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The present study concerns with the mixed convection nanofluid flow across a vertical 
wedge with Radiation, MHD, Brownian motion, thermophoresis effects using Lie 
Group scaling analysis. The governing set of highly nonlinear partial differential 
equations are non-dimensionalized through appropriate transformations and 
transformed into ordinary differential equations using Lie Group Scaling, which is 
solved numerically using Shooting method along with bvp4c scheme. The radiation 
heat flux approximated with the Rosseland approximation has been implemented in 
the flow equations. The influence of mixed convection, magnetic, Brownian motion, 
radiation, Lewis number and thermophoresis parameter on the flow profiles are 
examined. For establishing the efficiency of our adopted numerical technique, we 
made comparisons with the earlier published works and we found them to be in very 
good agreement. 
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1. Introduction 
 

One of the most important concepts in fluid dynamics, which is attracting researchers in recent 
decades is mixed convection flow and few of them has analyzed it on various flow models. Gorla et 
al., [1] conducted studies for vertical surfaces in porous mediums with non-Newtonian fluid. The 
term” Nanotechnology”, shorted to” Nanotech” was introduced in 1974 which later became much 
interesting for its varying uses. Dealing with nano-meter size objects varying between 1 to 100 nm is 
dealt in the field of Nanotech. The nano particles, which utilized in nanofluids are regularly used to 
make metals. It is also used in the field of electronics and energy along with fields of medical sciences 
for making health products. The study of nanofluids with various geometries and effects has been 
studied by various researchers such as Reddy and Chamkha [2], Selimefendigil and Öztop [3], Khan 
and Pop [4], Turkyilmazoglu [5]. Khan et al., [6], Nield and Bejan [7], and Khan et al., [12] carried out 
their studies for different geometries. Murthy and Singh [8] is one of many authors who studied 
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about thermal dispersion and Yen et al., [23] is one of the few researchers to discuss about the 
governing equations in CFD. Study of MHD flows has gained a lot of popularity in the research world 
and it has been studied by various researchers such as Khan et al., [24], Asghar and Teh [25], Bakar 
and Soid [26], Thirupathi et al., [27] and Akaje and Olajuwon [28]. The radiation effect is also an 
essential key in heat and mass transfer due to its uncountable core applications in physics, 
engineering, industrial processes like nuclear power plants, gas turbines, thermal energy storage, 
glass production, furnace design, polymer processing, gas-cooled nuclear reactor and various 
branches of science and technology. Mixed convection flow under the magnetic field impact also 
earned attention in engineering and industrial applications such as magnetohydrodynamic power 
generators, magnetic drug targeting, petroleum industry. The study of mixed convection with 
variable properties heated with Lie Group method was considered by Pranitha et al., [9]. Similar 
studies have been conducted by Meena and Pranitha [10] considering non-Darcy media for a power 
law nanofluid. Further analysis on MHD flows and heat transfer has been studied by authors like 
Cavallini et al., [18], Divya et al., [19], Prasad et al., [20], and Vaidya et al., [21,22]. 

The effects of radiation, magnetic effect, Brownian motion and thermal dispersion on the mixed 
convection nanofluid flow over a vertical wedge has not been studied earlier by any researcher. This 
is significant because the concepts of mixed convection on nanofluids find its wide range of 
applications in in thermal engineering equipment, in the structure of cooling devices for electronics 
and microelectronic equipment, solar energy collection and thus the effects like radiation, 
thermophoresis is directly affecting the viscosity, velocity profiles, and also volume fraction in the 
above-mentioned field of applications. In this paper we aim to obtain the non-dimensional forms of 
the partial differential equations and later using similarity transformations and Lie group analysis we 
are obtaining the final set of equations [14]. These are numerically solved using the shooting method 
with bvp4c function. All the parameters have been reviewed closely and its effects on the heat and 
mass transfer coefficients were studied in this article. Such problems can be realized in the field of 
engineering developments and industrial uses. 
 
2. Mathematical Formulation 
 

The model on convective transport in nanofluids, incorporating different effects was introduced 
by Buongiorno [11]. Effects studied were Brownian diffusion and Thermophoresis. Collisions among 
particles of a fluid is caused due to their zig zag motion and is termed as Brownian motion. The 
difference in temperatures causes dispersal of particles of the fluid which is known as 
thermophoresis. Base equations for the nanofluid model are presented by Buongiorno model has 
been used in various flow models including this study. 
 
∇. �⃗� = 0              (1) 
 
𝜕�⃗⃗�

𝜕�̅�
+ �⃗�. ∇�⃗� = −

1

𝜌𝑓
∇𝑝 + 𝜈∇2�⃗� + 𝑔(1 − �̅�∞)𝛽�̅�(�̅� − �̅�∞)  − (𝜌𝑝 − 𝜌𝑓)𝑔(�̅� − �̅�∞)     (2) 

 
𝜕�̅�

𝜕�̅�
+ �⃗�. ∇�̅� = 𝛼∇2�̅� +

(𝜌𝑐)𝑝

(𝜌𝑐)𝑓
[𝐷𝐵∇�̅�. ∇�̅� +

𝐷�̅�

�̅�∞
∇�̅�. ∇�̅�]         (3) 

 
𝜕�̅�

𝜕�̅�
+ �⃗�. ∇�̅� = 𝐷𝐵∇2�̅� +

𝐷�̅�

�̅�∞
∇2𝑇 ̅           (4) 
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Considering this model in Figure 1 where we have 𝜀 as the porosity and 𝐾 being permeability of 
the medium. �̅�𝑤, �̅�∞ being the temperature at the wedge surface and away from wedge at long 

distances respectively. �̅�𝑤, �̅�∞ are the nanoparticle volume fraction at the surface of the wedge and 
at long distances from the wedge respectively. 

 

 
Fig. 1. Modelling of the present problem 

 
On applying the linear Boussinesq approximations with other presumptions, the present model 

governing equations have been modified from the studies conducted by Chamkha et al., [15] and 
Ganga et al., [17] and is written as 
 
𝜕𝑢′

𝜕𝑥′̅̅̅
+

𝜕�̅�′

𝜕𝑦′̅̅ ̅
= 0              (5) 

 

[1 +
𝜎𝜇𝑒𝐵2𝐾

𝜌𝜈
]

𝜕𝑢′̅̅ ̅

𝜕𝑦′̅̅ ̅
=

(1−�̅�∞)𝜌𝑓∞𝑔𝑥𝐾𝛽

𝜇

𝜕�̅�

𝜕𝑦′̅̅ ̅
−

(𝜌𝑝−𝜌𝑓∞)𝑔𝑥𝐾

𝜇

𝜕�̅�

𝜕𝑦′̅̅ ̅
        (6) 

 

𝑢′̅
𝜕�̅�

𝜕𝑥′̅̅̅
+ 𝑣′̅

𝜕�̅�

𝜕𝑦′̅̅ ̅
=

𝜕

𝜕𝑦′̅̅ ̅
[𝛼

𝜕�̅�

𝜕𝑦′̅̅ ̅
−

1

𝜌𝐶𝑝
𝑞𝑦

𝑟] + 𝜏 [𝐷𝐵
𝜕�̅�

𝜕𝑦′̅̅ ̅
 

𝜕�̅�

𝜕𝑦′̅̅ ̅
+

𝐷�̅�

�̅�∞
(

𝜕�̅�

𝜕𝑦′̅̅ ̅
)

2

 ]       (7) 

 

𝑢′̅
𝜕�̅�

𝜕𝑥′̅̅̅
+ 𝑣′̅

𝜕�̅�

𝜕𝑦′̅̅ ̅
= 𝜀 [𝐷𝐵

𝜕2�̅�

𝜕𝑦′̅̅ ̅2 +
𝐷�̅�

�̅�∞
(

𝜕2�̅�

𝜕𝑦′̅̅ ̅2)]          (8) 

 
Along with B.C.’s as 
 

𝑣′̅ = 0;   �̅� = �̅�𝑤;    �̅� = �̅�𝑤    at   𝑦′̅ = 0          (9) 
 

𝑢′̅ = 𝑈∞;    �̅� = �̅�∞;    �̅� = �̅�∞    for   𝑦′̅ → ∞                    (10) 
 

Here 𝜏 =
𝜀(𝜌𝑐)𝑝

(𝜌𝑐)𝑓
,  𝛼 = 𝛼𝑚 + 𝛾𝑑𝑢′̅ , where 𝛼𝑚 is the molecular thermal diffusivity and 𝛾𝑑𝑢′̅ is the 

thermal dispersion. 
The radiative heat flux term applying Rosseland approximation [13] is written as 

 

𝑞𝑦
𝑟 = −

4𝜎0

3𝑘∗

𝜕�̅�4

𝜕𝑦′̅̅ ̅
                        (11) 
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where 𝜎0 is Stefan - Boltzman constant while 𝑘∗ being average absorption coefficient. Introducing 
the process of non-dimensionalization via the following variables 
 

𝑥 =
�̅�′

𝐿
;     𝑦 =

𝑃𝑒1/2𝑦′̅̅ ̅

𝐿
;     𝑢 =

𝐿𝑢′̅̅ ̅

𝛼𝑚𝑃𝑒
;     𝑣 =

𝐿𝑣′̅

𝛼𝑚𝑃𝑒1/2  

𝜃 =
�̅�−�̅�∞

�̅�𝑤−�̅�∞
 ;                    𝑓 =

�̅�−�̅�∞

�̅�𝑤−�̅�∞
                     (12) 

 
Introducing the stream function 𝜓 and using its definition we have 
 

𝑢 =
𝜕𝜓

𝜕𝑦
   ;        𝑣 = −

𝜕𝜓

𝜕𝑥
                      (13) 

 
Enforcing the Eq. (10) to Eq. (12) into the Eq. (6) to Eq. (8) and getting the residuals as 
 

𝜑1 = (1 + 𝑀2)
𝜕2𝜓

𝜕𝑦2 − 𝜆
𝜕𝜃

𝜕𝑦
+ 𝑁𝑟𝜆

𝜕𝑓

𝜕𝑦
                     (14) 

 

𝜑2 =
𝜕𝜓

𝜕𝑦

𝜕𝜃

𝜕𝑥
−

𝜕𝜓

𝜕𝑥

𝜕𝜃

𝜕𝑦
−

𝜕2𝜃

𝜕𝑦2 − 𝑃𝑒𝛾 (
𝜕2𝜓

𝜕𝑦2

𝜕𝜃

𝜕𝑦
+

𝜕2𝜃

𝜕𝑦2

𝜕𝜓

𝜕𝑦
) − 𝑁𝑏

𝜕𝑓

𝜕𝑦

𝜕𝜃

𝜕𝑦
− 𝑁𝑡 (

𝜕𝜃

𝜕𝑦
)

2

−
4

3
𝑅

𝜕

𝜕𝑦
((𝐶�̅� + 𝜃)3 𝜕𝜃

𝜕𝑦
)

                         (15) 
 

𝜑3 =
𝜕𝜓

𝜕𝑦

𝜕𝑓

𝜕𝑥
−

𝜕𝜓

𝜕𝑥

𝜕𝑓

𝜕𝑦
−

1

𝐿𝑒

𝜕2𝑓

𝜕𝑦2 − 𝐴
𝜕2𝜃

𝜕𝑦2                     (16) 

 
Eq. (9) and Eq. (10) is transformed as 
 
𝜓 = 0;    𝜃 = 1;    𝑓 = 1    𝑎𝑡  𝑦 = 0                     (17) 
 
𝜕𝜓

𝜕𝑦
= 1;    𝜃 = 0;    𝑓 = 0   𝑎𝑠  𝑦 → ∞                     (18) 

 
2.1 Implementation of Lie Group of Transformations 
 
Introducing the following change of coordinates 
 

Γ: 𝑥∗ = 𝑥𝑒𝜖𝜁1 , 𝑦∗ = 𝑦𝑒𝜖𝜁2   
 

𝜓∗ = 𝜓𝑒𝜖𝜁3 ,              𝜃∗ = 𝜃𝑒𝜖𝜁4             𝑓∗ = 𝑓𝑒𝜖𝜁5                   (19) 
 

Now, 𝜖 ≠ 0 being a small parameter of the group, (𝜁1, 𝜁2, 𝜁3, 𝜁4, 𝜁5) are set of five real numbers 
and (0,0,0,0,0) does not belong to the set. Then residuals of the Eq. (14) to Eq. (16) scaled down 
using Eq. (19) are 
 

𝜑1 = (1 + 𝑀2)𝑒𝜖(2𝜁2−𝜁3) 𝜕2𝜓∗

𝜕𝑦∗2 − 𝜆𝑒𝜖(𝜁2−𝜁4) 𝜕𝜃∗

𝜕𝑦∗
+ 𝑁𝑟𝜆𝑒𝜖(𝜁2−𝜁5) 𝜕𝑓∗

𝜕𝑦∗
                 (20) 
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𝜑2 = 𝑒𝜖(𝜁1+𝜁2−𝜁3−𝜁4) (
𝜕𝜓∗

𝜕𝑦∗

𝜕𝜃∗

𝜕𝑥∗ −
𝜕𝜓∗

𝜕𝑥∗

𝜕𝜃∗

𝜕𝑦∗) − 𝑒𝜖(2𝜁2−𝜁4) 𝜕2𝜃∗

𝜕𝑦∗2 − 𝑒𝜖(3𝜁2−𝜁3−𝜁4)𝑃𝑒𝛾 (
𝜕2𝜓∗

𝜕𝑦∗2

𝜕𝜃∗

𝜕𝑦∗ +

𝜕2𝜃∗

𝜕𝑦∗2

𝜕𝜓∗

𝜕𝑦∗) − 𝑒𝜖(2𝜁2−𝜁4−𝜁5)𝑁𝑏
𝜕𝑓∗

𝜕𝑦∗

𝜕𝜃∗

𝜕𝑦∗ − 𝑒𝜖(2𝜁2−2𝜁4)𝑁𝑡 (
𝜕𝜃∗

𝜕𝑦∗)
2

−
4

3
𝑅

𝜕

𝜕𝑦∗ ((𝐶�̅� +

𝑒−𝜖𝜁4𝜃∗)
3 𝜕𝜃∗

𝜕𝑦∗
) 𝑒𝜖(2𝜁2−𝜁4)                      (21) 

 

𝜑3 = 𝑒𝜖(𝜁1+𝜁2−𝜁3−𝜁5) (
𝜕𝜓∗

𝜕𝑦∗

𝜕𝑓∗

𝜕𝑥∗ −
𝜕𝜓∗

𝜕𝑥∗

𝜕𝑓∗

𝜕𝑦∗) − 𝑒𝜖(2𝜁2−𝜁5) 1

𝐿𝑒

𝜕2𝑓∗

𝜕𝑦∗2 −  𝑒𝜖(2𝜁2−𝜁4)𝐴
𝜕2𝜃∗

𝜕𝑦∗2               (22) 

Invariancy of Eq. (20) to Eq. (22) under Lie group transformations and further algebraic 
calculations is given by 
 

𝜁2 =
𝜁1

2
= 𝜁3;       𝜁4 = 𝜁5 = 0                      (23) 

 
The scaling transformation Γ reduces as 
 

Γ: 𝑥∗ = 𝑥𝑒𝜖𝜁1 , 𝑦∗ = 𝑦𝑒𝜖
𝜁1
2   

 

𝜓∗ = 𝜓𝑒𝜖
𝜁1
2 ,        𝜃∗ = 𝜃,     𝑓∗ = 𝑓                     (24) 

 
The determinantal equations for the above set of residuals are 
 
𝑑𝑥

𝜁1𝑥
=

𝑑𝑦

𝜖
𝜁1
2

𝑦
=

𝑑𝜓

𝜖
𝜁1
2

𝜓
=

𝑑𝜃

0
=

𝑑𝑓

0
                      (25) 

 
The obtained similarity transformations are 
 

𝜂 = 𝑦𝑥−1/2;   𝜓 = 𝑥
1

2𝐻(𝜂);   𝜃 = 𝜃(𝜂);     𝑓 = 𝑓(𝜂);                   (26) 
 
The ODE’s on application of the above transformations on the Eq. (20) to Eq. (22) 
 
(1 + 𝑀2)𝐻′′ − 𝜆𝜃′ + 𝑁𝑟𝜆𝑓′  = 0                     (27) 
 

𝜃′′ +
1

2
𝐻𝜃′ + 𝑃𝑒𝛾(𝐻′′𝜃′ + 𝐻′𝜃′′) + 𝑁𝑏𝜃′𝑓′ + 𝑁𝑡(𝜃′)2 +

4

3
𝑅((𝐶�̅� + 𝜃)3𝜃′)′ = 0              (28) 

 

𝑓′′ +
1

2
𝐿𝑒𝐻𝑓′ +

𝑁𝑡

𝑁𝑏
𝜃′′ = 0                      (29) 

 

Where 𝐴. 𝐿𝑒 =
𝑁𝑡

𝑁𝑏
 , being introduced in the last equation. 

 
And the boundary conditions become 
 
𝐻(𝜂) = 0;   𝜃(𝜂) = 1;   𝑓(𝜂) = 1     𝑎𝑡    𝜂 = 0                   (30) 
             
𝐻′(𝜂) = 1;   𝜃(𝜂) = 0;   𝑓(𝜂) = 0  𝑎𝑠  𝜂 → ∞                   (31) 
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Local Nusselt number, local Sherwood number are prime focus of interest in various fields. It can 
be expressed as 
 

𝑁𝑢𝑥 =
𝑥𝑞𝑤

𝑘(�̅�𝑤−�̅�∞)
   ,                𝑆ℎ𝑥 =

𝑥𝑞𝑚

𝑘𝑓(�̅�𝑤−�̅�∞)
                   (32) 

 
where it can also be viewed as the following 
 
𝑁𝑢𝑥

𝑃𝑒1/2 = − [1 + 𝑃𝑒𝛾𝐻′(0) +
4

3
𝑅(𝐶�̅� + 𝜃(0))3] 𝜃′(0)   ,     

𝑆ℎ𝑥

𝑃𝑒1/2 = −𝑓′(0)                (33) 

 
3. Numerical Method 
 

Obtained set of highly nonlinear ODE’s (27) to (29), and boundary condition (30) to (31) is solved 
using the numerical calculations of shooting technique along with MATLAB bvp4c solver. 
  
4. Results 
 

Presentation of the similarity solutions of Eq. (27) to Eq. (29) and Eq. (30) and Eq. (31) using 
numerical technique called as Shooting method with bvp4c - scheme. When there is no impact of the 
magnetic parameter and radiation parameter, i.e., 𝑀 = 0; 𝑅 = 0, and the results have been 
compared to that of Meena [16] for varying values of 𝑁𝑡 in Table 1. 
 

Table 1 
Comparison of the thermophoresis parameter values for the present study 
and of Meena [16] for 𝑀 = 0; 𝑅 = 0 
𝑁𝑡 Meena [16] Present study 

0.3 0.78574176 0.78574628 
0.4 0.76711083 0.76711694 

 
All the results have been explained and computed in the following ranges for the mentioned 

parameters 
 
0.1 ≤ 𝑃𝑒𝛾 ≤ 2.0, 0.0 ≤ 𝑁𝑟 ≤ 0.5, 0.1 ≤ 𝑁𝑏 ≤ 0.5, 1.0 ≤ 𝐿𝑒 ≤ 1000, 0.1 ≤ 𝑁𝑡 ≤ 0.5,  

 
0.1 ≤ 𝜆 ≤ 3.0, 0.0 ≤ 𝑅 ≤ 1.0, 0.0 ≤ 𝑀 ≤ 2, 0.0 ≤ 𝐶�̅� ≤ 0.3  
 

Figure 2 to Figure 4 explains 𝐻′(𝜂), 𝜃(𝜂) and the profile of 𝑓(𝜂) for the variation of 𝑁𝑏 for 𝜆 =
1.0,  𝑃𝑒𝛾 = 0.5, 𝑅 = 1.0, 𝑁𝑡 = 0.1, 𝐶�̅� = 0.1, 𝑁𝑟 = 0.1, 𝐿𝑒 = 10, 𝑀 = 1.0. For the increment of 

Brownian motion parameter value, the molecular diffusion increases resulting in the decrement of 
the kinetic viscosity of the fluid and hence there is a rise in 𝐻′(𝜂) in Figure 4. The temperature 
increases and the rise in the fluid temperature aggregates in accelerating the velocity of the particles 
and subsiding the kinetic viscosity of the fluid as in Figure 3. The reduction in kinetic viscosity results 
in 𝑓(𝜂) reduction, being evident from Figure 2. 
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Fig. 2. 𝑓(𝜂) profile varying 𝑁𝑏  Fig. 3. 𝜃(𝜂) profile varying 𝑁𝑏 

 

 
Fig. 4. 𝐻′(𝜂) profile varying 𝑁𝑏 

 
Figure 5 to Figure 7 portraits the behaviour of 𝐻′(𝜂), 𝜃(𝜂) and 𝑓(𝜂) for the variation of 𝑁𝑡 for 

𝜆 = 1.0, 𝑃𝑒𝛾 = 0.5, 𝑁𝑏 = 0.3, 𝑁𝑟 = 0.1, 𝐿𝑒 = 10, 𝑀 = 1.0,  𝐶�̅� = 0.1, 𝑅 = 1.0. Figure 7 shows 

roughly an increase in the 𝐻′(𝜂), profile by 0.27% while Figure 6 shows there is an increase of 1.7% 
in the values for the temperature profile 𝜃(𝜂). Due to this increase in the thermophoresis parameter 
value, there is an increase of about 28.5% in the 𝑓(𝜂) profile as shown in Figure 5. Physically, when 
a temperature difference is generated in the flow, the micro particles move faster in hotter regions 
and slower in colder regions. The collective effect of the differential dispersion of the particles 
apparently their migration from hotter to colder regions. The result of the migration is the 
accumulation of particles and higher particle concentrations in the colder regions of the particulate 
mixture. This is due to fact that 𝑁𝑡 is directly proportional to the heat transfer coefficient associated 
with the fluid. 
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Fig. 5. 𝑓(𝜂) profile varying 𝑁𝑡  Fig. 6. 𝜃(𝜂) profile varying 𝑁𝑡 

 

 
Fig. 7. 𝐻′(𝜂) profile varying 𝑁𝑡 

 
Figure 8 to Figure 10 shows variation of 𝐻′(𝜂), 𝜃(𝜂) and 𝑓(𝜂) for the variation of 𝑅 for 𝜆 =

1.0,  𝑃𝑒𝛾 = 0.5, 𝑀 = 1.0, 𝑁𝑏 = 0.3, 𝐶�̅� = 0.1, 𝑁𝑟 = 0.1, 𝐿𝑒 = 10, 𝑁𝑡 = 0.1. Figure 10 shows an 

increment in the 𝐻′(𝜂) profile by 2.22% while Figure 9 shows there is a rise of 13.5% in the values 
for the temperature profile 𝜃(𝜂). Physically an increment in radiation parameter causes the velocity 
of the fluid to rise. This is because as the radiation parameter is augments, the heat absorption from 
the heated plate increases thus releasing more heat energy to the fluid while augmenting the 
temperature along with the buoyancy forces in the boundary layer. But as a reverse trend for this 
increase in the radiation parameter value, there is a decrease of around 8.2% in the 𝑓(𝜂) profile as 
shown in Figure 8. 
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Fig. 8. 𝑓(𝜂) profile varying 𝑅  Fig. 9. 𝜃(𝜂) profile varying 𝑅 

 

 
Fig. 10. 𝐻′(𝜂) profile varying 𝑅 

 
Figure 11 to Figure 13 explains graphically the nature of 𝐻′(𝜂), 𝜃(𝜂) and 𝑓(𝜂) for the variation 

of 𝑀 for 𝜆 = 1.0,  𝑃𝑒𝛾 = 0.5, 𝑅 = 1, 𝑁𝑏 = 0.3, 𝑁𝑟 = 0.1, 𝐿𝑒 = 10, 𝐶�̅� = 0.1, 𝑁𝑡 = 0.1. Figure 11 

shows a sharp increase in the 𝑓(𝜂) values by 44.9% when 𝑀 changes from 0.1 to 0.2 but for the 
change of value from 0.2 − 0.3, the increase in the values was reduced to 25.16%. Figure 12 shows 
there is a rise of 2.4% in the values for 𝜃(𝜂) for the change in 𝑀 value from 0.1 to 0.2 while an 
increase of 1.61% for the change from 0.2 to 0.3. For this change in the magnetic parameter value, 
there is a decrement in the 𝐻′(𝜂) profile as shown in Figure 13. Physically as 𝑀 value shoots up, there 
is an amplification in the Lorentz force, and due to this hindrance, we can visualize that there will be 
a drop in the 𝑓′(𝜂) profile of the fluid flow which is clear from Figure 11. Numerically with the 
increase in the magnetic parameter value, the value of 𝐵 increases, i.e., the strength of magnetic 
field increases that results in increase in Lorentz forces. With an escalation in the Lorentz force, the 
thickness of the thermal boundary layer decreases along with the Nusselt number (refer Table 2). 
Thus, centralization of the isothermal lines near the hot wall increases, thus showing a growth in the 
temperature profile as depicted in Figure 12. 
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Fig. 11. 𝑓(𝜂) profile varying 𝑀  Fig. 12. 𝜃(𝜂) profile varying 𝑀 

 

 
Fig. 13. 𝐻′(𝜂) profile varying 𝑀 

 
Figure 14 to Figure 16 focusses on 𝐻′(𝜂), 𝜃(𝜂) and 𝑓(𝜂) for the variation of 𝜆 for 𝑀 = 1, 𝑃𝑒𝛾 =

0.5, 𝑅 = 1 , 𝑁𝑏 = 0.3, 𝑁𝑟 = 0.1, 𝐿𝑒 = 10, 𝐶�̅� = 0.1, 𝑁𝑡 = 0.1. Figure 14  shows a decrement in the 
𝑓(𝜂) profile by almost 28.9% by an increase in the mixed convection parameter. On a similar trend 
like 𝑓(𝜂), the temperature profile shows a downfall in its values by an average 2.3% by rise of 𝜆 
because with the increase in the buoyancy effects, the convection cooling effect increases and hence 
the 𝜃(𝜂) value decreases as evident from Figure 15. To the contrast of the above observation from 
Figure 16, the 𝐻′(𝜂) profile shows a reverse trend where its value increases at the rate of 16.6% for 
an increment of 𝜆 = 1.0 to 2.0 by 16.6% and an increase of 13.6% for the further rise in the mixed 
convection parameter value. Physically, for the raise in the value of the parameter 𝜆, the aiding flow 
velocity increases and the velocity for the opposing flow decreases. Hence as the 𝜆 value increases, 
the buoyancy effects increase and thus it accelerates the flow. 
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Fig. 14. 𝑓(𝜂) profile varying  𝜆  Fig. 15. 𝜃(𝜂) profile varying  𝜆 

 

 
Fig. 16. 𝐻′(𝜂) profile varying  𝜆 

 
Figure 17 to Figure 19 describes 𝐻′(𝜂),  𝜃(𝜂) and 𝑓(𝜂) profile changes for the variation of 𝐿𝑒 for 

𝑀 = 1, 𝑃𝑒𝛾 = 0.5, 𝐶�̅� = 0.1, 𝑁𝑏 = 0.3, 𝑁𝑟 = 0.1, 𝐿𝑒 = 10, 𝑅 = 1, 𝑁𝑡 = 0.1. Figure 17 shows a very 

sharp decrease in the 𝑓(𝜂) profile by almost 70% by an increase in the Lewis number parameter. It 
is clearly observed that the nanoparticles volume fraction as well as its boundary-layer thickness 
increase considerably as 𝐿𝑒 increases. Similarly, like 𝑓(𝜂), the temperature profile shows a downfall 
in its values by an average 3.17% as 𝜆 value grows as evident from Figure 18. But from Figure 19, the 
𝐻′(𝜂) profile shows a reverse trend where its value increases for the increase in the Lewis number 
parameter value. 
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Fig. 17. 𝑓(𝜂) profile varying 𝐿𝑒  Fig. 18. 𝜃(𝜂) profile varying 𝐿𝑒 

 

 
Fig. 19. 𝐻′(𝜂) profile varying 𝐿𝑒 

 
From the Table 2, we will observe the behavior of the local Sherwood and Nusselt number due 

to the variation in the impact parameters with all other parameters having a fixed value. 
 

Table 2 
Nusselt number and Sherwood number for varying values of 𝑁𝑡, 𝑅, 𝑀, 𝑁𝑏 
when 𝐿𝑒 = 10.0, 𝐶𝑡 = 0.1, 𝑃𝑒𝛾 = 0.5, 𝜆 = 1.0, 𝑁𝑟 = 0.1 

𝑀 𝑁𝑏 𝑁𝑡 𝑅 −𝜃′(0) −𝑓′(0) 
 0.0 0.3 0.1 1.0 0.347172 2.468260 
 1.0 0.3 0.1 1.0 0.334424 2.167720 
 2.0 0.3 0.1 1.0 0.326119 1.967790 
 1.0 0.1 0.1 1.0 0.353270 2.221540 
 1.0 0.2 0.1 1.0 0.343709 2.180970 
 1.0 0.3 0.1 1.0 0.334424 2.167720 
 1.0 0.3 0.2 1.0 0.328403 2.204800 
 1.0 0.3 0.3 1.0 0.322538 2.244540 
 1.0 0.3 0.4 1.0 0.316824 2.286940 
 1.0 0.3 0.1 0.0 0.507121 2.120670 
 1.0 0.3 0.1 0.5 0.393830 2.151970 
 1.0 0.3 0.1 1.0 0.334424 2.167720 
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5. Conclusions 
 

Using the tool of Lie group scaling we have obtained the similarity solutions for the highly 
nonlinear set of PDE’s along with its boundary conditions converting them to a set of ODE’s. 

 
i. For increasing 𝑀 increases, 𝑁𝑢𝑥  and 𝑆ℎ𝑥 increases along with the increment of 𝜃(𝜂) and 

𝑓(𝜂) profiles. But with 𝑀 increasing, the velocity profile 𝐻′(𝜂) falls. 
ii. With the increment 𝑁𝑡 value there is a rise in 𝑆ℎ𝑥 but 𝑁𝑢𝑥  decreases. On the other hand, 

with the increasing 𝑁𝑡 value each of the 𝐻′(𝜂), 𝜃(𝜂) and 𝑓(𝜂) shows an increasing profile. 
iii. For the increasing value of 𝑁𝑏, as a similar trend to 𝑀, both 𝑁𝑢𝑥  and 𝑆ℎ𝑥 decreases. The 

nanoparticle volume fraction 𝑓(𝜂) decreases while with a reverse nature the 𝐻′(𝜂) and 
𝜃(𝜂) graphs experience a rise in value. 

iv. There is an increase in 𝑆ℎ𝑥 value and 𝑁𝑢𝑥  value decreases with increasing 𝑅 parameter. 
Like the behaviour of 𝑁𝑏, the velocity profile 𝐻′(𝜂) and 𝜃(𝜂) increases while 𝑓(𝜂) 
decreases. 

 
The present study has been conducted on a vertical wedge with for mixed convection with varying 

effects like thermal dispersion, radiation, magnetisation and Brownian motion. As a future scope, 
these concepts can be further improvised and can be applied on various other geometries like vertical 
plates, cones etc. along with the use of different types of fluids with the influence of free or forced 
convection. 
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