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Unsteady nonlinear mixed convective flow of nanofluid over a
wedge: Buongiorno model
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ABSTRACT
The article deals with 2D unsteady nanofluid flow past a vertical
wedge along with nonlinear mixed convection. Brownian diffusion
and thermophoresis effects are considered to model nanofluid flow.
Convenient transformations are assumed to change the coupled
nonlinear governing PDEs into ODEs. To analyze the problem, the
solutions of transformed equations are numerically achieved via
‘bvp4c’, a MATLAB approach. Graphical presentation is adopted to
see the impact of various influential parameters. Results reveal that
nonlinear temperature and concentration convection parameters
exhibit the same impact for velocity, temperature and concentration
profile, though nonlinear convection parameter for temperature is
more impactful than concentration. Velocity overshoot is observed
for assisting flow situations. In nonlinearmixed convection flow, skin-
friction coefficient, heat andmass transfer rates prominently change
for favorable and adverse pressure gradient conditions.
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Nomenclature

A unsteadiness parameter
C concentration of nanoparticles
Cfx local skin-friction coefficient
Cw concentration at wedge surface
C∞ concentration in free-stream
DB Brownian diffusion coefficient
DT thermophoretic diffusion coefficient
f dimensionless stream function
g acceleration due to gravity
Gr local Grashof number
Le Lewis number
m pressure gradient parameter
N1 buoyancy ratio parameter
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2 S. RAJPUT ET AL.

Nb Brownian motion parameter
Nt thermophoresis parameter
Nux local Nusselt number
Pr Prandtl number
qm surface mass flux
qw surface heat flux
Rex local Reynolds number
Shx local Sherwood number
t time
T temperature of nanofluid
Tw temperature at wedge surface
T∞ temperature in free-stream
u, v velocity components in the x- and y-directions, respectively
ue free-stream velocity
U∞ a constant
x, y coordinates along and perpendicular to the wedge surface

Greek symbols

α Hartree pressure gradient
α1,α2 thermal linear and nonlinear expansion coefficients, respectively
α3,α4 concentration linear and nonlinear expansion coefficients, respectively
αm thermal diffusivity
η a variable
β1,β2 nonlinear temperature and concentration convection parameter
γ angle of the wedge
θ dimensionless temperature
κ thermal conductivity of nanofluid
λ mixed convection parameter
λ1 a constant
μ viscosity
ρ density
(ρcp) heat capacity
υ kinematic viscosity of nanofluid
φ dimensionless concentration
ψ stream function
τ ratio of heat capacities
τw surface shear stress

Subscripts

w initial conditions at the surface of wedge
∞ conditions in the free stream
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WAVES IN RANDOM AND COMPLEX MEDIA 3

1. Introduction

Nanotechnology shows its significant contributions in many research fields related to
medical sciences and electronic engineering, such as biomedicine, engine cooling, heat
exchanger, cooling of electronic instruments, transportations, manufacturing, etc. Choi [1]
confirmed the improvement of thermal conductivity of usually working fluid experimen-
tally by adding the nano-sized particles into those working base fluid. In literature, there
are many mechanisms that control the thermal performance of working fluid. Buongiorno
[2] made a study of the slip mechanism between nanoparticles and ambient base fluid.
He encounters seven slip mechanisms that influence the fluid flow and deduced that in
nanofluids; only Brownian diffusion and thermophoresis are themost effectivemechanism
in the absence of turbulent eddies than others. More detail of nanofluid and its flow can be
seen in some research articles [3–7] available in literature and references in those.

In boundary layer flows having heat-mass transfer, mixed convection exhibit essential
contribution where flows are prominently affected by buoyancy force, caused by the tem-
perature and concentration difference between wall and ambient fluid, i.e. (Tw − T∞) and
(Cw − C∞) which creates density differences. Integrated impact of free and forced con-
vections is termed as mixed convection. Mixed convection has extensive applications in
various streams of science and technology, such as in nature (atmospheric flow) and the
engineering field (electronic devices and heat exchangers). Initially, Ostrich [8] investigated
mixed convection flow in channels with absence and presence of heat source. Later, steady
and unsteadymixed convection flows over different geometries andwith various scenarios
were reported in literature [9–16].

As abovementioned problems are based on linearmixed convection (linear variations in
temperature and concentration) but inmanyphenomenon (for examples, electronic device
cooling, thermal system, combustion, solar collectors, geothermal power, reactor safety
areas) nonlinearities must be included due to its considerable effect on the flow and fluid’s
thermal transport properties. Since inaccuracy takes place in linear density-temperature-
concentration relation, when (Tw − T∞) and (Cw − C∞) are significantly large. Hence in
1966, Goren [17] considered quadratic density temperature variation, i.e. (T − T∞)2 instead
of linear. Later, Bandaru et al. [18] carriedout a combined studyofOstrich [8] andGoren [17],
i.e. nonlinear mixed convection flow with heat and mass transfer in rotating cone in the
porous material. Further, Qayyum et al. [19] addressed nonlinear mixed convection flow
of nanoliquid over stretchable surface with Newtonian heating. Unsteady nonlinear mixed
convection flow with activation energy and velocity slip is numerically analyzed by Uddin
et al. [20]. Alsaedi et al. [21] explained flow past a stretchable surface with viscous dissi-
pation and nonlinear mixed convection. Patil [22,23] described steady nanofluid nonlinear
mixed convection past a rough vertical moving plate and along vertical moving cylinder,
respectively. Hang et al. [24] examined stagnation-point flow past a cylinder with nonlinear
mixed convection phenomenon inside porous material.

The study of flow over the wedge-shaped body with mixed convection has received
much consideration from the researchers because of its innovative applications in the ther-
mal engineering branch, for instance, extraction of crude oil, heat exchangers, geothermal
system, storageofnuclearwaste andgroundwaterpollution [25]. Both thewedgeangle and
thewedge angle configuration can influence the flow field since it is modified by the buoy-
ancy force,which is generatedby temperaturedifferences and concentrationdifferences. In
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4 S. RAJPUT ET AL.

1994, Watanabe et al. [26] initiated the mixed convection problem past a wedge. Later, his
study was extensively examined in several aspects [27–30]. Recently, for flow past a wedge
with mixed convection, Prasad et al. [31] and Hossain et al. [32,33] were applied the Tiwari
and Das [34] model to study several flow properties. In contrast, Singh et al. [25], Ganap-
athirao et al. [35], Gaffar et al. [36], Ullah et al. [37] and Kebede et al. [38] were focused on
Buongiorno [2] model.

Motivated by the above-discussed literature, the existing investigation is used to
explore the numerical solution of unsteady nanofluid flow past a vertical wedge with
nonlinear mixed convection taking Brownian motion and thermophoresis effect. No-
slip boundary condition is implemented at the surface of the wedge. To switch the
nonlinear constitutive equation of motion (mass, momentum, energy and concentra-
tion conservation) into nonlinear ODEs, we choose the appropriate transformations.
Now corresponding nonlinear coupled equations are solved by an exclusive numeri-
cal bvp4c approach in the MATLAB package. Finally, the influences of different perti-
nent parameters are discussed graphically. The comparison is made between current
and previous studies for the validation of the numerical method in tabular form. The
nanofluid flows past wedge-shaped bodies are fundamental and applicable in different
areas, like geothermal enterprises, improved oil recuperation, cooling of nuclear reac-
tors and atomic waste stockpiling, thermal insulation heat exchangers, crystal growth,
etc. [39,40]. We hope that this article may have beneficial applications in similar practical
problems.

2. Formulation and basic equations

Unsteady 2D nonlinear mixed convection boundary layer flow of nanofluid over a vertical
wedge is studied. The coordinate axis is considered in the manner that stream coordi-
nates (x-axis) act along the vertical wedge surface, and transverse coordinate (y-axis) is
normal to the surface. Figure 1 shows the geometry and coordinate system of the phys-
ical flow model. The velocity far from the boundary, i.e. free-stream velocity is taken as
ue(x, t) = U∞xm/(1 − λ1t), where U∞ and λ1 are constant quantities having dimension
time−1 andm = α/(2 − α) is pressure gradient parameter, with α being Hartree pressure
gradient and γ = πα being angle of thewedge. Also, the temperature and concentration at
wedge surface and in free-stream are Tw , Cw , T∞ and C∞, respectively along with Tw > T∞
and Cw > C∞. All thermophysical properties are taken as constant values excluding the
density variations, this results the buoyancy effect in momentum conservation equation.
In heat and mass transfer problem, Boussinesq approximation [41] is used to approximate
the buoyancy body force that combines the temperature and concentration in flow distri-
bution. With all aforesaid assumptions, governing equations of the nanofluid flow by using
Buongiorno model may be expressed as [19,35,42]:

∂u

∂x
+ ∂v

∂y
= 0 (1)

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
= ∂ue

∂t
+ ue

∂ue
∂x

+ υ
∂2u

∂y2
+ g[α1(T − T∞)+ α2(T − T∞)2

+ α3(C − C∞)+ α4(C − C∞)2]Cos
(πα

2

)
(2)
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Figure 1. Physical model of the problem.

∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
= αm

∂2T

∂y2
+ τ

[
DB
∂C

∂y

∂T

∂y
+ DT

T∞

(
∂T

∂y

)2
]

(3)

∂C

∂t
+ u

∂C

∂x
+ v

∂C

∂y
= DB

∂2C

∂y2
+ DT

T∞
∂2T

∂y2
(4)

Corresponding boundary conditions are:

t < 0 : u = 0, v = 0, T = Tw , C = Cw for any x, y
t ≥ 0 : u = 0, v = 0, T = Tw , C = Cw for y = 0

u → ue(x, t), T → T∞, C → C∞ for y → ∞
(5)

where u and v are components of velocity along x- and y-axes, respectively, T is temper-
ature of nanofluid, C is concentration of nanoparticles, υ = μ/ρ is kinematic viscosity of
the nanofluid,DB andDT are Brownian diffusion and thermophoretic diffusion coefficients,
αm = κ/(ρcp) is thermal diffusivity, τ is ratio of heat capacity of nanoparticles toheat capac-
ity of fluid.α1 andα2 denote coefficients of thermal linear andnonlinear expansionwhereas
α3 and α4 represent concentration linear and nonlinear expansion coefficients. ρ, μ, (ρcp)
and κ are density, viscosity, heat capacity and thermal conductivity of nanofluid, respec-
tively. Also, it is essential to note that m = 0 corresponds flow over vertical flat plate; for
m = 1, it is stagnation-point flow towards horizontal flat plate and when 0 < m < 1, flow
is past a proper vertical wedge.
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The following transformations are introduced:

η = y

√
(m + 1)ue

2υx
, ψ =

√
2υxue
(m + 1)

f (η), u = ∂ψ

∂y
, v = −∂ψ

∂x
(6)

θ(η) = (T − T∞)
(Tw − T∞)

, φ(η) = (C − C∞)
(Cw − C∞)

(7)

where ψ is stream function, η is a variable, f is dimensionless stream function, θ is dimen-
sionless temperature and φ is dimensionless concentration.

In view of Equations (6) and (7), Equation (1) is automatically satisfied and others,
Equations (2)–(5) are transformed into ODEs:

f ′′′ + 2m
m + 1

(1 − f ′2)+ ff ′′ − A
(
f ′ + η

2
f ′′ − 1

)
+ 2λ

m + 1
[θ(1 + β1θ)+ N1φ(1 + β2φ)] = 0

(8)

θ ′′ + Pr
(
fθ ′ − η

2
Aθ ′

)
+ PrNbθ ′φ′ + PrNtθ ′2 = 0 (9)

φ′′ + Le Pr
(
fφ′ − η

2
Aφ′

)
+ Nt

Nb
θ ′′ = 0 (10)

The associated boundary conditions are given as

f (0) = 0, f ′(0) = 0, θ(0) = 1, φ(0) = 1
f ′(∞) → 1, θ(∞) → 0, φ(∞) → 0

}
(11)

where the fluid parameters λ, A,β2, β1, N1, Nt, Nb, Pr, Grx , Rex and Le denotes mixed
convection parameter, unsteadiness parameter, nonlinear convection parameter for con-
centration, nonlinear convection parameter for temperature, buoyancy ratio parameter,
thermophoresis parameter, Brownian motion parameter, Prandtl number, local Grashof
number, local Reynolds number and Lewis number, respectively. And above described
parameters are defined as

A = 2λ1
U∞xm−1(m + 1)

, Grx = gα1x3(Tw − T∞)Cos(πα/2)
υ2

, Rex = uex

υ
,

β1 = α2

α1
(Tw − T∞), N1 = α3

α1

(Cw − C∞)
(Tw − T∞)

, β2 = α4

α3
(Cw − C∞),

Nt = τDT (Tw − T∞)
T∞υ

, Nb = τDB(Cw − C∞)
υ

, λ = Grx
Re2x

, Pr = υ

αm
, Le = αm

DB

(12)

Important physical parameters of applied interest are local skin-friction coefficient, local
Nusselt number and local Sherwood number and those are defined in usual notation as

Cfx = τw

ρu2e
, Nux = xqw

κ(Tw − T∞)
and Shx = xqm

DB(Cw − C∞)
, (13)

where

τw = μ

(
∂u

∂y

)
y=0

, qw = −κ
(
∂T

∂y

)
y=0

and qm = −DB

(
∂C

∂y

)
y=0

. (14)
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By substituting Equations (6), (7) and (14) in Equation (13), we get

Re1/2x Cfx =
√
(m + 1)

2
f ′′(0)

Re−1/2
x Nux = −

√
(m + 1)

2
θ ′(0)

Re−1/2
x Shx = −

√
(m + 1)

2
φ′(0)

(15)

3. Solutionmethodology

The nonlinear coupled fluidic ODE’s given by Equations (8)–(11) is solved with the assis-
tance of MATLAB build program ‘bvp4c’, which is based on Lobatto IIIA method (a finite
difference method that provides C1-continuous solution). The MATLAB bvp4c approach
is implemented only on the initial value problem. So, boundary value problem, Equations
(8)–(11) are converted into the system of first order ODEs as follows:

f ′ = p, p′ = q, θ ′ = r, φ′ = s

q′ = A
(
p + η

2
q − 1

)
− 2m

m + 1
(1 − p2)− fq − 2λ

m + 1
[θ(1 + β1θ)+ N1φ(1 + β2φ)]

r′ = − Pr
(
fr − η

2
Ar

)
− PrNbrs − PrNtr2

s′ = −Le Pr
(
fs − η

2
As

)
− Nt

Nb
r′

(16)

The boundary conditions reduced to

f (0) = 0, p(0) = 0, θ(0) = 1, φ(0) = 1

p(∞) → 1, θ(∞) → 0, φ(∞) → 0
(17)

To start continuous solution procedure preliminary guess values of unavailable initial con-
ditions are required and those are picked in such amanner that it should display asymptotic
convergence to stated boundary conditions. In this method, error control is dependent on
the residual error and tolerance level is taken as 10−5.

4. Validation of results

To ensure the accuracy of above scheme, we have presented a comparison of surface
shear stress and heat transfer rate [f ′′(0) and −θ ′(0)] with existing data of Watanabe
[43] and Kumari et al. [28], for several values of m in Table 1. An outstanding match
has been witnessed and consequently, this validates the numerical scheme and obtained
results.

5. Results and discussion

Graphical interpretations of impacts of the interesting physical parameters on the veloc-
ity, temperature, concentration and their gradients at the wedge surface (skin-friction
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8 S. RAJPUT ET AL.

Table 1. Comparison of surface shear stress and heat transfer rate for several values ofmwithWatanabe
[43] and Kumari et al. [28], when A = λ = Nb = Nt = Le = 0, Pr = 0.73.

Watanabe [41] Kumari et al. [28] Present study

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

0 0.46960 0.42015 0.46975 0.42079 0.46960003 0.42015070
0.0141 0.50461 0.42578 0.50472 0.42635 0.50461433 0.42577629
0.0435 0.56898 0.43548 0.56904 0.43597 0.56897777 0.43547577
0.0909 0.65498 0.44730 0.65501 0.44770 0.65497942 0.44729908
0.1429 0.73200 0.45693 0.73202 0.45728 0.73199854 0.45693493
0.2 0.80213 0.46503 0.80214 0.46534 0.80212547 0.46503117
0.3333 0.92765 0.47814 0.92766 0.47840 0.92765272 0.47813727

Figure 2. The velocity for different values of (a)A, (b)m, (c)λ, (d)N1, (e)β1, (f )β2, (g)Nb, (h)Nt and (i)Le.

coefficient, heat and mass rates) are exhibited in Figure 2–8. To analyze the flow behavior,
fixed values of the physical parameters are considered as A = 0.1,m = 0.4, λ = 1, β1 = 0.2,
N1 = 0.5, β2 = 0.2, Nb = Nt = 0.1, Pr = Le = 2, unless otherwise mentioned.
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WAVES IN RANDOM AND COMPLEX MEDIA 9

5.1. Variations in velocity

Impacts of the several parameters A,m, λ,N1,β1,β2,Nb,Nt and Le on the dimensionless
velocity profile are delineated by Figure 2. Here, Figure 2(a,b) indicates that velocity rises
and hydrodynamic boundary layer thickness(BLT) reduces with unsteadiness in flow but
m shows opposite behavior. Mixed convection parameter (λ) represents assisting, oppos-
ing, forced and natural convection flow according to λ > 0, λ < 0, λ = 0 and λ → ∞,
respectively. From Figure 2(c) we may conclude that assisting flow is responsible for veloc-
ity overshoot, which is not the situation for opposing flow. Velocity in the boundary layer
increases with λ > 0, due to favorable pressure gradient. Consequently, velocity overshoot
is increases with positive λ. The buoyancy ratio parameter N1 appearing in Equation (8),
N1 = 0 and N1 → ∞ correspond to buoyancy effect generated by thermal andmass diffu-
sion, respectively, N1 > 0 indicates that both of thermal and mass buoyancy forces assist
the flow and N1 < 0 corresponds to both buoyancy forces act apposite to each other. Fur-
ther from Figure 2(d), increasing behavior of velocity overshoot is also noticed for rising
positive values of N1 (i.e. N1 > 0). Because of positive N1, the flow is driven by both (ther-
mal and mass) buoyancy forces and those act as a favorable flow condition, which results
in enhancement of the velocity and velocity overshoot for positive N1. Figure 2(e,f) repre-
sents that velocity is of increasing nature, while BLT shows decreasing trend with both of
nonlinear convection parameters, i.e. β1 and β2 and also influence of β1 is superior than β2
on velocity. The velocity of fluid enhances and related BLT reduces with growing values of
Nb because of increase in the randomness of motion of nanoparticles, as plotted in Figure
2(g,h) reveals that velocity overshoot escalates for higher values of Nt, but associated BLT
becomes thinner. Figure 2(i) explains that velocity at a point decays andBLT showsopposite
nature with the growth of Le.

5.2. Variations in temperature

For changes of parameters A,m, λ,N1,β1,β2,Nb,Nt and Le, the variations in the tempera-
ture of the nanofluid are revealed through Figure 3. Figure 3(a,b) specifies that temperature
and thermal BLT rise for larger values of A andm. Figure 3(c) confirms that temperature and
related thermal BLT reduce for larger values of λ. Figure 3(d) reveals the decreasing behav-
ior of temperature and corresponding thermal BLT with N1. The decreasing trends of the
dimensionless temperature and thermal BLT with greater values of β1 and β2 are visual-
ized by Figure 3(e,f) due to nonlinear nature of temperature and concentration convection.
From Figure 3(g,h), we figure out that for accelerating values of Nb and Nt temperature
of the nanofluid, i.e. θ(η) accelerates and boundary layer becomes thicker. Large values of
Nb and Nt drive the nanoparticles from the surface of high temperature region to the free
stream, a low temperature region and it causes increment of fluid temperature. So, it lead
to thicker thermal boundary layer. Same behavior of the temperature variation with Le can
be captured from Figure 3(i).

5.3. Variations in concentration

Figure 4 illustrates the influences of several parameters A,m, λ,N1,β1,β2,Nb,Nt and Le
on the concentration of nanoparticles. The concentration and concentration BLT show
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10 S. RAJPUT ET AL.

Figure 3. The influence of several values of parameter (a)A, (b)m, (c)λ, (d)N1, (e)β1, (f )β2, (g)Nb, (h)Nt
and (i)Le on the temperature.

increasingbehaviorwithunsteadyparameter andm [Figure4(a,b)]. Figure4(c) explores that
the concentration and its associated BLT diminish with rising λ. Also same nature, i.e. decay
in the nanoparticles concentration and its thickness can be observed forN1, β1 and β2 from
Figure 4(d–f). Figure 4(g) describes that concentration and corresponding boundary layer
thickness reduce for greater values ofNb, and quite different nature for Nt can be observed
from Figure 4(h), i.e. the concentration of the nanoparticles near the surface decreases but
far from the surface boundary, it increases with higher values of Nt. Physically, the thermal
conductivity of the nanofluid intensifies with Nt and hence number of the nanoparticles
increases within the boundary layer. Figure 4(i) points out that the concentration reduces
and its associated BLT becomes thinner for greater values of Le. Since Lewis number, Le is
measured as ratio between thermal to mass diffusion, hence the mass diffusivity declines
for greater Lewis number that results the diminution of the concentration and its BLT.
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WAVES IN RANDOM AND COMPLEX MEDIA 11

Figure 4. The effect of various values of parameter (a)A, (b)m, (c)λ, (d)N1, (e)β1, (f )β2, (g)Nb, (h)Nt and
(i)Le on the concentration.

5.4. Variations in skin-friction coefficients, Nusselt number and Sherwood number

Impacts of different parameters A,m, λ,N1,β1,β2,Nb and Nt on the local skin-friction coef-
ficients, local Nusselt number and local Sherwood number (Cfx , Nux and Shx) are illustrated
by Figures 5–8. Variations of Cfx , Nux and Shx with m for several values of A are plotted in
Figure 5. It is clear that all three physical quantities enhance withm, while only skin-friction
coefficient grows with unsteadiness of flow and rest of two shows opposite behavior.
Figure 6 exhibits the variations of Cfx , Nux and Shx with β1 for several values of λ. From
figure,we confirm that surface shear stress, heat andmass transfer rates are increasing func-
tion of λ, and slightly different behavior exhibit for β1, i.e. these quantities rise for assisting
flow with β1, decay for opposing flow with β1 and remain constant for forced convection
flow. Figure 7 plots Cfx , Nux and Shx with β2 for different values of N1. From the figure, we
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Figure 5. Effect of A andm on (a) skin-friction, (b) Nusselt number and (c) Sherwood number.

Figure 6. Effect of λ and β1 on (a) skin-friction, (b) Nusselt number and (c) Sherwood number.

Figure 7. Effect of N1 and β2 on (a) skin-friction, (b) Nusselt number and (c) Sherwood number.

can say that Cfx , Nux and Shx show enhancement with increasing values of N1, but all three
coefficients (Cfx , Nux and Shx) increase with β2 for positive N1, decrease with β2 for nega-
tive N1 and are constant with β2 for zero value of N1. In Figures 6 and 7, constant values of
Cfx , Nux and Shx can be mathematically verified from Equation (8), i.e. system of equations
Equations (8–11) are independent ofβ1 andβ2 in the caseswhenλ = 0 andN1 = 0, respec-
tively. Figure 8(a) demonstrates that the skin-friction coefficient is rising for higher values
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Figure 8. Effect of Nb and Nt on (a) skin-friction, (b) Nusselt number and (c) Sherwood number.

of Nb and Nt, but the rate of heat transfer shows reverse nature [Figure 8(b)]. The reason
behind this can be understood as, larger values of Nb and Nt accelerate the nanoparticles
tomove towards the free stream from the surfacewhich causes frictionbetween the surface
and fluid and it reduces the heat transfer rate. Effect of Nb on rate of mass transfer is por-
trayed in Figure 8(c) alongwithNt.We can conclude that the intensity of randommovement
of nanoparticles enhances their transportation rate in presence of smaller thermophoresis
forcegeneratedby temperaturegradient, but for largermagnitudeof thermophoresis force
transportation rate reduces.

6. Conclusions

A detailed analysis of 2D unsteady nanofluid flow towards a vertical wedge with nonlinear
mixed convection is examined and the Buongiorno model is utilized to design the math-
ematical flow model. Some of the interesting conclusions are extracted from the present
work and which are as follows:

• Unsteadiness of the flow leads to a thicker thermal and concentration boundary layer.
• The velocity augments, while temperature and concentration decline with nonlinear

mixed convection parameters for temperature and concentration.
• Velocity overshoot is observed for positive mixed convection and buoyancy ratio

parameter (λ > 0 and N1 > 0) due to flow-driven condition.
• Effect of Nb and Nt on the concentration of nanoparticles are reverse in nature.
• Heat and mass transfer rates decrease with A and increase with λ and N1.
• Cfx , Nux and Shx increase for λ > 0 and N1 > 0, while those decrease for magnitudes

of λ andN1 with λ < 0 andN1 < 0.Whereas, Cfx , Nux and Shx increase(decrease) with
β1 and β2 if λ > 0(λ < 0) and N1 > 0 (N1 < 0), respectively.

• Rate of heat transfer reduces with growing values of Nb and Nt.
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