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Abstract:  
Present analysis elucidates the steady free convective flow of nanofluid over a stretching sheet 

embedded in a porous medium. Here nanofluid consists of water as base fluid and copper as 

nanoparticle. Mass transfer analysis with chemical reaction is the main concern of this study. Viscous 

dissipation is also taken into account to explore the heat transfer analysis more. The governing 

equations are re-modelled as a system of ordinary differential equation adopting similarity 

transformation and treated numerically by 4th order Runge-Kutta method along with Shooting 

technique. The effects of pertinent parameters such as Eckert number (0.2 ≤ 𝐸𝑐 ≤ 0.8), Chemical 

reaction parameter (0 ≤ 𝐾𝑟 ≤ 3), Schimdt number(0 ≤ 𝑆𝑐 ≤ 1), porosity parameter (0.1 ≤ 𝐾𝑝 ≤ 1), 

Prandtl number (0.71≤ 𝑃𝑟 ≤ 7), heat source parameter (0≤ 𝑄 ≤ 3) and magnetic field parameter 

(0 ≤ 𝑀 ≤ 3) on heat and mass transfer have been discussed thoroughly. The present results are 

compared with the earlier results which gives a good agreement. Some important findings are: 

porosity acts as aiding force whereas magnetic parameter as resistive force for fluid velocity, larger 

values of chemical reaction parameter result lower velocity and concentration. The study is relevant 

in polymer processing, food processing industries and chemical industries. 
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NOMENCLATURE 

 
 

 u velocity components along the x -direction  𝑄0 heat generation constant 

 A viscosity ratio  Sc schimdt number 

 𝐵0 magnetic field of uniform strength  T temperature of the nanofluid 

 𝐶𝑝 specific heat at constant pressure  𝑇∞ the free stream dimensional temperature 

 𝐶𝑤 specific heat at constant pressure  𝑇𝑤 the temperature at the wall 

 𝐶∞ species concentration far away from the plate   

 D chemical molecular diffusivity  Greek symbols 

 Ec eckert number       β coefficient of volume expansion for heat 

transfer   g acceleration due to gravity           ν kinematic viscosity 

 k thermal conductivity                                                                     𝛼 fluid thermal diffusivity 

 𝐾𝑝 porosity parameter      θ dimensionless fluid temperature 

 𝐾𝑟  chemical reaction parameter 𝜌 density of the fluid                

 M magnetic field parameter 𝜎 electrically conductivity of the fluid 

 N radiation parameter 𝜂 dimensionless normal distance 

 Pr prandtl number 𝜙 dimensionless fluid concentration 

 Q heat source parameter 𝜆1, 𝜆2 buoyancy parameters 
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1. Introduction  
 

Now-a-days, there are situations in which different types of nano particles are used. These nano sized particles 

play a vital role in handling the various thermo physical properties of different flows involved. Most of the 

fluids in practical such as water, ethylene, glycol, kerosene oil, engine oil, are the poor conductor of heat. Low 

thermal conductivity and other thermal properties are the major factors for this. To tackle this problem and to 

improve the thermal properties of these flows, nano particles are added to the base fluids. The commonly used 

materials for nanoparticles are made up of chemically stable metals (Al, Au, Ag, Cu), oxide ceramics (Al2O3, 

CuO, TiO2, SiO2) etc. The choice of the base fluid-particle combination depends on the application for which 

the nanofluid is intended. Nanofluids with their various potential applications in industrial, engineering and 

biomedicine have recently attracted intensive studies [Oztop et al. (2008), Abu-Nada et al. (2010), Xuan 

(2000)].  Mebarek-Oudina (2018) has also discussed the convective heat transfer of Titania nanofluids filling a 

cylindrical annulus using ethylene glycol, engine oil and water as base fluids. 

 

Presence of external magnetic field in various MHD flow problems is considerably vital. When those flows are 

considered trough a porous medium, then study becomes more alluring. These forms of engineering issues are 

more admissible in energy extractions, oil exploration and also the physical phenomenon management within 

the field of aeromechanics. So, several investigations are explored by the celebrated researchers. A 

computational analysis of heat transport irreversibility has been performed by Marzougui et al. (2020). The 

whole phenomenon is considered in a magnetized porous channel taking care of the model of generalized 

Brinkman-extended Darcy with the Boussinesq approximation.  Makinde et al. (2016), Makinde et al. (2018) 

and Mutuku-Njane et al. (2013) illuminated numerically the MHD radiating fluid flow over a slippery stretching 

sheet embedded in a porous medium. They also considered nanofluid flow over a convectively heated 

permeable vertical plate in a porous medium and gave some remarkable results. Swain and Senapati (2015) 

inspected aftermath of mass transfer on free convective flow in a porous medium. They used Laplace transform 

method to get the exact results for velocity, temperature and concentration. Swain et al. (2020) conjointly 

administered their analysis on MHD flow and gradient heat transport of a Newtonian fluid through a Porous 

Medium. They analysed the effects of viscous dissipation and joule heating by solving the governing equations 

numerically. Mebarek-Oudina et al. (2020) have investigated the stability of natural convection in an inclined 

ring filled with molten potassium under the influence of a radial magnetism. Abo-Dahab et.al. (2021) have 

investigated MHD casson nanofluid flow over nonlinearly heated porous medium under transversal magnetized 

field and along with provision of suction/injection to surface. Reddy et al. (2017) elucidated MHD boundary 

layer flow of nanofluid and heat transfer over a porous exponentially stretching sheet. They studied the effects 

of Brownian motion and thermophoresis on heat transfer and nano-particle volume fraction on mass transfer. 

 

Furthermore, due to the action of the shear forces, viscous dissipation process transforms the kinetic energy to 

internal energy which helps in heating up the fluid. So, viscous dissipation has significant effect on heat transfer 

and therefore on flow velocity as well. Thus, it cannot be neglected. Applications of viscous dissipation may be 

observed in polymer processing flows, Aerodynamic heating in thin boundary layer around high speed aircraft 

etc. Many researchers (Chen, 2004, Abo-Eldahab et al., 2005, Bhargava and Singh, 2012, Parida et al., 2020) 

have nicely elucidated the behavior of dissipative flows in their researches under different circumstances. 

Chemical reaction is also of considerable importance in fluid flow along with the combined effect of heat and 

mass transfer. These types of studies have various applications in industrial processes and also in physiological 

flows. Reaction is said to be homogeneous when it occurs uniformly through a given phase. Otherwise, reaction 

is called heterogeneous. Again, chemical reaction is of first order if rate of reaction is directly proportional to 

the concentration. Many researchers have been discussed about this topic. Chamber and Young (1958) described 

the effects of homogeneous 1st order chemical reactions in the neighborhood of a flat plate for destructive and 

generative reactions. Muthucumaraswamy et al. (2008) and Swain et al. (2014) have studied the effect of 

chemical reaction in MHD boundary layer flow past a vertical plate. Ahmed (2014), Ahmed and Kalita (2014) 

solved numerically the Magnetohydrodynamics flow problems in the presence of chemical reaction. In both the 

studies, flow over an impulsively started vertical plate has been considered. Swain (2021) has also shown his 

interest on solving the problem of second order chemical reaction effect on MHD convective flow. He explained 

the consequences of the second order chemical reaction after solving the pertinent equations by finite difference 

method. Goud et al. (2020) have explored MHD Casson nanofluid flow in the presence of chemical reaction 

through a nonlinear inclined porous stretching sheet analyzing thermal radiation and joule heating effects. 
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In practical applications, the process of heating and cooling of fluid is very sensitive and sometimes requires 

very quick response of heating as well as cooling. Clear fluid like water and ethylene glycol fails this quick 

response property to heating and cooling due to which the nanoparticles with relatively high thermal 

conductivity such as Cu, Al2O3, and TiO2 are required to be suspended into the base fluid. The term ‘nanofluid’ 

was first coined by Choi and Eastman (1997) and a number of experimental as well as numerical studies have 

been conducted by considering the thermal conductivity of nanofluids till date. Numerical study of mixed 

convection of Cu-water nanofluid in a two-sided lid-driven square enclosure is conducted by Malik and Nayak 

(2016) using two discrete heat sources along the bottom wall. They concluded that the heat transfer rate is 

sensitive to nanoparticle volume fraction and it increases with increase in nanoparticle volume fraction. The 

effect of magnetic field on heat and fluid flow in a CuO-water nanofluid filled enclosure heated from below is 

studied by Sheikholeslami et al. (2014). They found that heat transfer is increasing with the increment of heat 

source length and Hartmann number, and decreases with increment in Rayleigh number. Kumar and Kumar 

(2017) presented a comparative study of MHD flow of nanofluid and heat transfer over a stretching sheet 

considering the thermal radiation effects. They reported that velocity and temperature of the nanofluid decrease 

with increasing of radiation parameter. 

   

From above discussion and literature review, it is noticed that MHD flow through a porous medium significantly 

affects the heat and mass transfer. It has drawn the interest of several researchers because of its importance in 

many industrial applications such as MHD power generator designing, control of chemical waste and pollutants 

dissemination. Further, viscous dissipation viscous dissipation alters the temperature distributions which affect 

heat transfer rates. The merit of the consequence of viscous dissipation depends on whether the sheet is being 

cooled or heated. On the other hand, it is needed for paying importance to the presence of chemical reaction 

during various physiological functions and in biochemical industries. The above discussion motivates the 

authors to analyze the mass transfer effect on MHD flow of nanofluid through a porous medium. 

 

The objective of the paper is to study the mass transfer effect on the MHD flow of nanofluid over a stretching 

sheet embedded in a porous regime incorporating viscous dissipation and chemical reaction. Here, water and 

copper are taken as the base fluid and nano particle respectively. The governing equations are solved by 

shooting technique along with Runge-Kutta method of 4th order. The results are in good agreement with earlier 

published results Kumar and Kumar (2017). 

 

The novelties of the study are given as follows: 

(i) it gives the mass transfer analysis of nanofluid in presence of chemical reaction which was not 

considered in previous study Kumar and Kumar (2017). 

(ii) Heat transfer is analyzed incorporating viscous dissipation which has a significant contribution. 

(iii) The flow is considered through a porous medium. As a result, velocity is significantly affected by the 

corresponding porosity parameter Kp. 

 

Study of the effect of higher order chemical reaction and entropy generation may be taken care of as future 

works.  

 

2. Mathematical Formulation 

 
The physical model and geometry of the problem are shown in Fig. 1. Here, we consider the two-dimensional 

steady MHD boundary layer flow of an incompressible nanofluid over a stretching sheet in the presence of a 

uniform transverse magnetic field. It is considered that the magnetic Reynolds number insignificant in the free 

convection flow, hence the induced magnetic field is ignored. The x -axis is taken along the stretching surface in 

the upward direction, y - axis is normal to it. A uniform magnetic field of strength B0 is applied normal to the 

fluid flow direction. The nanofluid consist of water as base fluid and copper (Cu) as nanoparticle. It is assumed 

that the base fluid and the nanoparticle are in thermal equilibrium and no slip occurs between them. The 

thermophysical properties of water and copper are given in Table1.1.  

 

The flow is governed by the following equations: 
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
= 0,           (1) 
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Table 1.1 Thermophysical properties of water and copper at                             x 

T=300K (Hakan and Eiyad (2008), Sekulic et al. (2005)).       Strethcing sheet      y 

 

 

   𝐵0     g 

 
   𝑇∞               𝑇𝑤 
 

 

 
        Slit 

             Fig. 1: Physical flow 

 

𝜌𝑛𝑓 (𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) = 𝜇𝑛𝑓

𝜕2𝑢

𝜕𝑦2 + 𝑔(𝜌𝛽)𝑛𝑓(𝑇 − 𝑇∞) + 𝑔(𝜌𝛽)𝑛𝑓(𝐶 − 𝐶∞) − 𝜎𝐵0
2𝑢 − 𝜇𝑛𝑓

𝑢

𝐾′, 

(2) 

(𝜌𝐶𝑝)𝑛𝑓 (𝑢
𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
) = 𝑘𝑛𝑓

𝜕2𝑇

𝜕𝑦2 −
𝜕𝑞𝑟

𝜕𝑦
+ 𝑄0(𝑇 − 𝑇∞) + 𝜇𝑛𝑓(

𝜕𝑢

𝜕𝑦
)2,    (3) 

𝑢
𝜕𝐶

𝜕𝑥
+ 𝑣

𝜕𝐶

𝜕𝑦
= 𝐷

𝜕2𝐶

𝜕𝑦2 − 𝐾𝑐(𝐶 − 𝐶∞).        (4) 

 

The boundary conditions of equations (1) to (3) are as follows 

𝑢 = 𝑢𝑤(𝑥) = 𝑎𝑥, 𝑣 = 0, 𝑇 = 𝑇𝑤 , 𝐶 = 𝐶𝑤     𝑎𝑡  𝑦 = 0, 

𝑢 → 0, 𝑇 → 𝑇∞ , 𝐶 → 𝐶𝑤       𝑎𝑠  𝑦 →  ∞.        (5) 
u is the velocity components along the x -direction, T the temperature of the nanofluid, 𝜇𝑛𝑓 the dynamic 

viscosity of the nanofluid, 𝛽𝑛𝑓 the thermal expansion coefficient of the nanofluid, 𝜌𝑛𝑓the density of the 

nanofluid, 𝑘𝑛𝑓 the thermal conductivity of the nanofluid, (𝜌𝐶𝑝)𝑛𝑓 theheat capacitance of the nanofluid, 𝑄0 heat 

generation constant, g the acceleration due to gravity and 𝑞𝑟 the radiative heat flux. In Ref. (Choi (2001), Pak 

and Young (1998), Govindaraju et al. (2015)) these are given as: 

 

𝜇𝑛𝑓 = 𝜇𝑓(1 + 39.11𝑆 + 533.9𝑆2), 𝜌𝑛𝑓 = (1 − 𝑆)𝜌𝑓 + 𝑆𝜌𝑠, (𝜌𝐶𝑝)𝑛𝑓 = (1 − 𝑆)(𝜌𝐶𝑝)𝑓 + 𝑆(𝜌𝐶𝑝)𝑠 ,

(𝜌𝛽)𝑛𝑓 = (1 − 𝑆)(𝜌𝛽)𝑓 + 𝑆(𝜌𝛽)𝑠.        (6)                          

where, 𝑆 is the solid volume fraction of the nanoparticle. The effective thermal conductivity of nanofluid is 

calculated by Patel et al. (2005) model as follows: 
𝑘𝑛𝑓

𝑘𝑓
= 1 +

𝑘𝑠𝐴𝑠

𝑘𝑓𝐴𝑓
+ 𝑐𝑃𝑒

𝑘𝑠𝐴𝑠

𝑘𝑓𝐴𝑓
,

𝐴𝑠

𝐴𝑓
=

𝑑𝑓

𝑑𝑠

𝑆

1−𝑆
, 𝑃𝑒 =

𝑢𝑠𝑑𝑠

𝛼𝑓
, 𝑢𝑠 =

2𝑘𝑏𝑇

𝜋𝜇𝑓𝑑𝑠
2 , 𝑐 = 25000 , 

where,𝜌𝑓 the density of the base fluid,𝜌𝑠the density of the nanoparticle,𝑘𝑓the thermal conductivity of the base 

fluid, 𝑘𝑠 the thermal conductivity of the nanoparticle, 𝑃𝑒 the Peclet number,  𝛼𝑓 the thermal diffusivity of liquid, 

𝜇𝑓 the viscosity of the base fluid, (𝜌𝐶𝑝)𝑓  the heat capacitance of the base fluid and (𝜌𝐶𝑝)𝑠 the heat capacitance 

of nanoparticles and 𝑐 is constant.  

 

        The radiative heat flux for an optically thick fluid can be found from Rosseland (1931) approximation and 

its formula is derived from the diffusion concept of radiative heat transfer given by;  𝑞𝑟 =
−4𝜎∗

𝑘𝑛𝑓
∗

𝜕𝑇4

𝜕𝑦
, 

   

where 𝜎∗(=  5.67 × 10−8 𝑊/𝑚2𝐾4 ),  𝑘𝑛𝑓
∗
(𝑚−1) states ‘Stefan-Boltzmann’ constant, the Rosseland mean 

absorption coefficient respectively. It is assumed that due to variation in temperature in the fluid flow domain 

are adequately very small and that 𝑇4 may well derive as a linear function of temperature. Hence, this attained 

by elucidating 𝑇4 in a Taylor series about 𝑇∞, thus:  

𝑇4 = 𝑇∞
4 + 4𝑇∞

3 (𝑇 − 𝑇∞) + 6𝑇∞
2 (𝑇 − 𝑇∞)2 + ⋯ .      (7) 

Ignoring higher order terms in Eq. (6) beyond the first order in (𝑇 − 𝑇∞ ), we get  

𝑇4 ≅ 𝑇∞
4 + 4𝑇∞

3 (𝑇 − 𝑇∞), 

𝑇4 ≅ 𝑇∞
4 + 4𝑇𝑇∞

3 − 4𝑇∞
4 , 

𝑇4 ≅ 4𝑇𝑇∞
3 − 3𝑇∞

4 . 

Physical 

properties 

Water Cu 

𝜌(𝑘𝑔/𝑚3) 997.1 8933 

𝐶𝑝(𝐽/𝑘𝑔. 𝐾) 4179 385 

𝑘(𝑊/𝑚. 𝐾)K) 0.613 401 

𝛽 ∗ 105𝐾−1) 21 1.67 

𝜇𝑓(𝑁𝑠/𝑚2) 0.001003 - 

𝑑𝑓 or 𝑑𝑠 (nm) 0.24 30-60 
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Considering the above equation, Eq. (3) becomes 

(𝜌𝐶𝑝)
𝑛𝑓

(𝑢
𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
) = (𝑘𝑛𝑓 +

16𝜎∗𝑇∞
3

3𝑘𝑛𝑓
∗ )

𝜕2𝑇

𝜕𝑦2 − 𝑄0(𝑇 − 𝑇∞)  + 𝜇𝑛𝑓(
𝜕𝑢

𝜕𝑦
)2 .  (8) 

Introducing the following similarity variables, 

𝑢 = 𝑎𝑥𝑓′(𝜂), 𝑣 = −√𝑎𝑣𝑓𝑓(𝜂), 𝜃(𝜂) =
𝑇−𝑇∞

𝑇𝑤−𝑇∞
, 𝜂 = √𝑎 𝑣𝑓⁄ 𝑦,   ,  𝜙 =

𝐶−𝐶∞

𝐶𝑤−𝐶∞
, 

the equations (2), (4) and (7) reduce to the dimensionless equations as;  

𝑓′′′ − 𝐴𝑎1((𝑓′)2 − 𝑓𝑓′′) − (𝑀 +
1

𝐾𝑝
) 𝐴𝑓′ + 𝜆1𝐴𝑎2𝜃 + 𝜆2𝐴𝑎2𝜙 = 0,      (9) 

𝜃′′ +
3𝑁𝑃𝑟𝑘𝑓𝑎3

𝑘𝑛𝑓(3𝑁+4)
𝑓𝜃′ +

3𝑁𝑃𝑟𝑘𝑓𝑄

𝑘𝑛𝑓(3𝑁+4)
𝜃 +

1

𝐴
𝐸𝑐

3𝑁𝑃𝑟𝑘𝑓

𝑘𝑛𝑓(3𝑁+4)
𝑓′′2

= 0,               (10) 

1

𝑆𝑐
𝜙′′ + 𝑓𝜙′ − 𝐾𝑟𝜙 = 0.                     (11) 

The corresponding boundary conditions become 

𝑓 = 0 , 𝑓′ = 1 ,   𝜃 = 1,𝜙 =1 at 𝜂 = 0, 

𝑓′ → ∞ , 𝜃 = 00, 𝜙 = 0  as𝜂 → ∞.                  (12) 

where 𝑎1 = [(1 − 𝑆) + 𝑆 (
𝜌𝑠

𝜌𝑓
)] , 𝑎2 = [(1 − 𝑆) + 𝑆

(𝜌𝛽)𝑠

(𝜌𝛽)𝑓
] , 𝑎3 = [(1 − 𝑆) + 𝑆

(𝜌𝐶𝑝)
𝑠

(𝜌𝐶𝑝)
𝑓

] . 

The dimensionless constants appearing in equations (9)-(11) are defined as follows:  

 

𝑀 =
𝜎𝐵0

2

𝑎𝜌𝑓
 , 𝜆1 =

𝑔𝛽𝑓((𝑇−𝑇∞))

𝑎𝑢𝑤
 ,𝜆2 =

𝑔𝛽𝑐((𝑇−𝑇∞))

𝑎𝑢𝑤
 ,𝐴 =

𝜇𝑓

𝜇𝑛𝑓
 , 𝑃𝑟 =

𝜈𝑓(𝜌𝐶𝑝)
𝑓

𝑘𝑓
 , 𝑄 =

𝑄0

𝑎(𝜌𝐶𝑝)
𝑓

 ,𝐸𝑐 =

𝑎2𝑥2

𝐶𝑝(𝑇𝑤−𝑇∞)
,𝑁 =

𝑘𝑛𝑓𝑘𝑛𝑓
∗

4𝜎∗𝑇∞
3 , 𝑆𝑐 =

𝜈𝑓

𝐷
, 𝐾𝑟 =

𝐾𝑐

𝑎
 . 𝐾𝑝 =

𝜌𝑓𝐾′𝑎

𝜇𝑛𝑓
 . 

 

Skin-friction: From velocity field, we study the skin-friction which is given in dimensionless form as follows:  

𝐶𝑓𝑅𝑒𝑥

1

2 = −
1

𝐴
[

𝜕𝑢

𝜕𝜂
]

𝜂=0
= −

1

𝐴
𝑓′′(0).        (13) 

Nusselt Number: From temperature field, we study the Nusselt number which is given in dimensionless form as 

follows:  

𝑁𝑢𝑥𝑅𝑒𝑥

−
1

2 = −
𝑘𝑛𝑓

𝑘𝑓
[

𝜕𝜃

𝜕𝜂
]

𝜂=0
= −

𝑘𝑛𝑓

𝑘𝑓
𝜃′(0).       (14) 

 

3. Solution of the Problem 
 

The coupled nonlinear equations (9), (10) and (11) subject to the boundary conditions (12) are solved using the 

fourth order Runge-Kutta method with shooting technique. Equations (9), (10) and (11) are reduced to a set of 

first order differential equations. For this we make the following substitutions: 

𝑓 = 𝑦1, 𝑓′ = 𝑦2, 𝑓′′ = 𝑦3, 𝜃 = 𝑦4, 𝜃′ = 𝑦5, 𝜙 = 𝑦6, 𝜙′ = 𝑦7. 

 
Now the equations reduced to; 

𝑦3
′ = (𝑦2

2 − 𝑦1𝑦3)𝐴𝑎1 + (𝑀 +
1

𝐾𝑝
) 𝐴𝑦2 − 𝐴𝜆1𝑎2𝑦4 − 𝐴𝜆2𝑎2𝑦6,    (15) 

𝑦5
′ = −

3𝑁𝑃𝑟𝑘𝑓

𝑘𝑛𝑓(3𝑁+4)
𝑦1𝑦5 −

3𝑁𝑃𝑟𝑘𝑓

𝑘𝑛𝑓(3𝑁+4)
𝑄𝑦4 −

3𝑁𝑃𝑟𝑘𝑓

𝑘𝑛𝑓(3𝑁+4)

𝐸𝑐

𝐴
𝑦3

2 ,    (16) 

𝑦7
′ = −𝑆𝑐𝑦1𝑦7 + 𝑆𝑐𝐾𝑟𝑦6.         (17) 

 

The corresponding boundary conditions reduces to 

𝑦1 = 0, 𝑦2 =? , 𝑦4 = 1, 𝑦6 =?  𝑎𝑡 𝜂 = 0 , 
𝑦2 → ∞ , 𝑦4 → 0,𝑦6 → 0as 𝜂 → ∞.        (18) 
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To start the integration, the values of 𝑦2 and 𝑦6 at  are provided as guess values and the step by step 

integration is carried out with step length 0.01 using shooting technique with MATLAB code having error 

bound 10-3. 

 

Table 3.1: Comparison between the present solutions for various values of S with previously published results 

when Pr= 6.2, N=Q = 𝜆1= 𝜆2 =0. 

 

4. Results and Discussion 

 
Here, we study the mass transfer effect on the MHD flow of nanofluid over a stretching sheet embedded in a 

porous regime incorporating viscous dissipation and chemical reaction. The governing equations are solved by 

shooting technique along with Runge-Kutta method of 4th order.  The effects of pertinent parameters are 

discussed below by fixing the other parameters considering the values as Pr=24.4, M=1, Q=2, N=0.2, S=0.2, 

Ec=0.2, Sc=0.2, Kp=0.5, Kr=1. The results we found are compare with the previous results and shown in the 

Table 3.1.   

 

It is observed in Fig. 2 that an increase in the Schmidt number suppresses the velocity. It is the ratio of 

momentum diffusivity to species diffusivity. For Sc < 1, the momentum diffusivity is lower than the species 

diffusivity and the species diffusion rate exceeds the momentum diffusion rate. For Sc >1, the reverse 

phenomenon is obtained. Increasing Sc lowers the chemical molecular diffusivity of the species. As Sc is 

increased the concentration boundary layer will become relatively thinner than the momentum boundary layer. 

Thus, velocity is reduced.  

 
       Fig. 2: Velocity profiles for Sc           Fig. 3: Velocity profiles for 𝐾𝑟  

 
From Fig. 3, it observed that that an increasing value of 𝐾𝑟  reduce the velocity. The decrease may be attributed 

to the absorption of heat energy due to endothermic chemical reaction (Kr>0). The presence of heavier diffusing 

species causes decreases in velocity which leads to thinning of boundary layer thickness. 

 

Fig. 4 shows that increasing values of 𝐾𝑝 enhances the velocity. This is because with a rise in permeability of 

the medium, the regime becomes more porous. As a consequence, the Darcian body force decreases the 

magnitude (as it is increasing proportional to the permeability). The Darcian resistance acts to decelerate the 

fluid particles in continuous. This resistance diminishes as permeability of the medium increases. So 

0=

 

M 

 

 

 

 

1 

𝑆 Hamad (2011) (Cu-water) Kumar and Kumar (2017) 

(Cu-water) 

 

Present Results (Cu-

water) 

−𝑓′′(0) −𝜃′(0) −𝑓′′(0) −𝜃′(0) −𝑓′′(0) −𝜃′(0) 

0.05 1.4524 1.5237 1.45243 1.5236 1.45258 1.52468 

0.1 1.4657 1.3884 1.45842 1.3882 1.46601 1.38738 

0.2 1.4331 1.1670 1.43301 1.1653 1.43427 1.43201 
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progressively less drag is experienced by the flow and flow retardation is there by decreased. Hence, the 

velocity of the fluid increases as the permeability parameter increases.  

 

 
Fig. 4: Velocity profiles for 𝐾𝑝           Fig. 5: Velocity profiles for 𝑀 

 

Fig. 5 elucidates that the dimensionless velocity decreases with increasing values of M, this happens due to 

Lorentz force arising from the interaction of magnetic and electric fluids during the motion of the electrically 

conducting fluid. This force acts on the fluid creating a dry-like effect that slows down the motion of the fluid in 

the boundary layer. 

 

 
   Fig. 6: Concentration profiles for Sc           Fig. 7: Concentration profiles for 𝐾𝑟  

 

The Schmidt number (Sc) represents the relative case of the molecular momentum and mass transfer. It is 

observed in the figure.6 that an increase in the Schmidt number suppresses the concentration boundary layer 

thickness which is associated with the reduction in the concentration. Physically, the increase of Sc means 

decrease of molecular diffusion. Hence, the concentration of the species is higher for smaller values of Sc and 

lower for larger values of Sc. 

 

Fig. 7 shows the increasing values of 𝐾𝑟  decreases species concentration in the boundary layer, this is due to the 

fact that destructive chemical reduces the solutal boundary layer thickness and increases the mass transfer. 

Physical point of view chemical reaction for destructive case is very large. Because of this fact molecular 

motion is quite higher which enhances the transport phenomenon, thus suppressing the concentration field in the 

fluid flow. 
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Fig. 8 shows the temperature profiles for various values of Eckert number (Ec). It is observed that the 

temperature rises for larger values of Ec due to viscous heating. Thermal boundary layer thickness is also 

enhanced by increasing 𝐸𝑐. As Eckert number comes from kinetic energy of flow and heat enthalpy difference, 

so improve in Eckert number enhances kinetic energy. Again, it is known that temperature is considered as 

average kinetic energy. Greater viscous dissipative heat rises the temperature. Thus, we can say that temperature 

of the fluid rises.  
  

 
    Fig. 8: Temperature profiles for Ec            Fig. 9: Temperature profiles for Pr 

 

It is clear from Fig. 9 that higher values of Prandtl number (Pr) reduce the temperature and thickness of thermal 

boundary layer as well. The lower values of 𝑃𝑟 increase the thermal conductivity of the nanofluid due to which 

the heat is rapidly diffused away compared to the higher values of Pr from the heated plate. Hence, the rate of 

heat-transfer decreases. 

 

Fig. 10 illustrates that more is the heat source (Q) more is the temperature which is obvious. Furthermore, an 

enhanced thermal boundary layer is obtained due to increase in heat source. 

 
Fig. 10: Temperature profiles for 𝑄 

  

5. Conclusion 
 

The steady free convective flow of nanofluid over a stretching sheet embedded in a porous medium has been 

studied in this research. From the above discussion, some of the important conclusions are given as follows: 

 

• An increase in the values of 𝐾𝑟   decreases the velocity. 

• Higher values of Prandtl number (𝑃𝑟) reduce the temperature. 
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• The increasing values of 𝐾𝑟  decrease species concentration in the boundary layer. 

• Increase in the Schmidt number decreases the velocity. 

• Thermal boundary layer thickness is also enhanced by increasing Ec. 

• The velocity of the fluid increases as the permeability parameter increases.  

• An enhanced thermal boundary layer is obtained due to increase in heat source. 
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