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A B S T R A C T   

This aim of the current study is to discuss the flow, heat and mass transfer in the Blasius flow of a nanofluid 
towards a curved surface. The energy equation is formulated by considering the Joule heating effect along with 
heat generation. For nanofluid model we have considered the Buongiorno model. In addition, the influence of 
both homogenous and heterogeneous chemical reaction is also incorporated in the nanoparticle concentration 
equation. For optimization of energy we have used entropy generation method (EGM). For the mathematical 
development of the flow problem we have used the curvilinear coordinate system. The developed partial dif
ferential equations are reduced into ordinary differential equation by employing suitable similarity trans
formations and then solved numerically by shooting method along with Runge-Kutta integrating scheme. The 
validity of the obtained numerical results is also verified by Keller-box method. The impacts of multifarious 
parameter particularly, magnetic parameter, radius of curvature, thermophoresis parameter, Brownian motion 
parameter, heat source parameter, Brinkman number and homogenous-heterogeneous parameters on velocity, 
temperature, concentration, entropy generation and Bejan number are given through graphs and are discussed in 
detail. Furthermore, skin friction coefficient, Nusselt number and Schmidt number are discussed for various 
involved parameters in form of tables.   

1. Introduction 

Owing to extensive functional applications in numerous industrial 
and engineering procedures many researchers have kept an eye on the 
investigation of steady boundary layer flow and convective heat transfer 
analysis. Such procedures include drawing of plastic film, crystal 
growing, paper production, metal spinning, cooling of continuous fila
ments or strips, glass blowing, extrusion pf plastic and rubber sheet. The 
standard of the conclusive product is strongly reliant on the rate of heat 
transfer and skin friction coefficient as discussed by Karwe and Jaluria 
[1]. The boundary layer flow due to uniform free stream velocity on a 
static surface was introduced by Blasius [2] and hence named after the 
scientist. Pantokratoras and Fang [3] investigated a study to analyze the 
heat transfer analysis towards the Blasius flow by including the 
nonlinear thermal radiation. Naveed et al. [4] examined the nonlinear 
radiative heat transfer in the Blasius and Skiadas flow over a curved 
surface. Devi and Suriyakumar [5] analyzed the impact of magnetic field 
to the Blasius/Sakiadis flow of nanofluid. For more extensive detail 
about the different aspects of heat transfer for Blasius flow, the inter
ested researchers must read the articles [6–10] and reference therein. 

Over the past few decades, many researchers have focused on 
nanofluid technology to control the heat and mass transport mechanism 
in different energy devices. The effective use of nanoparticles enhances 
the basic thermal characteristics of heat transfer and to regulate the 
cooling techniques. These nanometer sized particles show peculiarities 
among the physical and chemical demeanor. They demonstrate 
smoothness in their flow without clogging in micro-channel. Choi [11] 
comes up with the fundamental concept of nanofluid. Nanofluid depicts 
great diversity in terms of physical application in heating and boiling 
processes of energy, electronic devices, thermal absorption, nuclear re
actions and lots of other. The characteristics of transport mechanism in 
nanofluids can be investigated by a nanofluid model developed by 
Buongiorno [12]. He created a mathematical model for heat and mass 
transfer in nanofluids which consists of thermophoresis and Brownian 
diffusion. The impacts of Brownian diffusion and thermophoresis 
parameter on the Blasius flow towards a curved surface was observed by 
Naveed et al. [13]. Ganesh et al. [14] analyzed the heat transfer analysis 
with viscous dissipation impact for the Blasius and Sakiadis slip flow of 
nanofluid with different size and shapes of nanoparticles. Kumar et al. 
[15] examined the three-dimensional Blasius/Sakiadis flow of Casson 
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nanofluid embedded in a Darcy-Forchheimer space. For more detail, 
regarding the flow of nanofluid the readers are referred to the articles 
[16–26] and reference therein. 

Examination of flow behavior in presence of chemical reactions has 
gained much attention by significant number of researchers because 
such types of flow plays an important role in groves of fruit trees, 
chemical and food processing, hydrometallurgical industry, air and 
water pollution and many more. The molecular disintegration of species 
cannot be ignored in accordance with the chemical reactions during 
such process. Biological processes, combustion and catalysis are a few 
examples of chemically reactive structures that contains both homoge
neous and heterogeneous chemical reactions. These chemical reactions 
interact with one another in a very complex way. Sajid et al. [27] 
investigated the properties of homogenous-heterogeneous chemical re
actions on magnetic nanoparticles for the Blasius flow. Abbas et al. [28] 
has scrutinized the impact of equally diffusive chemical reaction in 
Casson nanoliquid with thermal radiation across a curved oscillating 
surface. Opanuga et al. [29] examined the impacts of magnetic field 
along with chemical reaction in the viscous fluid for the Blasius/Sakiadis 
flow. Ali et al. [30] investigated the bio-convective MHD Blasius flow 
with chemical reaction. The readers are directed to the publications 
[31–35] and reference therein for additional information for different 
fluids with homogenous and heterogeneous chemical reactions over 
various geometries. 

Entropy optimization is considered to be very beneficial and received 
significant amount of attention by researchers in numerous energy 
involving system which consist of cooling of new electronic system, solar 
power collector, thermal energy and geothermal energy system. The 
study of entropy generation provides a convenient technique to estimate 
the irreversibility in any thermal procedures. Irreversible procedures 
consist of flow of fluid due to friction between the viscous fluid, diffu
sion, resistance flow, chemical reaction, thermal radiation and Joule 
heating etc. To improve the performance of the thermal system we can 
control the entropy generation rate. Afridi and Qasim [36] discussed the 
entropy generation for the Blasius flow with viscous dissipation and 
nonlinear thermal radiation. Abbas et al. [37] examined the entropy 
generation with thermal radiation for the hydromagnetic flow of viscous 
fluid via a vertical plate. Khan et al. [38] studied the estimate the en
tropy generation for the MHD flow of viscous fluid on a curved 
stretching surface in presence of cubic autocatalysis chemical reactions. 
Recently, Khan et al. [39] discussed the entropy generation for the 
Blasius flow over a flat surface by incorporating variable viscosity and 
thermal conductivity. Readers interested in learning more about the 
examination of entropy generation for different fluid models and their 
physical effects are referred to the papers [40–44] and reference therein. 

The main focus of the current examination is to examine the heat and 
mass transfer investigation in the nanofluid for the Blasius flow on a 
curved surface with applied magnetic field. Furthermore, optimization 
of energy is also carried out by considering entropy generation method. 
Energy equation is formulated by considering Joule heating effect and 
heat generation. Moreover, the nanoparticle concentration equation 
includes the effects of heterogeneous and homogeneous chemical re
actions. The obtained set of coupled differential equations are than solve 
numerically by shooting technique. The numerical findings by shooting 
process are also validated by a finite difference method known as Keller 
box method. The influence of the physical pertinent parameters on flow, 
concentration, heat and entropy generation are given via graphs and 
table and are examined thoroughly. 

2. Mathematical formulation 

2.1. Flow analysis 

Consider two dimensional and an incompressible flow of nanofluid 
on a curved surface which is bend in a shape of semi-circle of radius R0. 
Fig. 1 shows a schematic flow geometry. Let M0 be the strength of the 

magnetic field which is applied perpendicular to the flow direction (i.e. 
in the r direction). By these assumptions, the continuity and momentum 
equations are given as [27] 

∂
∂r

[u(r + R0) ]+R0
∂w
∂s

= 0, (1)  

w2

r + R0
=

1
ρf

∂p
∂r
, (2)  

u
∂w
∂r

+
R0w

r + R0

∂w
∂s

+
uw

r + R
= −

1
ρf

R0

(r + R0)

∂p
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[
∂2w
∂r2 +

1
(r + R0)

∂w
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−
w

(r + R0)
2

]

−
σM2

o(w − V∞)

ρf
. (3) 

Subject to the boundary conditions for the velocity field as 

w = 0 = u at r = 0,
w→V∞ at r→∞.

(4) 

Here w and u are the velocity components in s and r directions, vf is 
the kinematics viscosity, p is the pressure, ρf is the density of the fluid 
and V∞ be a constant free stream velocity. 

For Blasius flow, we will introduce the following similarity variables 
as [13]: 

w = V∞f ′(η), u =
R0

2(r + R0)

̅̅̅̅̅̅̅̅̅̅̅
V∞νf

s

√

[ηf ′(η) − f (η) ],

p = ρf V
2
∞P1(η), η = r

̅̅̅̅̅̅̅̅
V∞

sνf
.

√ (5) 

In above equation, f and η are the dimensionless stream function and 
similarity variable respectively, with Res = sV∞/νf is the local Reynolds 
number. 

With the help of Eq. (5), the continuity equation given in Eq. (1) is 
identically hold, and remaining Eqs. (2)–(5) yields 

∂P1

∂η =
f ′2

η + Rc
, (6)  

Fig. 1. Geometry of the problem.  
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f‴ +
Rc

2(η + Rc)
ff ″ −

Rc
2(η + Rc)2

(
ηf ′2

− ff ′)+
ηRc

2(η + Rc)
∂P1

∂η −
f ′

(η + Rc)2 +
f″

η + Rc
+M1(f ′ − 1)

= 0, (7)  

f (0) = 0 = f ′(0),
f ′(∞) = 1.

(8) 

Here Rc = R0V∞/νf and M1 = σsM2
0/V∞ρf are the dimensionless 

radius of curvature and magnetic parameter respectively. 
Eliminating the pressure term from Eqs. (6) and (7), one can obtain 

f‴ +
f ″

(η + Rc)
−

f ′

(η + Rc)2 +
Rcf

2(η + Rc)

(

f ″ +
f ′

(η + Rc)

)

− M1(f ′ − 1) = 0.

(9) 

It is important to mentioning here that by setting M1 = 0 and Rc→∞, 
Eq. (9) transform to classical momentum equation for Blasius flow. 

2.2. Transport equations 

For the transport phenomenon (heat and mass transfer) the energy 
equation is modelled by considering the Joule heating effects along with 
the heat generation. Furthermore, in concentration equation we have 
considered homogeneous and heterogeneous isothermal chemical re
actions which are given as 

X1 + 2Y1→3Y1 rate = kλCαC2
β ,

X1→Y1 rate = k1Cα.
(10) 

In above equations Cα is the concentration of the species X1 and Cβ is 
the concentration for species Y1 with kλ and k1 indicates the constant 
rate. Also let the temperature at the surface be Tw and T∞ be the free 
stream temperature with Tw > T∞. 

By considering these assumptions the energy and concentration 
equations are given by [38] 
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(13) 

Where kγ represents the thermal conductivity, τ = (ρc)p/(ρc)f is used 
to show the ratio of heat capacity of the nanoparticles to the heat ca
pacity of the fluid, DT represents the thermophoretic diffusion, B is the 
temperature dependent constant, Dα and Dβ represents the diffusion 
coefficients, cp is the specific heat at constant pressure and σ be the 
electrical conductivity. 

The boundary conditions correspondence to temperature and con
centration field are 

T = Tw, Dα
∂Cα

∂r
= k1Cα, Dβ

∂Cβ

∂r
= − k1Cα, at r = 0,

T→T∞, Cα→C∞, Cβ→0, at r→∞.

(14) 

Eqs. (11)–(14) are reduced into ordinary differential equation by 
means of similarity transformation as given in Eq. (5) along with 

θ(η) = T − T∞

Tw − T∞
, g(η) = Cα

C∞
, φ(η) = Cβ

C∞
. (15) 

The transformed energy and concentration equations along with 
boundary condition are given as follows: 
(
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θ(0) = 1, g′(0) = λαg(0), φ′(0) = − δ1λαφ(0),
θ(η) = 0, g(η) = 0, φ(η) = 0, η→∞.

(19)  

Where 
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∞
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√
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Dβ
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μf cp
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.

(20) 

The parameter Nt1, Nb1, Le1, λβ, λα, δ1 and Pr are respectively the 
thermophoresis parameter, Brownian diffusion parameter, Lewis num
ber, strength of homogenous reaction, strength of heterogeneous reac
tion, ratio of the diffusion coefficient and Prandtl number. 

For case δ1 = 1, where the co-efficient Dα and Dβ are equal, thus 

g(η)+φ(η) = 1 . (21) 

Thus, by using Eq. (21), Eqs. (17) and (18) along with boundary 
condition finally become 
(

g″ +
g′

(η + Rc)

)

+
Nt1

Nb1

[

θ″ +
θ′

(η + Rc)

]

+
RcLe1

2(η + Rc)
fg′ − Le1λβg(1 − g)2

= 0.
(22)  

g′(0) = λαg(0), g(∞) = 0. (23)  

3. Physical quantities for engineering interest 

The physical quantities for engineering point of view are the skin 
friction coefficient, rate of mass and heat transfer which are given as 

Cf =
τ*

rs

V2
∞ρf

, Nus =
sq*

w

kγ(Tw − T∞)
, Shs =

sj*w
DβC∞

. (24) 

Where τ*
rs represents the skin friction coefficient, q*

w represent the 

rate of heat transfer and j*w indicates the mass flux along the surface i.e. 
in s-direction, which are given as 

τ*
rs = μf

[
∂w
∂r

−
w

r + R0

] ⃒
⃒
⃒
⃒

r=0
, q*

w = − kγ
∂T
∂r

⃒
⃒
⃒
⃒

r=0
, j*w = − Dβ

∂Cβ

∂r

⃒
⃒
⃒
⃒

r=0
. (25) 

By incorporating Eqs. (5), (15) and (25) in Eq. (24) we get 

Re1/2
s Cf = f″(0), Re− 1/2

s Nus = − θ′(0), Re− 1/2
s Shs = − g′(0). (26) 
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4. Modeling of entropy generation 

After obtaining the fluid velocity and temperature and concentration 
fields we will used them to determine the entropy generation rate. The 
non-dimensional form for the volumetric flow rate of entropy generation 
for electrically conducting nanofluid with applied magnetic field and in 
presence of homogenous and heterogeneous chemical reactions is given 
by [38] 

SG =
kγ

T2
∞

(
∂T
∂r

)2
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+
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+
w
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]2
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(
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Mass diffusion irreversibility of homogeneous and hetrogeneous reactions

,

(27) 

Using Eqs. (5) and (15), the dimensionless form of Eq. (27) is given as 

NG = γ1θ′2 + Brf ″ + M1Br(f ′ − 1)2
+

Brf ′2

(η + Rc)2+

2Brf ′f″

(η + Rc)
+ θ′g′(β1 − β2) +

g′2

γ1

(
β1

g
+

β2

1 − g

)

.

(28) 

Bejan number can be expressed as follows 

Be =
Heat and mass transfer irreversibility

Total irreversibility
,

Or 

Be=
γ1θ′2 +θ′g′(β1 − β2)+

g′2

γ1

(
β1
g +

β2
1− g

)

γ1θ′2 +Brf″+M1Br(f ′ − 1)2
+ Brf ′2

(η+Rc)2 +
2Brf′f″
(η+Rc)+θ′g′(β1 − β2)+

g′2
γ1

(
β1
g +

β2
1− g

).

(29) 

Where β1 =DαC∞/kγ denotes the diffusion parameter regarding to 
homogeneous reaction and β2 =DβC∞/kγ denotes the diffusion param
eter regarding to heterogeneous reaction, Brinkman number is denoted 
by Br= μf V2

∞/kγ(Tw − T∞) also the notation of temperature difference is 
γ1 =Tw − T∞/T∞ and NG = vf SGT∞/kγV∞(Tw − T∞) represent entropy 
generation. 

5. Discussions of result 

In this section, we will discuss the physical features of the flow, heat 
and mass transfer for fluid velocity f′(η), heat and mass transfer, 
(θ(η), g(η) ), entropy generation NG and Bejan number Be through graphs 
2–17. Furthermore, the magnitude of Nusselt number Re− 1/2

s Nus, Sher
wood number Re− 1/2

s Shs and skin friction coefficient Re1/2
s Cf are evalu

ated for different parameters through Tables 1–3. For this, we will solve 
the nonlinear boundary value problem consists of Eqs. (9), (16), (22), 
(28) and (29) with boundary conditions (8) and (9) numerically by 
shooting method incorporated by Runge-Kutta integrating scheme 

combined with Newton-Raphson method. Moreover, the validity of the 
obtained numerical results is also checked by a finite difference scheme 
called Keller-Box method and are found in good agreement. 

5.1. For velocity 

The pertinent aspects of magnetic parameter M1 and curvature 
parameter Rc on velocity component f′(η) are shown in Fig. 2 and 3. In 
Fig. 2 we observed that the momentum boundary thickness is reduced 
via the higher values of M1. The physical arguments of this behaviour is 
that implementation of magnetic field alter the momentum boundary 
thickness for the lower magnetic Reynolds number. Moreover, Fig. 3 
depicts that the velocity of the fluid rises via the higher values of Rc. 

5.2. For transport phenomenon 

In this subsection, we will discuss the effects of some pertinent pa
rameters which include magnetic parameter M1, Prandtl number Pr, 
radius of curvature Rc, thermophoresis parameter Nt1, heat generation 
parameter α1, Eckert number Ec, homogenous chemical reaction λβ, 
Brownian motion parameter Nb1, heterogeneous chemical reaction λα 
and Lewis number Le1 on temperature distribution θ(η) and concentra
tion distribution g(η). 

Table 1 
Numerical findings of f″(0) for various values of M1 and Rc.  

M1 Rc f″(0)(shooting method) f″(0)(Keller-Box method)  

0.2 2  0.75408  0.75412  
0.5   0.96618  0.96622  
0.8   1.13753  1.13748  
1.0   1.23772  1.23769  
0.5 1.5  0.98270  0.98268  

3.0  0.93972  0.93967  
5.0  0.90209  0.90210  
7.0  0.87717  0.87719  

Table 2 
Numerical values of − θ(0) for different involved parameters, ()* represents the 
values obtained by shooting method and ()** represent the values are obtained 
by Keller-Box method by keeping M1 = 0.2, λα = λβ = 0.2, Pr = 1.5 and Le1 =

0.1 fixed.  

Rc Nb1 Ec Nt1 α1 − θ′(0)

2  0.2  0.2  0.1  0.1 (0.32089)*,(0.32090)** 

5     (0.29377)*,(0.29369)** 

8     (0.27962)*,(0.27968)** 

3  0.1    (0.29857)*,(0.29851)**   

0.5    (0.34110)*,(0.34110)**   

0.8    (0.37427)*,(0.37427)**   

0.2  0.5   (0.25789)*,(0.25785)**    

1.0   (0.17251)*,(0.17251)**    

1.5   (0.08691)*,(0.08687)**    

0.2  0.5  (0.22465)*,(0.22462)**     

0.8  (0.17956)*,(0.17950)**     

1.2  (0.12868)*,(0.12863)**     

0.1  0.05 (0.40423)*,(0.40418)**      

0.15 (0.19469)*,(0.19462)**      

0.2 (0.05080)*,(0.05075)**  

Table 3 
Numerical findings of − g(0) for various involved parameters, ()* represents the 
values obtained by shooting method and ()** represent the values are obtained 
by Keller-Box method by keeping M1 = 0.2,Rc = 3, Pr = 1.5, α1 = 0.1 and Ec =

0.2 fixed.  

λα λβ Le1 Nt1 Nb1 − g(0)

0.2  0.2  0.5  0.1  0.1  − 0.12705  
0.5      − 0.21257  
0.8      − 0.25588  
0.2  0.5     − 0.12273   

0.8     − 0.11686   
1.2     − 0.10376   
0.2  0.2    − 0.12312    

0.6    − 0.12822    
1.0    − 0.13224    
0.5  0.3   − 0.09279     

0.5   − 0.03680     
0.6   − 0.00435     
0.1  0.5  − 0.13233      

0.8  − 0.13369      
1.2  − 0.13450  
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Influence of Prandtl number Pr and magnetic parameter M1 on 
temperature distribution θ(η) is shown in Fig. 4. It is observed that a 
decreasing behaviour exist for both the higher values Pr and M1. The 
thickness of the thermal boundary layer also decreased in this case. The 
physical reasoning for this trend is that, the rate of thermal diffusion is 
reduced when parametric value of Pr is increased. The impacts of radius 
of curvature Rc and Brownian motion parameter Nb1 on θ(η) is illus
trated in Fig. 5. From this figure one can see that temperature and also 
the thickness of the thermal boundary layer of the fluid is decreased by 
uplifting the value of Rc and Nb1. Fig. 6 shows the effects of heat 

generation parameter α1 and Eckert number Ec on θ(η). As expected the 
temperature field rises via the higher values of α1 and Ec. The variations 
of heterogeneous chemical reaction λα and thermophoresis parameter 
Nt1 on θ(η) is shown in Fig. 7. Here we observed that advanced values of 
λα corresponds to decrease in θ(η). However, temperature of the fluid is 
increased correspond to higher values Nt1, this is because Nt1 is directly 
proportion to the coefficient of heat transfer rate which is associated to 
the hot fluid. Fig. 8 shows the influence of Lewis number Le1 on θ(η). It is 
evident that θ(η) is reduced by increasing the value of Le1. 

Influence of Lewis number Le1 and heterogeneous chemical reaction 
λα on concentration field g(η) is displayed in Fig. 9. The concentration 
field g(η) is increased when an increase in Le1 occur, whilst it decreased 
via the larger values of λα. The impacts of radius of curvature Rc and 
thermophoresis parameter Nt1 on g(η) is shown in Fig. 10. It is noticed 
that the strength of concentration field is increased via larger values of 
Rc, though it is reduced by higher values of Nt1. The influence of 
Brownian motion parameter Nb1 and heat generation parameter α1 on 
g(η) is shown in Fig. 11. It is noticed that the strength of g(η) is initially 
enhanced via the higher values of Nb1, but after η = 1.4 it start 
decreasing. Also strength of g(η) is decreased via the higher values of α1, 
but after η = 2.5 it start increasing. The effects of homogenous chemical 
reaction λβ and Eckert number Ec on concentration field g(η) is displayed 
in Fig. 12. It is evident from this figure that concentration of the fluid is 
decreased by increasing both the parametric values of λβ and Ec. Fig. 13 
represents the influence of Prandtl number Pr and magnetic parameter 
M1 on g(η). It is noted from this figure that the g(η) is reduced when an 
increase in Pr occur, however it is increased by increasing the value of 
M1. 

5.3. For entropy generation 

In this subsection, we will examine the effects of some significant 
parameters like diffusion parameter regarding to homogeneous reaction 
β1, diffusion parameter regarding to heterogeneous reaction β2, Brink
man number Br, temperature difference γ1, magnetic parameter M1, 
thermophoresis parameter Nt1, homogenous chemical reaction λβ and 
heterogeneous chemical reaction λα on entropy generation NG and Bejan 
number Be. 

The influence of diffusion parameter regarding to heterogeneous 
reaction β2 and magnetic parameter M1 on NG and Be is shown in Fig. 14 
(a) and 14(b). It is noticed that, entropy generation NG rises for higher 
values of M1. This is because the larger values of M1 generate further 
resistive force to the fluid motion which as a result enhances NG. 
However, Bejan number Be is reduced for higher values of M1. Also, an 
increase in NG and Be are observed for higher values of β2. The impacts of 
Brinkman number Br and diffusion parameter regarding to homoge
neous reaction β1 on NG and Be is displayed in Fig. 15(a) and 15(b). It is 

Fig. 2. Variation in f′(η) via M1 when Rc = 1.  

Fig. 3. Variation in f′(η) via Rc when M1 = 0.05.  

Fig. 4. Variation in θ(η) via M1 and Pr when Rc = 5, Nb1 = 0.5, α1 = λα =

λβ = Ec = 0.2 Nt1 = 0.1 and Le1 = 0.1. 
Fig. 5. Variation in θ(η) via Rc and Nb1 when M1 = 0.2, Pr = 3, α1 = λα =

λβ = Ec = 0.2 Nt1 = 0.1 and Le1 = 0.1. 
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can be seen that, both entropy generation NG and Bejan number Be are 
decreased for higher values of β1. However, NG is increased for higher 
values β1, whilst Be decreases when an increment in β1 occur. Fig. 16(a) 
and 16(b) is illustrated to see the influence of temperature difference γ1 
and thermophoresis parameter Nt1 on NG and Be. It is noticed that both 
NG and Be are increased for higher values of γ1. However, NG and Be are 
decreased for larger values Nt1. Fig. 17(a) and 17(b) is made to see the 

effects of homogenous chemical reaction λβ and heterogeneous chemical 
reaction λα on NG and Be. It is noticed that both NG and Be are reduced 
when an increment in λβ occur. However, both NG and Be are increased 
for larger values λα. 

Fig. 6. Variation in θ(η) via α1 and Ec when M1 = 0.2, Pr = 3, Rc = 2, Nb1 =

λα = λβ = 0.2 Nt1 = 0.1 and Le1 = 0.1. 

Fig. 7. Variation in θ(η) via λα and Nt1 when M1 = 0.1, α1 = 0.2, Pr = 3, Rc =

5, Nb1 = 1.5, Ec = 0.2, λβ = 0.1 and Le1 = 1. 

Fig. 8. Variation in θ(η) via Le1 when M1 = 0.1, α1 = 0.2, Pr = 3, Rc = 5,
Nb1 = 1.5, Ec = 0.2, λβ = 1, Nt1 = 0.05 and λα = 0.1. 

Fig. 9. Variation in g(η) via Le1 and λα when M1 = 0.1, α1 = 0.2, Pr = 2, Rc =

2, Nb1 = 0.6, Ec = 0.1, λβ = 0.3 and Nt1 = 0.2. 

Fig. 10. Variation in g(η) via Rc and Nt1 when M1 = 0.1, α1 = 0.2, Pr = 2,
Le1 = 0.8, Nb1 = 0.5, Ec = 0.1, λβ = 0.3 and λα = 0.1 . 

Fig. 11. Variation in g(η) via Nb1 and α1 when M1 = 0.1, Nt1 = 0.25, Pr = 2,
Le1 = 0.5, Rc = 2, Ec = 0.1, λβ = 0.3 and λα = 0.1 . 

M. Naveed                                                                                                                                                                                                                                        



Chemical Physics Letters 826 (2023) 140682

7

5.4. For engineering interest 

Significance of several pertinent parameters on skin friction coeffi
cient f″(0), Nusselt Number (rate of heat transfer) − θ′(0) and Schimdt 
number − g(0) are numerically calculated in form of Tables 1-3. More
over, the validity of the numerical results attained by the shooting 
method are also verified by a comparison with the numerical results 
obtained by a finite difference scheme called Keller-box method. The 
comparison of both the numerical results are found in good agreement. 

5.4.1. Skin friction coefficient (f″(0)) 
Table 1 is made to see the influence of magnetic parameter M1 and 

curvature parameter Rc on skin friction coefficient f″(0). It is evident 
from this table that absolute value of f″(0) is increased via the higher 
values of M1, whereas f″(0) is decreased when an increment in Rc occur. 

5.4.2. Nusselt number ( − θ′(0)) 
Effects of Rc, Nt1, Nb1, α1 and Ec on rate of Nusselt number − θ′(0) are 

shown in Table 2. It is observed that rate of heat transfer is decreased by 
increasing the values of Rc, Nt1, α1 and Ec, whereas it increases for Nb1. 

5.4.3. Schmidt number ( − g(0)) 
Impacts of λα, λβ, Nb1, Le1 and Nt1 on Schimdt number − g(0) are 

shown in Table 3. It is noticed that rate of mass transfer is decreased by 
increasing the values of λβ and Nt1, however it increases for λα and Nb1. 

6. Conclusions 

The main objective of the current study is to present a meaningful 
investigation for the Blasius flow, heat and mass transfer in a nanofluid 
past a curved surface. The impacts of Joule heating and heat generation 
is also considered in the energy equation. Furthermore, effects of ho
mogenous and heterogeneous chemical reactions are also taken in the 
nanoparticle concentration equation. The optimization of energy is also 
carried out by taking entropy generation method. Numerical solution is 
attained for the governing flow equations. 

The main finding of the current study are as follows:  

• The fluid velocity f′(η) is enhanced with radius of curvature Rc. 
However, it is reduces with an increments in magnetic parameter M1.  

• The temperature distribution θ(η) rises through an increments in the 
parameters α1, Ec and Nt1. While it shows opposite behavior for 
higher estimations of Pr, Rc, Ec, M1, Nb1, Le1 and λα.  

• The concentration distribution g(η) is decreased against larger values 
of Pr, Ec, Nt1, Le1, λα, λβ and α1, however for growing values of Rc,
M1, Nb1 and Le1 g(η) is enhanced.  

• The entropy generation NG is increased for higher estimations of β2,

M1, Br, γ1, λα and λβ. though, it reduces when increment in β1 and 
Nt1 occur.  

• The Bejan number Be reduces for higher estimations of β1, M1, Br,
λβ and Nt1, though it rises for higher values of β2, γ1 and λα.  

• Skin friction coefficient f″(0) enhanced for higher values of M1, 
whilst it decreases with higher estimations of Rc.  

• Nusselt number − θ′(0) is reduced for developed values of Rc, Ec, Nt1 
and α1, whilst it increases with higher estimations of Nb1.  

• Schmidt number − g(0) is enhanced for higher values of λα, Le1 and 
Nb1, however it decreases with larger values of λβ and Nt1. 

Fig. 12. Variation in g(η) via λβ and Ec when M1 = 0.1, Nt1 = 0.2, Pr = 2,
Le1 = 0.8, Rc = 2, α1 = 0.1, Nb1 = 0.6 and λα = 0.1 . 

Fig. 13. Variation in g(η) via M1 and Pr when α1 = 0.1, Nt1 = 0.2, Nb1 = 0.5,
Le1 = 0.8, Rc = 1, Ec = 0.05, λβ = 0.3 and λα = 0.1. 

Fig. 14. Variation in NG and Be via M1 and β2 when α1 = 0.05, Nt1 = 0.01, Ec = 0.1, λβ = 0.1,Nb1 = 0.3, Le1 = 0.3, Rc = 2, γ1 = 0.2, β1 = 0.3, λα = 0.1, Pr = 3 
and Br = 0.2. 
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