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ABSTRACT 
This paper investigates the boundary layer flow, heat and mass transfer characteristics over a vertical cone filled with 
nanofluid saturated porous medium with the influence of magnetic field, thermal radiation and first order chemical 
reaction subject to the convective boundary condition. Similarity transformation technique is used for the purpose of 
converting non-linear partial differential equations into the system of complex ordinary differential equations. The 
computational Finite element method has been employed to solve the flow, heat and mass transfer equations together 
with boundary conditions. The impact of various pertinent parameters on hydrodynamic, thermal and solutal boundary 
layers is investigated and the results are displayed graphically. Furthermore, the values of local skin-friction 
coefficient, rate of temperature and rate of concentration is also calculated and the results are presented graphically. 
The comparisons with previously published work is made and found good agreement. The thickness of thermal 
boundary layer is increased with increase in the values of Brownian motion parameter (Nb) and thermophoresis 
parameter (Nt). 
 
Keywords: Heat and Mass transfer; Vertical cone; Nanofluid; Convective boundary condition; Finite element method; 
Chemical reaction. 
 
 
NOMENCLATURE 
A            Constant                                                                
B1          Biot number 
B0 Magnetic field strength                                         
C            Nanoparticle volume fraction 
Cf Skin-friction coefficient                                        
𝑐𝑝 Specific heat (J/kg K) 
Cw               Nanoparticle volume fraction on the cone            
C∞          Ambient nanoparticle volume fraction 
Cr Scaled chemical reaction parameter                      
DB          Brownian diffusion coefficient (m2/s) 
DT          Thermophoretic diffusion coefficient (m2/s)         
g             Gravitational acceleration vector  (m/s2) 
Jw Wall mass flux                                                       
k*           Permeability of porous medium 
𝐾∗          Mean absorption coefficient                                   
Km         Thermal conductivity (W m-1 K-1) 
𝐾𝑟           Chemical reaction parameter                                  
K            Porous parameter 
Le           Lewis number                                                         
M  Magnetic parameter 
Nb          Brownian motion parameter                                   
Nr Buoyancy ratio parameter 
Nt           Thermophoresis parameter                                     
Nux         Nusselt number 
P             Pressure (Pa)                                                           
Pr   Prandtl number 

𝑞𝑟           Radiative heat flux                                                  
qw                 Wall heat flux 
R Radiation parameter                                                
Shx         Sherwood number 
T            Fluid temperature (K)                                               
Tw          Temperature at the cone surface 
T∞          Ambient temperature attained                                
(u,v)       Velocity components in x- and y-axis (m/s) 
(x, y)      Cartesian coordinates 
 
Greek symbols 
𝛼          Thermal diffusivity of base fluid (m2/s)            
β           Thermal expansion coefficient (1/K) 
σ           Electrical conductivity                                              
𝜎∗         Stephan-Boltzman constant 
ν           Kinematic viscosity of the base fluid (𝑚2𝑠−1)          
τw          Skin-friction coefficient 
ρf           Fluid density (kg m-3)                                               
ρp          Nanoparticle mass density 
ψ           Stream function                                                       
(𝜌𝑐𝑝)     Heat capacitance of the base fluid (J/m3 K) 
τ            Parameter defined by ε (𝜌𝑐)𝑝

(𝜌𝑐)𝑓
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(𝜌𝑐𝑝)nf   Heat capacitance of the nanofluid 
ϕ            Dimensionless nanoparticle volume fraction           
θ (η)      Dimensionless temperature 
 
 

 
Subscripts 
w          Condition at cone surface                                       
∞          Condition far away from cone surface 
η           Similarity variable              
f            Base fluid 

1. INTRODUCTION 
 
Natural convection flow, heat and mass transfer through porous medium over curved bodies is an important area in 
recent years because of its wide range applications such as chemical engineering, thermal energy storage devices, heat 
exchangers, ground water systems, electronic cooling, boilers, heat loss from piping, nuclear process systems etc. 
Spherical geometries, cones, cylinders, ellipses, wavy channels, torus geometries are some examples of curved bodies. 
Good number of experimental and theoretical studies on transport phenomena over cylindrical bodies has been reported 
in literature which deals the process of polymer systems. All these studies are mainly focused on flow and heat transfer 
characteristics of the commonly used base fluids like water, ethylene glycol, oil etc. In recent times, the study of 
nanofluids has become the topic of extensive research because the presence of nanoparticles would appreciably 
increase the thermal conductivity of the fluids in heat transfer process. A nanofluid is a fluid containing small 
volumetric quantities of nanometer-sized (smaller than 100 nm) particles called nanoparticles. Nanofluids are the 
emerging composites consisting of nanometer size solid particles dispersed in the conventional heat transfer fluids like 
water, ethylene glycol, toluene, and engine oil. The very key characteristic of nanofluids is their high thermal 
conductivity relative to the base fluids. The thermal conductivity enhancement of nanofluids has become the most 
important phenomenon than the limited heat transfer performance of available general fluids. Choi [1] was the first 
among all who introduced a new type of fluid called nanofluid while doing research on new coolants and cooling 
technologies. Eastman et al. [2] have also exposed in their study that the thermal conductivity has increased 40% when 
copper nanoparticles of volume fraction less than 1% are added to the ethylene glycol or oil. Buongiorno [3] has 
developed an analytical model for convective transport in nanofluids, in this study he concluded that there are seven 
possible mechanisms associating convection of nanofluids through moment of nanoparticles in the base fluid. Tiwari    
et al. [4] have presented heat transfer augmentation of nanofluids in a two-sided lid-driven heated square cavity. Santra 
et al. [5] have reported heat transfer augmentation of copper-water nanofluid in differentially heated square cavity. 
Abu-nada et al. [6] have analyzed natural convection applications of nanofluids over inclined two-dimensional 
enclosures filled with Cu-water nanofluid. Kuznetsov and Nield [7] studied the influence of Brownian motion and 
thermophoresis on natural convection boundary layer flow of a nanofluid past a vertical plate. Khan and pop [10] have 
discussed boundary layer flow, heat and mass transfer of a nanofluid past a stretching sheet. Ghasemi et al. [11] have 
discussed periodic natural convection flow and heat transfer over enclosure filled with nanofluid under the influence of 
oscillating heat flux. Chamkha et al. [12] have discussed the mixed convection flow about vertical cone through porous 
medium saturated by a nanofluid with thermal radiation. In addition, Gorla et al. [13] have studied nanofluid natural 
convection boundary layer flow through porous medium over a vertical cone. Chamkha et al. [14] were presented non-
Darcy free convective nanofluid along a vertical plate with suction/injection and internal heat generation. Fernandez-
Feria et al.  [15] have discussed the mixed convection boundary layer radial flow over a horizontal plate with constant 
temperature. Chamkha et al. [16] have investigated Non-Newtonian nanofluid natural convection flow over a cone 
through porous medium with uniform heat and volume fraction fluxes. Zakari et al. [17] have presented the natural 
convection boundary layer flow, heat and mass transfer analysis of nanofluid influenced by various aspects like, size, 
shape, type of nanofluid, type of base fluid and working temperature of the base fluid. Ghalambaz et al. [18] have 
reported natural convection flow over a heated vertical plate through nanofluid saturated porous medium. Ghalambaz  
et al. [19] have analyzed natural convection of Al2O3- water nanofluid over a vertical cone with the influence of 
nanoparticles diameter, concentration and variable thermal conductivity. Noghrehabadi et al. [20] have noticed the 
boundary layer natural convection of nanofluid over a vertical plate. Sheremet et al. [21] presented Buongiorno's 
mathematical model of nanofluid over a square cavity through porous medium. Sheremet et al. [22] have deliberated 
three-dimensional natural convection Buongiorno's mathematical model of nanofluid over a porous enclosure. 
Zargartalebi et al. [23] have discussed Stagnation-point natural convection heat and mass transfer flow of nanofluid 
over a stretching sheet under the variable thermo-physical properties.  
 
Magneto nanofluids have specific applications in biomedicine, optical modulators, magnetic cell separation, magneto-
optical wavelength filters, silk float separation, nonlinear optical materials, hyperthermia, optical switches, drug 
delivery, optical gratings etc. A magnetic nanofluid has both the liquid and magnetic properties. The used magnetic 
field influences the suspended particles and reorganizes their concentration in the fluid regime which powerfully 
influences the heat transfer analysis of the flow. Magneto nanofluids are useful to guide the particles up the blood 
stream to a tumor with magnets. This is due to the fact that the magnetic nanoparticles are regarded more adhesive to 
tumor cells than non-malignant cells. Such particles absorb more power than microparticles in alternating current 
magnetic fields tolerable in humans i.e. for cancer therapy. Several authors [24, 25] have discussed the MHD boundary 
layer flow, heat and mass transfer characteristics of nanofluids.  
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Generally, natural convection boundary layer flow, heat and mass transfer problems consisting of a heating condition 
along the boundary of the surface that forms a solid–fluid interface is regularly recommended. The commonly used 
condition is either a constant temperature or a constant heat flux. In general, there is a question that arises that what 
surface boundary condition has to be implemented on the surface temperature. Despite the routinely used boundary 
condition of either constant temperature of constant heat flux, it arises in practice only that when the solid body has 
more thermal conductivity compared to the porous medium. This is equivalent to say that the Biot number of the 
problem is not equal to zero, but has a finite value. 
 
Ram Reddy et al. [26] examined the mixed convection flow, heat and mass transfer analysis of nanofluid over a vertical 
plate under convective boundary condition by taking Soret effect into the account. Makinde et al.  [27] studied 
analytically the boundary layer flow of nanofluid over a stretching sheet under convective boundary condition. Non-
aligned stagnation point flow of nanofluid over a convective stretching sheet with influence of partial slip effect is 
numerically analyzed by Nadeem et al. [28]. Ibanez [29] investigated the entropy generation in a vertical porous 
channel under convective boundary condition by taking magnetic field and hydrodynamic slip into the account. Hayat 
et al. [30] have reported the impact of magnetic field in three-dimensional flow of couple stress nanofluid over a 
nonlinearly stretching surface with convective boundary condition.  
 
Although there are good number of publications in the literature on heat and mass transfer characteristics of nanofluids 
over a vertical cone, to the best of author’s knowledge, no studies have been reported that considered convective 
boundary condition and first order chemical reaction. The objective of present study is, therefore, to investigate 
numerically the impact of key parameters such as magnetic field, thermal radiation and first order chemical reaction on 
natural convection flow, heat and mass transfer analysis over a vertical cone through nanofluid saturated porous 
medium under convective boundary condition.  
 
2. MATHEMATICAL ANALYSIS 
 
Fig.1 demonstrates a two-dimensional, study, electrically conducting heat and mass transfer boundary layer flow of 
nanofluid over a vertical cone. The coordinate system is chosen as the x-axis is coincident with the flow direction over 
the cone surface. It is assumed that 𝑇𝑤, to be determined, is the result of convective heating process which is 
characterized by a temperature 𝑇𝑓 and a heat transfer coefficient ℎ𝑓, and 𝐶𝑤 is the nanoparticle volume fraction at the 
surface of the cone (𝑦 = 0). The temperature and nanoparticle volume fraction of the ambient fluid are 𝑇∞ and 𝐶∞. An 
external magnetic field of strength B0 is applied in the direction of the y-axis. By considering the work of Kuznetsov et 
al. [7] in assuming nanoparticle concentration is dilute (that is, no particle-particle interaction exists) and by employing 
the Oberbeck – Boussinesq approximation the governing equations describing the steady-state conservation of mass, 
momentum, energy as well as conservation of nanoparticles for nanofluids in the presence of thermal radiation and 
other important parameters for double diffusive heat and mass transfer conditions take the following form [8,9]: 
 

 
                                                  Figure-1: Physical model and coordinate system. 
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The associated boundary conditions are 

𝑢 = 0,   𝑣 = 0, −𝑘 𝜕𝑇
𝜕𝑦

= ℎ𝑓(𝑇𝑓 − 𝑇),        𝐶 = 𝐶𝑤      𝑎𝑡  𝑦 = 0                                                           (5) 
𝑢 → 0,        𝑇 ⟶ 𝑇∞,             𝐶 ⟶ 𝐶∞                               𝑎𝑡  𝑦 → ∞                                         (6) 

where u and v denote the components in the x – and y – directions, respectively. In the momentum equation (2), the 
second term on the right hand side is the porous medium term, the third term is the combination of thermal and species 
buoyancy term and the last term is the hydromagnetic drag term. In the temperature equation (3), the second term on 
the right hand side is related to Brownian motion and thermophoresis, the third term is the thermal radiation term.   
 
In the diffusion equation (4), the last term corresponds to first order chemical reaction. 
 
The radiative heat flux 𝑞𝑟  (using Rosseland approximation) is defined as 

𝑞𝑟 = − 4𝜎∗

3𝐾∗
𝜕𝑇4

𝜕𝑦
,                                                   (7) 

We assume that the temperature variances inside the flow are such that the term 𝑇4 can be represented as linear 
function of temperature. This is accomplished by expanding 𝑇4 in a Taylor series about a free stream temperature 𝑇∞ as 
follows: 

𝑇4 =  𝑇∞4 + 4𝑇∞3(𝑇 − 𝑇∞) + 6𝑇∞2(𝑇 − 𝑇∞)2 + ⋯ 
 
After neglecting higher-order terms in the above equation beyond the first degree term in (𝑇 − 𝑇∞), we get  

𝑇4 ≅  4𝑇∞3𝑇 − 3𝑇∞4                                      (8) 
 
Thus substituting Eq. (8) in Eq. (7), we get 

𝑞𝑟 = −16𝑇∞3𝜎∗

3𝐾∗
𝜕𝑇
𝜕𝑦

                                      (9) 
 
We now introduce the following similarity variables [27] to transform the governing equations into system of ordinary 
differential equations: 
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where,   𝑅𝑎𝑥 =  𝑔𝛽𝜌𝑓∞(𝑇𝑤−𝑇∞)(1−𝐶∞)𝑐𝑜𝑠𝛾𝑥3

𝜇 𝛼
, is the Rayleigh number. 

Here, ‘ r ’ can be approximated by the local radius of the cone, if the thermal boundary layer is thin, and is related to 
the x coordinate by  𝑟 = 𝑥 𝑠𝑖𝑛𝛾. 
 
Substituting Eqs. (9)-(10) into Eqns. (1) - (4), we get the following system of non-linear ordinary differential equations 

 𝑓′′′ − (𝑓′)2 + 𝑓𝑓′′ + (𝜃 − 𝑁𝑟 𝜙) − (𝑀 + 𝐾)𝑓′ = 0                                (11) 
(1 + 𝑅)𝜃′′ + 𝑃𝑟 𝑓 𝜃′ + 𝑁𝑏 𝜃′𝜙′ + 𝑁𝑡(𝜃′)2 = 0                     (12) 
 𝜙′′ + 𝐿𝑒 𝑓 𝜙′ − 𝐿𝑒.𝐶𝑟.𝜙 + 𝑁𝑡

𝑁𝑏
 𝜃′′ = 0                        (13) 

 
The transformed boundary conditions are  

η = 0,      𝑓 = 0 , 𝑓′ = 1, 𝜃′(0) = −𝐵1�1 − 𝜃(0)� ,   𝜙 = 1.             
η ⟶ ∞,        𝑓′ = 0 ,          𝜃 = 0 ,        𝜙 = 0.                     (14) 

where prime denotes differentiation with respect to η, and the significant thermophysical parameters dictating the flow 
dynamics are defined by  

𝑁𝑟 =
�𝜌𝑝 − 𝜌𝑓∞�(𝐶𝑤 − 𝐶∞)
𝜌𝑓∞𝛽(𝑇𝑤 − 𝑇∞)(1 − 𝐶∞)

, 𝑁𝑏 =
𝜏𝐷𝐵(𝐶𝑤 − 𝐶∞)

𝛼
, 𝑁𝑡 =

𝜏𝐷𝑇(𝑇𝑤 − 𝑇∞)
𝛼𝑇∞

 ,𝐾 =
𝑥2

𝑘∗ 𝑅𝑎𝑥
1/2 

𝐿𝑒 =  𝜈
𝐷𝐵

, 𝐶𝑟 = 𝐾𝑟
𝑎

, 𝑃𝑟 = 𝜈
𝛼

 ,  𝑅 = 16𝑇∞3𝜎∗

3𝐾∗𝑘
, 𝑀 = 𝜎𝛽𝑜2𝑥

𝜌𝑅𝑎𝑥
1
2

,𝐵1 = ℎ𝑓𝑥

𝑘 𝑅𝑎𝑥
1
2
.                               (15) 

Quantities of practical interest in this problem are the skin-friction coefficient 𝐶𝑓, local Nusselt number Nux, and the 
local Sherwood number Shx, , which are defined as 

𝐶𝑓 = 2 𝜏𝑤
𝜌

,    𝑁𝑢𝑥 =  𝑥𝑞𝑤
𝑘(𝑇𝑤−𝑇∞)

,     𝑆ℎ𝑥 =  𝑥𝐽𝑤
𝐷𝑩(𝐶𝑤−𝐶∞)

                                                                        (16) 
Where, 𝜏𝑤 , 𝑞𝑤 and 𝐽𝑤 are the skin-friction, heat flux and mass flux at the surface and these quantities are, respectively, 
defined as  

𝜏𝑤 = 𝜇 �𝜕𝑢
𝜕𝑦
�
𝑦=0

, 𝑞𝑤 = −𝑘 �𝜕𝑇
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�
𝑦=0

                 (17) 

 
Using (16) and (17), the dimensionless skin-friction coefficient, wall heat and mass transfer rates are defined as 

𝐶𝑓 = 2𝑅𝑎𝑥
3
4 𝑓′′(0),    𝑁𝑢𝑥 =  −𝑅𝑎𝑥

1
4 𝜃′(0),     𝑆ℎ𝑥 =  −𝑅𝑎𝑥

1
4 𝜙′(0)                                                 (18) 

The set of ordinary differential equations (11) – (13) are highly non-linear, and therefore cannot be solved analytically. 
The finite-element method [31, 32] has been implemented to solve these non-linear equations. 
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3. NUMERICAL METHOD OF SOLUTION 
 
3.1. The finite-element method 
 
The finite-element method (FEM) is such a powerful method for solving ordinary differential equations and partial 
differential equations. The basic idea of this method is dividing the whole domain into smaller elements of finite 
dimensions called finite elements. This method is such a good numerical method in modern engineering analysis, and it 
can be applied for solving integral equations including heat transfer, fluid mechanics, chemical processing, electrical 
systems, and many other fields. The steps involved in the finite-element method are as follows. 

(i) Finite-element discretization 
(ii) Generation of the element equations 
(iii) Assembly of element equations 
(iv) Imposition of boundary conditions 
(v) Solution of assembled equations 

The assembled equations so obtained can be solved by any of the numerical techniques, namely, the Gauss elimination 
method, LU decomposition method, etc. An important consideration is that of the shape functions which are employed 
to approximate actual functions.  
 
4. RESULTS AND DISCUSSION 
 
Comprehensive numerical computations are conducted for different values of the non-dimensional parameters, such as, 
Magnetic parameter (M), Porous parameter (K), Buoyancy ratio parameter (Nr), Prandtl number (Pr), radiation 
parameter (R), Brownian motion parameter (Nb), Thermophoresis (Nt), Lewis number (Le), Biot number (B1), 
Chemical reaction parameter (Cr) and the results are illustrated graphically from Figs. 2 – 15. Comparison with 
previously published work is made and is shown in table 1. The influence of magnetic field parameter (M) on velocity, 
temperature and concentration profiles in the boundary layer is depicted in Figs. 2 - 4. It is noticed from these figures 
that the hydrodynamic boundary layer thickness decelerates whereas thermal boundary layer thickness and solutal 
boundary layer thickness heightens with enhance in the values of (M). The concentration profiles increases with higher 
values of M (Fig. 4). Figures 5 - 6 illustrate the effect of buoyancy ratio parameter (Nr) on velocity and temperature 
profiles in the boundary layer region. It is observed from fig. 5 that the thickness of hydrodynamic boundary layer is 
reduced with the enhancing values of buoyancy ratio parameter (Nr). The temperature profiles of the fluid increases 
with increasing values of buoyancy ratio parameter (Nr). This is from the reality that higher the values of buoyancy 
ratio parameter enhance the fluids temperature, so that thermal boundary layer thickness is increased (Fig. 6). The 
effect of thermal radiation parameter (R) on velocity and temperature profiles is shown in Figs. 7 - 8. It is noticed form 
figures 8, 9 that, the hydrodynamic and thermal boundary layer thickness is enhanced with the higher values of (R) in 
the entire flow region. This is due to the fact that, imposing thermal radiation in the boundary layer region heats up the 
fluid, which causes an increment in the velocity and temperature of the fluid. Variation of non-dimensional temperature 
and concentration distributions for different values of thermophoretic parameter (Nt) is depicted in Figs 9 to 10. It is 
noticed that both temperature and concentration profiles elevates in the boundary layer region for the higher values of 
thermophoretic parameter (Nt). The effect of Brownian motion parameter (Nb) on temperature profiles is illustrated in 
Fig. 11. It is noticed that, with the increasing values of Brownian motion parameter (Nb), the temperature profiles 
enhanced (Fig 11) in the boundary layer regime. Figures 13 and 14 depict the influence of Biot number (B1) on thermal 
and solutal boundary layers.  It is noticed that the temperature profiles elevates in the entire fluid regime as the values 
of Biot number (B1) increases (Fig. 12). The concentration profiles escalate throughout the fluid regime as the values of 
Biot number (B1) values improves. This is due to the fact that as the values of Biot number (B1) increases there is 
enhancement in the thickness of the solutal boundary layer (Fig.13). The impact of the Lewis number (Le) on 
concentration profiles is plotted in Fig 14. It is observed that concentration distributions decelerate with the increasing 
values of the Lewis number in the entire boundary layer region. Fig. 15 depicts the variations in concentration 
distributions in the boundary layer region for different values of chemical reaction parameter (Cr). We see from this 
figure that the concentration profiles are highly influenced and are decelerated with the higher values of chemical 
reaction parameter. The values of skin-friction coefficient −𝑓′′(0), Nusselt number −𝜃′(0)  and Sherwood number 
−𝜙′(0) are calculated for diverse values of the key parameters entered into the problem when the cone surface is hot 
and are shown in Table 2. It is evident that skin friction coefficient enhances, whereas the Nusselt number and 
Sherwood number decelerates with the increasing values of magnetic parameters (M). It is also seen from this table that 
the skin friction coefficient and rates of dimensionless heat transfer decreases whereas dimensionless mass transfer rate 
elevates with the higher values of (R). It is evident from this table that skin friction coefficient is enhanced with the 
increasing values of thermophoresis parameter (Nt). However, Nusselt number and Sherwood number decelerates with 
an increment in the values of (Nt). With the higher values of Brownian motion parameter (Nb) the rate of change of 
velocity and rate of heat transfer decelerates whereas rate of mass transfer enhances in the boundary layer regime. It is 
observed from this table that both skin friction coefficient and Nusselt number diminishes while Sherwood number 
enhances with the improving values of chemical reaction parameter (Cr). As the values of Biot number (B1) increases 
the rate of velocity and the rate of concentration decelerates whereas rates of heat transfer heightens in the fluid regime.  
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5. CONCLUSION 
 
In this present study, we have numerically examined the electrically conducting natural convection nanofluid boundary 
layer flow of heat and mass transfer along a vertical cone with thermal radiation and chemical reaction. The important 
results of the present study can be summarized as follows.  

i) Both temperature and concentration profiles are elevated with the improving values of thermophoresis 
parameter (Nt). 

ii) The thickness of thermal boundary layer is amplified, whereas, solutal boundary layer thickness is depreciated 
with the higher values of Brownian motion parameter (Nb). 

iii) Increasing the values of Biot number (B1) heightens the temperature and concentration of the fluid in the 
boundary layer regime. 
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Table-1: Comparison of −𝜃′(0) and −𝜙′(0) for γ = 0, K = 0, Cr = 0, Pr =10, Le =10, B1= 0.1. 

Parameter −𝜃′(0) −𝜙′(0) 

Nt Nb Khan et al. [47] Present Study Khan et al. [47] Present Study 
0.1 

 
0.3 

 
0.5 

 

0.1 
0.5 
0.1 
0.5 
0.1 
0.5 

0.0929 
0.0383 
0.0925 
0.0269 
0.0921 
0.0180 

0.0927 
0.0385 
0.0924 
0.0267 
0.0920 
0.0178 

2.2774 
2.3560 
2.2238 
2.4576 
2.1783 
2.5435 

2.2772 
2.3558 
2.2236 
2.4574 
2.1781 
2.5434 
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Table-2: The values of skin-friction coefficient (−𝑓′′(0)), Nusselt number ( −𝜃′(0))  and 

Sherwood number (−𝜙′(0) ) for different values of M, R, Nt, Nb, Cr, B1. 
M R Nt Nb Cr B1 −𝑓′′(0) −𝜃′(0) −𝜙′(0) 
0.1 
0.4 
0.7 
1.0 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

0.1 
0.1 
0.1 
0.1 
0.1 
0.3 
0.5 
0.7 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.1 
0.4 
0.7 
1.0 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.3 
0.6 
0.9 
1.2 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.1 
0.2 
0.3 
0.4 
0.2 
0.2 
0.2 
0.2 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
0.1 
0.3 
0.5 
0.7 

1.018096 
1.151152 
1.271302 
1.381563 
1.156056 
1.133015 
1.112701 
1.094610 
1.103310 
1.110461 
1.118963 
1.126141 
1.148069 
1.100229 
1.069632 
1.043413 
1.111984 
1.100860 
1.091839 
1.084278 
1.293971 
1.251020 
1.217889 
1.191495 

0.345231 
0.336060 
0.327735 
0.320125 
0.366095 
0.352332 
0.340290 
0.329638 
0.357303 
0.344572 
0.327352 
0.309957 
0.355102 
0.331956 
0.306079 
0.280130 
0.340345 
0.339526 
0.338801 
0.338154 
0.143738 
0.189296 
0.224976 
0.253669 

0.865893 
0.843815 
0.825215 
0.809353 
0.819394 
0.837684 
0.853652 
0.867701 
0.973750 
0.881889 
0.775839 
0.687372 
0.712206 
0.889516 
0.950824 
0.983159 
0.856159 
0.981267 
1.091424 
1.190733 
0.904779 
0.893228 
0.884215 
0.877018 

 

   
      Figure-2: Effect of M on Velocity profile.                         Figure-3: Effect of M on temperature profile. 
 

 
     Figure-4: Effect of M on Concentration profile.                  Figure-5: Effect of 𝑁𝑟 on Velocity profile. 
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      Figure-6: Effect of 𝑁𝑟 on Temperature profile.                 Figure-7: Effect of Cr on Concentration profile. 
 

  
      Figure-8: Effect of 𝑅 on Velocity profile.                           Figure-9: Effect of 𝑅 on Temperature profile. 
  

    
     Figure-10: Effect of 𝑁𝑡 on Temperature profile.                   Figure-11: Effect of Nt on Concentration profile.    
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    Figure-12: Effect of 𝑁𝑏 on Temperature profile.                  Figure-13: Effect of 𝐵1 on Temperature profile. 
 

     
     Figure-14: Effect of 𝐵1 on Concentration profile.               Figure-15: Effect of Le on Concentration profile. 
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