑤. 

V.   CONCLUSION 

The unsteady heat and mass transfer in MHD flow of Nano-fluid with buoyancy and variable thermal conductivity has not 

been adequately reported. Hence in this report, we have considered the aforementioned with particular references to 

velocity, thermal and chemical species slips. From the discussion above, the following conclusion were drawn 

• increase in thermal buoyancy, unsteadiness parameter and suction parameter are seen to increase velocity distributions.  

• continuous increments in thermal buoyancy, unsteadiness parameter and suction parameter leads to emergence of 

maximum velocity close to the surface.   

• Hartman number, velocity factor, suction velocity, variable thermal conductivity, radiation parameter reduces the 

velocity boundary layer,  

• temperature boundary layer is enhanced with increase in unsteadiness parameter, Brownian motion parameter and Eckert 

number while  

• radiation, thermal conductivity, Hartmann number and suction decline the temperature.  

• It was also discovered that unsteadiness parameter, concentration slip factor, reaction order declines the concentration 

boundary layer,  

• in the same vein, radiation, thermophoretic diffusion parameter, reactivity parameter, thermal conductivity and suction 

enhances species concentration.  

TABLE II: NOMENCLATURE 

x, y flow axes Greek Symbol 

𝑢, 𝑣 Velocity component along x and y-axis (m s−2 )  ρnf Nano-fluid density (𝑘𝑔𝑚−3) 

T Temperature field (K) σ Electrical conductivity (𝑆𝑚−1) 

C Species concentration field μ Fluid viscosity (𝑚2𝑠−1) 

g gravitational acceleration (m s−2 ) 𝛾 Chemical species slip factor 

B0 Magnetic field of uniform strength 𝛽 Viscoelastic parameter 

Tw surface temperature (K) Dimensionless group 

𝐵𝑖 Convective surface heat transfer θ dimensionless temperature (K) 

Ms Velocity slip factor ϕ dimensionless concentration 

T∞ ambient temperature (K) 𝐺𝑟𝑐  Grashof number  

βt Volumetric coefficient of thermal expansion Ω Thermophoretic diffusion coefficient  

Cw surface concentration  N buoyancy ratio  

C∞ ambient concentration Nu  Nusselt number 

𝑓𝑤 Suction velocity Sh  Sherwood number 

βc Volumetric coefficient of mass expansion 𝛿 Chemical reaction parameter 

𝑘𝑇 thermal conductivity (𝑊𝑚−1𝐾−1) 𝑅 radiation parameter 

cp specific heat capacity at constant pressure (J kg−1K) β Viscoelastic parameter  

𝐷𝑚 Molecular diffusivity Ha Hartmann number 
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𝐷𝑇  Thermophoretic Diffusion Coefficient Pr  Prandtl number 

U∞ ambient velocity Sc  Schmidt number 

𝐴∗, 𝐵∗ Space heat source/sink parameter 𝑘−1 Ec Eckert number 

kr Binary chemical reaction parameter  Subscript 

RG Universal gas constant ∞ ambient condition 

Ha Hartmann number w wall condition 

Ea Activation Energy 0 < ϵ ≪ 1 
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