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Abstract: In this paper, a numerical investigation is car-
ried out to study the effect of temperature dependent vis-
cosity and thermal conductivity on heat transfer and slip
flow of electrically conducting non-Newtonian nanoflu-
ids. The power-law model is considered for water based
nanofluids and a magnetic field is applied in the trans-
verse direction to the flow. The governing partial differ-
ential equations(PDEs) along with the slip boundary con-
ditions are transformed into ordinary differential equa-
tions(ODEs) using a similarity technique. The resulting
ODEs are numerically solved by using fourth order Runge-
Kutta and shooting methods. Numerical computations for
the velocity and temperature profiles, the skin friction co-
efficient and the Nusselt number are presented in the form
of graphs and tables. The velocity gradient at the bound-
ary is highest for pseudoplastic fluids followed by Newto-
nian and then dilatant fluids. Increasing the viscosity of
the nanofluid and the volume of nanoparticles reduces the
rate of heat transfer and enhances the thickness of themo-
mentum boundary layer. The increase in strength of the
applied transverse magnetic field and suction velocity in-
creases fluid motion and decreases the temperature distri-
bution within the boundary layer. Increase in the slip ve-
locity enhances the rate of heat transfer whereas thermal
slip reduces the rate of heat transfer.
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1 Introduction
In recent years, gradual development in fluid dynamics
has resulted active studies of nanofluids, due to their ap-
plications in different industrial sectors. Choi [1] first in-
troduced the term nanofluids and demonstrated theoreti-
cally the validity of the concept by including nano-sized
particles in ordinary fluids. Eastman et al. [2] observed
an unusual thermal conductivity enhancement in copper-
water nanofluids at small nanoparticle volume fraction.
Experiments performed by [3–5] confirm that the thermal
conductivity of nanofluids is higher than the thermal con-
ductivity of ordinary fluids. Buongiorno [6] theoretically
observed that the properties of nanofluids like wetting,
spreading and dispersion on a solid surface are better and
more stable when compared to ordinary fluids. A compre-
hensive literature survey on slip flow of nanofluids un-
der different thermo-physical situations is presented in[7–
18]. In addition to the above studies Vahabzadeh et al.
[19] obtained the analytical solutions of nanofluid flow
over a horizontal stretching surface with variable mag-
netic field and viscous dissipation effects. They employed
the homotopy perturbation method, Adomian decompo-
sition method, and variational iteration method to deter-
mine the solution for the nanofluid flow and heat trans-
fer characteristicswithin the boundary layer. Comparisons
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are also drawn with solutions obtained through numeri-
cal techniques. Similar to Vahabzadeh, Anwar et al. [20]
used the variation iteration method to study the flow of
nanofluid over an exponentially stretching surface within
a porous medium.

The aforementioned studies and comprehensive lit-
erature review on convective transport of nanofluids re-
veal that non-Newtonian models for nanofluids have not
received much attention. Some authors considered non-
Newtonian models for the study of nanofluids, for exam-
ple, Santra et al. [21] numerically studied forced convective
flow of Cu-water nanofluid in a horizontal channel. They
considered the power-law model for a non-Newtonian
nanofluid and concluded that the rate of heat transfer in-
creases due to increase in the volume of nanoparticles. El-
lahi et al. [22] presented series solutions for flow of third-
grade nanofluids considering both the Reynolds and Vo-
gels model. Flow and heat transfer analysis of Maxwell
nanofluids over a stretching surface was considered by
Nadeem et al. [23]. Ramzan and Bilal [24] studied un-
steady MHD second grade incompressible nanofluid flow
towards a stretching sheet. Hayat et al. [25] examined the
influence of convective boundary conditions on power-law
nanofluid. Khan and Khan [26] presented a numerical in-
vestigation on MHD flow of power-law nanofluid induced
by nonlinear stretching of a flat surface. Moreover, Aziz et
al.[27] found exact solutions for the Stokes’ flow of a non-
Newtonian third grade nanofluid model using a Lie sym-
metry approach. In addition to the above, the models for
non-Newtonian nanofluid are well discussed in [28–30].

To the best of the authors’ knowledge no research
has been conducted to study MHD slip flow of power-
law nanofluids having variable thermo-physical proper-
ties over a permeable flat surface. In the present re-
search, we investigate slip flow of an electrically conduct-
ing power-lawnanofluid over a permeable flat surfacewith
power-lawwall slip condition and temperature dependent
viscosity and thermal conductivity. The forth order RK
methodwith shooting technique is employed to obtain so-
lutions numerically. The influence of various physical pa-
rameters on the behavior of velocity and temperature of
Cu-water nanofluid, with skin friction coefficient and the
Nusselt number is discussed in detail.

2 Physical model and formulation
Consider the steady, laminar flow of an incompressible
electrically conducting non-Newtonian nanofluid over a
permeable flat surface. The power-law non-Newtonian

fluid model is assumed for the water based nanofluid
and power-law velocity slip condition is employed at the
boundary. A uniformmagnetic field is applied in the trans-
verse direction to the flow. The viscosity and the thermal
conductivity vary with temperature T. The porosity of the
surface is consideredasuniformand theuniformmagnetic
field of strength Bo is applied in the direction perpendic-
ular to sheet. The induced magnetic field is considered
negligible when compared to the applied magnetic field.
In view of the above assumptions, as well as of the usual
boundary layer approximations the governing equations
are thus:

∂u
∂x + ∂v∂y = 0, (1)

u ∂u∂x + v ∂u∂y = 1
ρnf

∂
∂y

[︂
µnf (T)|

∂u
∂y |

n−1 ∂u
∂y

]︂
(2)

−
σnf
ρnf

B20(u − U∞),

and

u ∂T∂x + v ∂T∂y = 1
(ρCp)nf

∂
∂y

[︂
κnf (T)

∂T
∂y

]︂
. (3)

Here u is a component of velocity along the direction of
the flow and v is the velocity perpendicular to it. µnf (T),
ρnf , σnf , (Cp)nf , κnf (T) refer to nanofluid dynamic viscos-
ity, density, electrical conductivity, specific heat capacity
of nanofluid at fixed pressure and thermal conductivity
respectively. Moreover, U∞ is the velocity far away from
the surface known as the free stream velocity and n is the
power-law index.

The appropriate conditions for the modeled problem
are:

u(0) = L1(
∂u
∂y )

n , v(0) = Vw , uy→∞ = U∞ (4)

T(0) = Tw + D1
∂T
∂y , Ty→∞ = T∞, (5)

where Tw is the surface temperature and T∞ is the tem-
perature outside the boundary layer, L1 = L0

√︀
Rex and

D1 = D0
√︀
Rex are the velocity and thermal slip factors

with L0 as initial velocity slip,D0 as initial thermal slip and
Rex =

ρf xn

µfU(n−2)
∞

is the local Reynolds number. Finally, Vw is
the constant suction/injection velocity across the surface.
Commonly used property relations for nanofluids are pre-
sented as (for details see [31–33]):

µnf (T) = µ*nf
[︀
a + b(Tw − T)

]︀
, (6)

κnf (T) = κ*nf
[︂
1 + ϵ T − T∞Tw − T∞

]︂
,
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ρnf = (1 − ϕ)ρf + ϕρs , (7)
(ρCp)nf = (1 − ϕ)(ρCp)f + ϕ(ρCp)s ,

µ*nf =
µf

(1 − ϕ)2.5 , (8)

κ*nf
κf

=
(κs + 2κf ) − 2ϕ(κf − κs)
(κs + 2κf ) + ϕ(κf − κs)

,

and

σnf
σf

=
[︃
1 +

3( σsσf − 1)ϕ
( σsσf − 2) − (

σs
σf − 1)ϕ

]︃
. (9)

In Eqs. (6)-(9), µ*nf is the effective dynamic viscosity of the
nanofluid, κ*nf is a constant thermal conductivity with ϵ as
a parameter, a and b are positive constants, ϕ is the vol-
ume fraction of solid nanoparticles in the base fluid, ρf ,
(Cp)f , µf , κf and σf are the density, specific heat capacity,
coefficient of viscosity, thermal conductivity and the elec-
trical conductivity of the base fluid. Whereas ρs, (Cp)s, µs,
κs and σs are the density, specific heat capacity, coefficient
of viscosity, thermal conductivity and electrical conductiv-
ity of the nanoparticles respectively.

In order to solve the governing boundary value prob-
lem (1)-(3), the stream functionψ(x, y) is introducedwhich
identically satisfies Eq. (1) with

u = ∂ψ∂y and v = −∂ψ∂x . (10)

Equations (2)-(3) after utilizing Eqs. (6)-(10), are trans-
formed into

∂ψ
∂y

∂2ψ
∂x∂y −

∂ψ
∂x

∂2ψ
∂y2 =

µ*nf
ρnf

[︂
−b ∂T∂y |

∂2ψ
∂y2 |n−1 ∂

2ψ
∂y2

]︂
(11)

−
σnf
ρnf

B2(∂ψ∂y − u∞) +
µ*nf
ρnf

[︃[︀
a + b(Tw − T)

]︀{︃
(n

−1) |∂
2ψ
∂y2 |n−1

(︀∂2ψ
∂y2

)︀2 ∂3ψ
∂y3 + |∂

2ψ
∂y2 |n−1 ∂

3ψ
∂y3

}︃]︃

and

∂ψ
∂y

∂T
∂x −

∂ψ
∂x

∂T
∂y =

κ*nf
(ρCp)nf

[︁ ϵ
Tw − T∞

]︁(︂∂T
∂y

)︂2
(12)

+
κ*nf

(ρCp)nf

[︂
1 + ϵ T − T∞Tw − T∞

]︂
∂2T
∂y2 .

Boundary conditions (4) are likewise transformed into

∂ψ
∂y = L1

(︂
∂2ψ
∂y2

)︂n
, ∂ψ

∂x = −Vw , (13)

at y = 0; ∂ψ
∂y → 0 as y →∞.

The following dimensionless similarity variable and
similarity transformations are introduced into Eqs. (11)-
(12)

η =
(︂
Re
x/L

)︂ 1
n+1 y

L , (14)

ψ(x, y) = LU∞
(︀ x/L
Re

)︀ 1
n+1 f (η), θ(η) = T − T∞

Tw − T∞
,

where θ is the dimensionless temperature and Re = ρf Ln

µfU(n−2)
∞

is the generalized Reynolds number.
The system (11)-(12) is reduced into a self-similar sys-

tem of ordinary differential equations

n(a + A − Aθ)|f ′′|n−1f ′′′ + (ϕ2/ϕ1)
(︂

1
n + 1

)︂
� ′′ (15)

− Aθ′|f ′′|n − (ϕ4/ϕ1)M(f ′ − 1) = 0,

(1 + ϵθ)θ′′ + 1
n + 1(ϕ3/ϕ5)Pr fθ′ + ϵθ′2 = 0. (16)

HereM = σf B2x
ρfU∞ is the magnetic parameter, A = b(Tw −T∞)

is the viscosity parameter,
Prx = (ρCp)f L2U∞

κf x is the local Prandtl number and

ϕ1 =
(︀
1 − ϕ

)︀2.5, ϕ2 =
(︂
(1 − ϕ) + ϕ ρsρf

)︂
,

ϕ3 =
(︂
(1 − ϕ) + ϕ (ρCp)s(ρCp)f

)︂
,

ϕ4 =
(︂
1 + 3(r − 1)ϕ

(r − 2) − (r − 1)ϕ

)︂
,

ϕ5 =
(︂ (ks + 2kf ) − 2ϕ(kf − ks)

(ks + 2kf ) + ϕ(kf − ks)

)︂
, r = σsσf

.

Similarly, the boundary conditions in equation(13) are
transformed to

f (0) = S, f ′(0) = 1 + δ(f ′′(0))n , (17)
θ(0) = 1 + 𝛾θ′(0),

f ′(η) → 1, θ(η) → 0, as η →∞, (18)

where S = − (n+1)x
n
n+1

(U∞)
2n−1
n+1

( ρfµf )
1
n+1 Vw is the suction/injection pa-

rameter, δ = L
n+2
2

(U∞)
n(n−5)
2n+2

( ρfµf )
3n+1
2n+2 is the velocity slip parameter

and 𝛾 = D( L
n(n+2)

x ) 1
n+1 ( ρfµf )

n+3
n+1 is the thermal slip parameter.

3 Numerical solution
The governing equation (15)-(16) with their associated
boundary conditions (17)-(18) are solved numerically us-
ing the fourth order Runge-Kutta method with a shooting
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Table 1: Values of skin friction = −f ′′(0) and Nusselt number = −θ′(0) for natural convective MHD flow of power-law nanofluid with slip at the
boundary

n M Pr δ 𝛾 −f ′′(0)[34] −θ′(0)[34] Present Present
−f ′′(0) −θ′(0)

0.4 0.6 0.7 0.3 0.3 0.82269 0.39319 0.822690 0.393190
1.0 0.68047 0.33497 0.680471 0.334972
1.4 0.67638 0.31484 0.676380 0.314843
1.4 0.6 0.7 0.3 0.0 0.50701 0.34768 0.50701 0.347683
1.4 0.6 0.7 0.3 0.6 0.67638 0.28767 0.676380 0.287672
1.4 1.0 0.7 0.3 0.3 0.78586 0.32410 0.785860 0.324101

method. For the present, flow and heat transfer analysis,
system (15)-(16) is first reduced to

f ′ = g, g′ = h,

h′ = 1
n(a + A − Aθ)|h|n−1

[︂
−
(︂

1
n + 1

)︂
(ϕ2/ϕ1)�

+Az|h|n + (ϕ4/ϕ1)M(g − 1)
]︀
,

θ′ = p, p′ = 1
1 + ϵθ

[︂
− 1
n + 1(ϕ3/ϕ5)Pr fp − ϵp2

]︂
where n = ̸ 1,

f (0) = S, g(0) = δ(h(0))n , θ(0) = 1 + 𝛾p(0),
h(0) = G1, p(0) = G2,

where G1 and G2 are missing values which are chosen by
a hit and trial method (as guesses) such that the boundary
conditions g(∞) and θ(∞) are satisfied.

Numerical computations are performed taking a uni-
form step size ∆η = 0.01 so that smoothness in the con-
vergent solutions is obtained with an error of tolerance
10−6. Errors are inevitable due to the unbounded domain,
whereas the computational domain must be finite. The
step size and the position of the edge of the boundary
layer are adjusted for different values of the governing pa-
rameters to maintain convergence of the numerical solu-
tion. Details of the solution procedure are not presented
here for brevity. To confirm the numerical procedure, us-
ing the proposed code, the present results are compared
with results available in the literature. The test case is nat-
ural convection of MHD boundary layer flow of power-law
nanofluid over a surface (flat) having power-law slip. Com-
parison of our results and results of other investigators is
shown in Table 1. These results are obtained for a = 1,
ϕ = A = ϵ = S = 0. As can be seen from Table 1, the
present results and the results presented by Hirschhorn
at el. [34] show excellent agreement, for both the Nusselt
number and the skin friction coefficient.

4 Results and discussion
A numerical investigation has been carried out to study
flow of fluid and variations in temperature of a Cu-water
power-law nanofluid within a boundary layer. To demon-
strate the meaningful relationship between the parame-
ters, i.e, n, A, ϵ, ϕ, M, S, δ and 𝛾, numerically obtained
results are presented in the form of graphs for variations
in velocity f ′(η) and temperature θ(η) profiles. The behav-
ior of frictional drag and heat transfer rate at the flat sur-
face are also calculatedwith variation in the governing pa-
rameters and tabulated in Table 1. Material properties of
Cu-water nanofluid are tabulated in Table 2 (see for exam-
ple, B. Shankar and Y. Yirga [35]). Graphs of our results are
drawn for fixed values of Pr = 6.2 and a = 1.0, while vary-
ing parameters A, M, ϕ, ϵ, S, δ and 𝛾.

Table 2: Properties of Copper-Water Nanofluid

Material Properties Units Water Cu(300 −
Kelvin)

Density ρ (kg/m3) 997.1 8933
Specific heat Cp (J/kgK) 4179 385
Thermal conductivity κ (W/mK) 0.613 401
Electrical conductivity σ (Ω.m)−1 0.05 5.96×107

The effect of temperature dependent viscosity on ve-
locity of Newtonian (n = 1), pseudoplastic (n < 1) and
dilatant (n > 1) fluids is presented in Figure 1. We have
chosen an arbitrary value n = 0.4 for pseudoplastic and
n = 1.4 for dilatant nanofluids. The curves in Figures 1 fol-
low the general trend, i.e, fluid motion within the bound-
ary layer will decrease due to an increase in resistance
in the fluid caused by increasing the viscosity parameter.
Moreover, for a fixed value of the viscosity parameter (say,
A = 0.6), the effect of the power-law index n on the velocity
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Figure 1: Influence of A on velocity of a power-law nanofluid when
a = 1,M = 0.2, ϕ = 0.2, ϵ = 0.3, Pr = 6.2, S = 0.4, δ = 0.1, 𝛾 = 0.6

profiles of non-Newtonian nanofluids can be observed in
Figure 1. Initially fluids with pseudoplastic behavior move
fastest within the boundary layer, whereas the velocity of
dilatant fluids is the slowest. The reason behind this is
the lowest effective viscosity of pseudoplastic fluids. This
trend is reversed in the range where shear stress becomes
more dominant and the viscosity of pseudoplastic fluids
becomes highest. The temperature distribution of a power-
law nanofluid effected by variation in the fluid viscosity
is shown in Figure 2. The effect of increasing the value
of A, leads to thickening of the thermal boundary layer,
which results in an increase in temperature and a decrease
in heat transfer. This behavior is very noticeable in shear
thickening fluids when compared to Newtonian and shear
thinning fluids.

Figures 3 and 4 depict the velocity and temperature
profiles of power-law non-Newtonian nanofluid for varia-
tion in ϵ whenM = ϕ = A = 0.2, S = 0.4, δ = 0.1, 𝛾 = 0.6.
It is clear from Figure 3, that the thermal conductivity pa-
rameter has no effect on the velocity profiles of nanofluid.
However, increasing values of the index n, show thicken-
ing of themomentum boundary layer in some initial range
of η and subsequently thinning of the momentum bound-
ary layer thickness is observed. The reason for this be-
havior has already been explained in the preceding dis-
cussion of Figure 1. Analysis of curves in Figure 4 illus-
trates that nanofluid temperature rises within the bound-
ary layer with a rise in thermal conductivity and tends
asymptotically to zero as the distance from the boundary
increases. This fact is clear from our definition, κnf > κ*nf
for ϵ > 0, i.e., the thermal conductivity of a nanofluid in-
creases with increasing values of ϵ.

0 1 2 3
0

0.2

0.4

0.6

0.8

θ 
(η

)

η

 

 
 A = 0.1, Pseudoplastic
 ~~~~~,  Newtonian
 ~~~~~,  Dilatant
 A = 1.6, Pseudoplastic
 ~~~~~,  Newtonian
 ~~~~~,  Dilatant

Figure 2: Influence of A on temperature of a power-law nanofluid
when a = 1,M = 0.2, ϕ = 0.2, ϵ = 0.3, Pr = 6.2, S = 0.4, δ =
0.1, 𝛾 = 0.6
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Figure 3: Influence of ϵ on velocity of a power-law nanofluid

The variation in M (strength of applied transverse
magnetic field) and its effect on nanofluid velocity is pre-
sented in Figure 5 for parameter values A = ϕ = 0.2, ϵ =
0.3,S = 0.4, δ = 0.1, 𝛾 = 0.6. The curves with index
n = 1.4, indicate that thickness of the momentum bound-
ary layer decreases with increasing value of M. In other
words, the increasing strength of the magnetic parameter
M boosts flow of the nanofluid within the boundary layer.
In this case, the Lorentz force (generated due to applica-
tion of a transversemagnetic field) counteracts the viscous
forces and enhances nanofluids motion. Figure 6 presents
variation in temperature profiles under slip conditions for
different values of M. As the parameter M increases the
temperature of the power-law nanofluid decreases within
the boundary layer. This is because increasing the value
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Figure 4: Influence of ϵ on the temperature of a power-law nanofluid
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Figure 5: Influence of M on velocity of a power-law nanofluid

of the strength of the transverse magnetic field boosts the
fluid velocity within the boundary layer.

Figures 7 and 8 display that both the nanofluid veloc-
ity and temperature within the boundary layer increase
with increasing values ofϕwhenA = M = 0.2, ϵ = 0.3,S =
0.4, δ = 0.1, 𝛾 = 0.6. These figures are in good agreement
with the physical behavior of nanofluids namely that the
volume fraction of denser nanoparticles causes thinning
of the momentum boundary layer. The rate of heat trans-
fer is also reduced within the momentum boundary layer.
The reason for this trend is that an increase in the volume
of nanoparticles increases the overall thermal conductiv-
ity of nanofluids since the solid particles have higher ther-
mal conductivity when compared to the base fluid.

The variation in δ and its effect on nanofluid veloc-
ity is shown in Figure 9 for A = M = ϕ = 0.2, ϵ = 0.3,
S = 0.4, 𝛾 = 0.6. For the parametric value δ = 0.2, 0.6 it
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Figure 6: Influence of M on temperature of a power-law nanofluid
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Figure 7: Influence of ϕ on velocity of a power-law nanofluid
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Figure 8: Influence of ϕ on temperature of a power-law nanofluid
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Figure 9: Influence of δ on velocity of a power-law nanofluid
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Figure 10: Influence of δ on temperature of a power-law nanofluid
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Figure 11: Influence of S > 0 on velocity of a power-law nanofluid
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Figure 12: Influence of S > 0 on temperature of a power-law
nanofluid
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Figure 13: Effect of S < 0 on velocity of a power-law nanofluid

canbe seen that the velocity for shear thinning,Newtonian
and shear thickening fluids increases with increasing val-
ues of the velocity slip at the boundary. This expected be-
havior is due to positive values of nanofluid velocity at the
boundary. As a result, thickness of the boundary layer will
decrease when parameter δ increases. On the other hand,
it is evident from Figure 10 that the surface slipperiness
affects the temperature of the fluid inversely at the bound-
ary, i.e., an increase in slip parameter tends to decrease
the temperature of the power-law nanofluid and enhance
the rate of heat transfer.

The variation in S and its influenceonmotionand tem-
perature of power-law nanofluids are shown in Figures 11-
14, respectively. The momentum boundary layer thickness
decreases with increasing values of S > 0 (suction pa-
rameter). This is because more fluid is transferred into the
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Table 3: Nature of the skin friction coeflcient and the Nusselt number with a = 1.0, Pr = 6.2

n A ϕ ϵ M S δ 𝛾 −(f ′′(0))n −θ′(0)

0.4 0.1 0.20 0.3 0.6 0.2 0.1 0.1 1.4006 0.9700
1.0 1.0520 0.7444
1.4 0.8973 0.6679
1.4 0.1 0.8973 0.6679

0.6 0.9150 0.6636
1.6 0.9421 0.6568

1.4 0.05 0.7709 0.7966
0.10 0.8121 0.7483
0.15 0.8544 0.7059
0.20 0.8975 0.6680

1.4 0.1 0.8975 0.7395
0.3 0.8975 0.6680
0.6 0.8975 0.5894

1.4 0.2 0.6917 0.6446
0.6 0.8373 0.6540
1.2 0.9591 0.6611

1.4 0.0 0.6511 0.5169
0.2 0.8975 0.6680
0.4 1.1502 0.8215

1.4 0.0 0.9484 0.6389
0.2 0.8437 0.6913
0.4 0.6542 0.7510

1.4 0.0 0.9022 0.7088
0.2 0.8935 0.6311
0.3 0.8899 0.5976
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Figure 14: Effect of S < 0 on temperature of a power-law nanofluid

boundary layer through the porous surface. From Figure
13, it may be noted that the boundary layer thickness in-
creases with increase in injection S < 0. The imposition

of suction on the surface causes reduction in the thermal
boundary layer thickness and injection causes an increase
in the thermal boundary layer thickness.

Table 3 presents the nature of the skin friction coef-
ficient of the wall (velocity gradient) and Nusselt num-
ber (temperature gradient) at the boundary for the MHD
slip flow of a power-law nanofluid. Similarly the nature
of the skin friction coefficient and Nusselt number is ob-
served for pseudoplastic, newtonian and dilatant nanoflu-
ids. Similar nature is observed for pseudoplastic, newto-
nian and dilatant nanofluids. Therefore, numerical com-
putations are only presented for n = 1.4 in Table 3. It can
be seen that pseudoplastic fluids have the highest values
and the dilatant fluids have the lowest values of the skin
friction coefficient and Nusselt number. The lowest rate of
effective viscosity for pseudoplastic fluids is the reason be-
hind this. Moreover, it is evident that the velocity gradi-
ent at the boundary increases with increasing values of
parameters A, ϕ, M, and S; whereas a reduction in the
skin friction coefficient is observed for increasing values
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of δ and 𝛾. Increase in the velocity gradient at the bound-
ary corresponds to thinning of the momentum boundary
layer thickness and decrease in the velocity of the nanoflu-
ids. The decreasing trend shows that the fluid velocity is
approaching the free stream velocity. It is observed from
Table 3, that the Nusselt number increases with enhance-
ment in the strength of applied transverse magnetic field
M, δ the velocity slip coefficient of the surface and the S
the suction/injection parameter. Increasing values of pa-
rameters A, ϕ, ϵ and 𝛾 decrease the Nusselt number.

5 Concluding remarks and future
work

In this work the principal effects of variable viscosity, vari-
able thermal conductivity and applied transverse mag-
netic field on slip flowandheat transfer characteristics of a
power-law nanofluid over a porous flat surface have been
analyzed numerically. To the best of the authors’ knowl-
edge no such study has previously been presented in the
literature. The governing system of PDEs was transformed
into a system of ODEs and then solved numerically. Nu-
merical computations performed for temperature and ve-
locity variation of Cu-water nanofluidwithin the boundary
layer were presented through graphs and tables. Paramet-
ric effects of different governing parameters on velocity
and temperature profiles were discussed. It is concluded
that:

1. Pseudoplastic nanofluids have the highest skin fric-
tion coefficient and dilatant fluids have the lowest
skin friction coefficient. The highest rate of heat
transfer is observed for n < 1 and the lowest for the
case n > 1

2. Increase in nanofluid viscosity and volume frac-
tion of nanoparticles decreases the velocity and in-
creases the temperature of nanofluids within the
boundary layer. This will reduce the heat trans-
fer rate and enhance thickness of the momentum
boundary layer

3. Increase in strength of the applied transverse mag-
netic field and suction velocity increases the veloc-
ity anddecreases the temperature distribution in the
boundary layer

4. Increase in both velocity slip and thermal slip re-
duces thickness of the momentum boundary layer,
whereas increase in slip velocity enhances and ther-
mal slip reduces the rate of heat transfer.

The simplified model for flow and heat transfer analy-
sis of a power-law nanofluid presents a qualitative anal-
ysis that can be quantified to calculate the thermal effi-
ciency of the system. Results can be generalized to in-
clude the effects of variable viscosity, variable porosity and
heat transfer of non-Newtonian nanofluids (see for exam-
ple [36, 37]). Comparisons can be drawn between the re-
sults of the presented model and nano scale flow. Alterna-
tively, the presentmodel can be solved by employing semi-
analytical methods [19, 36, 38].
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