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Biot number effect on MHD flow and heat transfer
of nanofluid with suspended dust particles in the

presence of nonlinear thermal radiation and
non-uniform heat source/sink

B. J. Gireesha, R. S. R. Gorla, M. R. Krishnamurthy,
and B. C. Prasannakumara

Abstract. This paper considers the problem of steady, boundary layer
flow and heat transfer of dusty nanofluid over a stretching surface in the
presence of non-uniform heat source/sink and nonlinear thermal radia-
tion with Biot number effect. The base fluid (water) is considered with
silver (Ag) nanoparticles along with suspended dust particles. The gov-
erning equations in partial form are reduced to a system of non-linear
ordinary differential equations using suitable similarity transformations.
An effective Runge–Kutta–Fehlberg fourth-fifth order method along with
shooting technique is used for the solution. The effects of flow parame-
ters such as nanofluid interaction parameter, magnetic parameter, solid
volume fraction parameter, Prandtl number, heat source/sink parame-
ters, radiation parameter, temperature ratio parameter and Biot number
on the flow field and heat-transfer characteristics were obtained and are
tabulated. Useful discussions were carried out with the help of plot-
ted graphs and tables. Under the limiting cases, comparison with the
existing results was made and found to be in good agreement.

1. Introduction

The problems of boundary layer flow and heat transfer over a stretching
surface have many applications in polymer industry, fibre industry, chemical
drying, paper production, glass blowing, etc. In all these cases, the quality
of the final product depends on the rate of heat transfer at the stretching
surface. The heat-transfer analysis of boundary-layer flow with radiation
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is also important in electrical power generation, astrophysical flows, solar
power technology, space vehicle re-entry and other industrial applications.
Sakiadis [33] was the first person to present boundary layer flow over a
continuous solid surface moving with constant speed. The flow of an in-
compressible viscous fluid over a linearly stretching sheet has been studied
by Crane [5], who obtained an exact solution for the flow field. Cortell [3]
studied the flow of an electrically conducting power-law fluid in the presence
of a uniform transverse magnetic field over a stretching sheet. Shehzad et
al. [36] have studied heat and mass transfer analysis combined with Soret
and Dufour effects in boundary layer flow of Jeffrey fluid with convective
thermal condition. Mabood et al. [17] reported on steady two-dimensional
hydromagnetic mixed convective heat and mass transfer flow of a micropo-
lar fluid over a stretching sheet embedded in a non-Darcian porous medium
with thermal radiation and non-uniform heat source/sink.

Nanofluids are innovative coolants with more effective cooling properties
compared to the conventional fluids such as water and oil. Unfortunately
the viscosity of the nanofluid is higher than the base fluid. Thus viscosity
affects directly the pressure drop and pumping consumption of the system.
Greater thermal conductivity, excellent stability and negligible increasing
pressure loss are some important characteristics of nanofluids that are men-
tioned in the literature. One can find a large number of works on differ-
ent aspects of the nanofluids such as their thermal conductivity ([22], [9]),
dynamic viscosity ([25], [8]), and thermal expansion [24]. An exponential
increase in the number of experimental works on applications of nanofluids
in forced convection regimes is observed in the recent years. Wen and Ding
[38] conducted an experiment on convective heat transfer of alumina-water
nanofluids through a copper tube in laminar flow regime. Pak and Cho [26]
experimentally investigated the flow behavior and convective heat transfer
of TiO2 and Al2O3 water based nanofluids through a horizontal tube. They
have presented the first regression correlation to predict nanofluid Nusselt
number which is independent of nanoparticles solid volume fraction. An
experimental study of Copper-water nanofluids in a straight tube with con-
stant heat flux wall and convective heat transfer has been reported by Xuan
and Li [39]. Their funding showed that the heat transfer rate of nanofluid is
greater than pure water.

In the support of experimental work, Sheikholeslami and Ganji [37] the-
oretically investigated the heat transfer of Cu-water nanofluid flow which
is squeezed between parallel plates. Elazem et al. [7] have numerically in-
vestigated the effect of radiation on the steady MHD flow and heat transfer
of Cu-water and Ag-water nanofluids over a stretching sheet. Khare [16]
reported the partial slip effect on MHD flow and heat transfer of Ag-water
nanofluid over a stretching sheet. Recently, Hedayati et al. [14] show the
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effects of nanoparticle migration and asymmetric heating on the forced con-
vective heat transfer of Al2O3-water nanofluid in microchannels. The natural
convection in an open cavity with non uniform thermal boundary condition
and the cavity is filled with Al2O3-water nanofluid in the presence of mag-
netic field and heat generation or absorption was investigated by Mahmoud
[18].

The study of the flow of dusty fluid has important applications in the
fields of fluidization, combustion, in cooling systems, centrifugal separation
of matter from fluid, petroleum industry, and purification of crude oil, elec-
trostatic precipitation, polymer technology and fluid droplets sprays. Ini-
tially, Saffman [32] described the fluid-particle system and obtained the
equation of motion for fluid carrying the dust particles. The heat trans-
fer effects on dusty gas flow past a semiinfinite isothermal inclined plate
was analyzed by Palani and Ganesan [27]. Nandkeolyar et al. [23] consid-
ered the natural convection boundary layer flow of a viscous, incompressible,
and electrically conducting dusty fluid past an impulsively moving vertical
plate with ramped temperature in the presence of thermal radiation and
transverse magnetic field. The problem of two-dimensional mixed convec-
tive flow a dusty fluid over a stretching sheet in the presence of thermal
radiation and space dependent heat source/sink was investigated by Giree-
sha et al. [10]. Recenty, Gorla et al. [11] studied the effect of non-uniform
heat source/sink and viscous dissipation on hydromagnetic fluid flow and
heat transfer of nanofluid with fluid particle suspension over an exponential
stretching sheet.

Convective heat transfer mobilized substantial interest owing to its impor-
tance in industrial and environmental technologies including energy storage,
gas turbines, nuclear plants, rocket propulsion, geothermal reservoirs, and
photovoltaic panels etc. Recently, Ishak [15] reported the steady laminar
boundary layer flow over a permeable flat plate with convective boundary
conditions. The effect of thermal buoyancy along a stationary vertical plate
with a uniform free stream flow were studied by Makinde and Olanrewaju
[19]. Bég et al. [1] studied the mixed magneto-convective flow of an electri-
cally conducting flow along a moving radiating vertical flat plate with hy-
drodynamic slip and thermal convective boundary conditions. Ramesha and
Gireesha [30] examined the heat source/sink effects on the steady boundary
layer flow of a Maxwell fluid over a stretching sheet with convective boundary
condition in the presence of nanoparticles. The effects of slip and convective
heat boundary conditions on steady two dimensional boundary layer flow of
a nanofluid over a stretching sheet in the presence of blowing/suction was
reported by Malvandi et al. [20].

In the above mentioned studies, some of (see [7], [23] and [10]) were
confined to the linear approximation for the radiative heat transfer effects
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which are valid for small temperature differences. It is difficult to con-
struct a system in scientific and engineering applications in which the work-
ing fluids will have a small temperature differences. Therefore, the heat
transfer with nonlinear radiation has been recently presented by some re-
searchers. The Sakiadis flow with nonlinear Rosseland thermal radiation
was considerd by Pantokratoras and Fang [28]. Unlike, small temperature
difference within the fluid, they have assumed large temperature differences.
Cortell [4] numerically explored the radiation effect on fluid flow and heat
transfer over a stretching sheet using nonlinear Rosseland approximation.
Hayat et al. [13] analyzed the nonlinear thermal radiation effect on magneto-
hydrodynamic three-dimensional flow of couple stress nanofluid in the pres-
ence of thermophoresis and Brownian motion. Recently, Prasannakumara
et al. [29] investigated the effects of chemical reaction and thermal radiation
on Williamson nanofluid slip flow over a stretching sheet using nonlinear
Rosseland approximation.

The present study aims to investigate the effects of nonuniform heat
source/sink, nonlinear thermal radiation and Biot number on dusty fluid
containing Ag-water nanoparticles over a stretching sheet. The governing
equations of the flow are solved numerically using the Runge–Kutta–Fehlberg
fourth-fifth order method along with the shooting technique. Effect of gov-
erning parameters on velocity, temperature, friction factor and Nusselt num-
ber is discussed with the aid of presented graphs. Comparison of the obtained
results are made with the existing results.

2. Mathematical formulation

Consider a steady, laminar, two-dimensional boundary layer flow and heat
transfer of an incompressible dusty fluid combined with Ag nanoparticles
past a stretching sheet. The sheet coincides with the plane y = 0 and the
flow is confined to y > 0. The flow is generated due to linear stretching of
the sheet caused by the simultaneous applications of two equal and opposite
forces along the x-axis as shown in the Figure 1 (see Appendix 2). A uniform
magnetic field B0 is assumed to be applied in the y-direction. Keeping
the origin fixed, the sheet is then stretched with a velocity Uw(x) = bx
where b > 0 is the stretching rate and x is the coordinate measured along
the stretching surface, varying linearly with a distance from the slit. The
ambient fluid temperature is a constant T∞. The sheet surface temperature
is maintained by convective heat transfer at a certain value Tf , which is to
be determined later. The fluid is a water based dusty fluid containing Ag
nanoparticles. The nanoparticles are assumed to have a uniform shape and
size. Moreover, it is assumed that both the fluid phase and nanoparticles
are in thermal equilibrium state.

Under usual boundary layer approximations, the flow governing equations
of nanofluid phase and dust phase are given by
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where x and y respectively represent coordinate axes along the continuous
surface in the direction of motion and perpendicular to it. Here (u, v) and
(up, vp) denote the velocity components of the nanofluid and dust phases
along the x and y directions, respectively, N is the number density of dust
particle, K = 6πµnfr is the Stokes drag constant, r is the radius of dust
particle, σ is the electrical conductivity, m is the mass concentration of dust
particles, ρnf is the effective density of nanofluid, µnf is the effective dynamic
viscosity of nanofluid which are given by (see [34])

ρnf = (1− φ)ρf + φρs, µnf =
µf

(1− φ)2.5
, (2.7)

where φ is the solid volume fraction of nanofluid, ρf is the density of base
fluid, ρs is the density of the nanoparticle, and µf is the dynamic viscosity
of the base fluid.

In equations (2.5) and (2.6), T and Tp represent the temperatures of the
fluid and dust particle inside the boundary layer, cpf and cmf are the specific
heat of the fluid and dust particles, τT is the thermal equilibrium time, i.e.,
the time required by a dust cloud to adjust its temperature to that of the
fluid, τv is the relaxation time of the dust particle, that is, the time required
by a dust particle to adjust its velocity relative to the fluid, knf is the thermal
conductivity, and (ρcp)nf is heat capacity of the nanofluid, which are given
by (see [34])

knf
kf

=
ks + 2kf − 2φ(kf − ks)
ks + 2kf + 2φ(kf − ks)

, (ρcp)nf = (1− φ)(ρcp)f + φ(ρcp)s, (2.8)

where (ρcp)f is the heat capacity of the base fluid, (ρcp)s is the heat capacity
of the nanoparticle, kf is the thermal conductivity of the base fluid, and ks
is the thermal conductivity of nanoparticle. The corresponding boundary
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conditions are given by

u = Uw, v = 0, knf
∂T

∂y
= hf (Tf − T ) at y = 0,

u→ 0, up → 0, vp → v, T → T∞, Tp → T∞ as y →∞. (2.9)

Here q′′′ is the space and temperature dependent internal heat generation/ab-
sorption (non uniform heat source/sink) which can be expressed as

q′′′ =
knfUw(x)

xνf
[A1(Tf − T∞)f ′(η) +B1(T − T∞)], (2.10)

where Tf and T∞ denote the temperature at the wall and at large dis-
tance from the wall, respectively, A1 and B1 are the parameters of the space
and temperature dependent internal heat generation/absorption. It is to be
noted that A1 and B1 are positive to internal heat source and negative to
internal heat sink.

Unlike the linearized Rosseland approximation, we use nonlinear Rosse-
land diffusion approximation from which one can obtain results for both
small and large differences between Tf and T∞.

Using Rosseland (see [31], [35]) approximation for radiation, the radiative
heat flux qr is simplified as

qr = −4σ∗

3k∗
∂T 4

∂y
= −16σ∗

3k∗
T∞3

∂T

∂y
, (2.11)

where σ∗ is the Stefan–Boltzmann constant and k∗ is the mean absorption
coefficient. Now after simplification, equation (2.5) takes the form

(ρcp)nf

[
u
∂T

∂x
+ v

∂T

∂y

]
=

∂

∂y

[(
knf +

16σ∗T 3
∞

3k∗

)
∂T

∂y

]
+
Ncpf
τT

(Tp − T )

+
N

τv
(up − u)2 + q′′′. (2.12)

To convert the governing equations into a set of similarity equations, intro-
duce the following similarity transformation:

u = bxf ′(η), v =
√
−bνff(η), η =

√
b

νf
y, up = bxF ′(η),

vp =
√
−bνfF (η), θ(η) =
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, and θp(η) =
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Tf − T∞

. (2.13)

with T = Tf (1 + (θw − 1)θ) and θw =
Tf
T∞

, θw > 1, the temperature ratio

parameter. Making use of the transformations (2.14), equations (2.1) and
(2.3) are identically satisfied and equations (2.2), (2.4), (2.6), and (2.13) take
the form

f ′′′ + (1− φ)2.5
[
(1− φ) + φ

ρs
ρf

]
(ff ′′ − f ′2) + (1− φ)2.5

×
[
lβv(F
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]

= 0, (2.14)
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FF ′′ − [F ′]2 + βv[f
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Fθ′p + γβT [θ − θp] = 0. (2.17)

The corresponding boundary conditions will take the following form:

f(0) = 0, f ′(0) = 1, θ′(0) = −Bi(1− θ(0)),

f ′(∞) = 0, F ′(∞) = 0, F (∞) = f(∞), θ(∞) = 0, θp(∞) = 0. (2.18)

Here a prime denotes differentiation with respect to η, the number l =
mN/ρf is the mass concentration of particles, τv = m/K is the relaxation
time of the dust particle, βv = 1/τvb is the fluid-particle interaction pa-

rameter for velocity, M =
σB2

0
ρf b

is the magnetic parameter, βT = 1
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is the Biot number.
The physical quantities of interest are the skin friction coefficient (Cfx)

and the local Nusselt number (Nux), which are defined as

Cfx =
τw
ρfU2

w

, Nux =
xqw

knf (Tf − T∞)

∂T

∂y
at y = 0, (2.19)

where the surface shear stress τw and the surface heat flux qw are given by

τw = µf

(
∂u

∂y

)
and qw = −knf

(
∂T

∂y

)
+ (qr)w at y = 0, (2.20)

with µnf and knf being the dynamic viscosity and thermal conductivity
of the nanofluids, respectively. Using the similarity transformations from
(2.13), we obtain√

RexCfx =
1

(1− φ)2.5
f ′′(0),

Nux√
Rex

= −
knf
kf

(1 +Nrθ3w)θ′(0), (2.21)

where Re = bx2

νf
is the Reynolds number.

3. Numerical procedure

The resultant ordinary differential equations are coupled and nonlinear
in nature, therefore, a closed-form solution may not be possible. Thus, the
RKF-45 method with the shooting technique is used in the present study
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to solve the boundary-layer equations (2.14)–(2.17) when subjected to the
boundary conditions equation (2.18). The shooting technique is an iterative
algorithm that attempts to identify appropriate initial conditions for a rele-
vant initial value problem that provides the solution to the original bound-
ary value problem. The shooting method is based on Maple implementation
“shoot” and its detailed procedure can be found in Meade et al. [21]. This
algorithm is proven to be precise and accurate, and it has been successfully
used to solve a wide range of nonlinear problems in transport phenomena,
especially flow and heat transfer problems. In this study, the relative error
tolerance to 10−6 is considered. The asymptotic boundary conditions at η∞
are replaced by η6, in accordance with f ′ηmax = f ′′ηmax = θηmax = 0, where
ηmax is a sufficiently large value of η at which the boundary conditions (2.18)
are asymptotically satisfied. The thermo physical properties of water and
Ag nanoparticle are shown in Table I (see Appendix 1).

The accuracy of the aforementioned numerical method was validated by
direct comparisons with the numerical results corresponding to the values of
skin friction coefficient [−f ′′(0)] with those reported by Das [6] for different
values of volume fraction of nanoparticles (φ) by keeping l = 0 and M = 0.
Further, we have made a comparison of values of heat transfer coefficient
[−θ′(0)] reported earlier by Grubka and Bobba [12] and Chen [2] for var-
ious values of Prandtl number in the absence of the nanoparticle volume
fraction and mass concentration of particles parameter φ = l = 0, and they
are presented in Tables II and III, respectively. It can be seen from these
tables that an excellent agreement between the results exists. This favorable
comparison lends confidence in the numerical results to be reported in the
next section.

4. Results and discussion

MHD flow and heat transfer of dusty fluid with Ag-water nanoparticles in
the presence of nonlinear thermal radiation and nonuniform heat source/sink
over a stretching surface with convective boundary condition have been stud-
ied. The purpose of this section is to analyze the effects of various physi-
cal parameters such as magnetic parameter (M), fluid particle interaction
parameter for velocity (βv), solid volume fraction parameter (φ), mass con-
centration particle parameter (l), radiation parameter (Nr), temperature
ratio parameter (θw), Biot number (Bi), Eckert number (Ec), Prandtl num-
ber (Pr), and heat source/sink parameters (A1 and B1) on the velocities
and temperature fields as well as skin friction coefficient and local Nusselt
number profiles. Therefore, for such objective, Figures 2–18 have been plot-
ted. In numerical computations throughout, we employed M = 0.3, βv =
0.5, φ = 0.2, A1 = B1 = 0.5, θw = 1.2, Nr = 1.5, Bi = 0.2, l = 0.2,
and Pr = 6.2. The numerical result of skin friction co-efficient and rate of
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heat transfer are examined for different values physical parameters, which
are tabulated in Tables IV and V.

Figures 2 and 3 illustrate the influence of the magnetic parameter (M)
on the velocity and temperature profiles in the boundary layer, respectively.
An application of a transverse magnetic field to an electrically conducting
fluid gives rise to a resistive-type force called the Lorentz force. This force
has the tendency to slow down the motion of the fluid in the boundary layer
and to increase its temperature. Also, the effects on the flow and thermal
fields become more so as the strength of the magnetic field increases.

The variation of velocity and temperature profiles with η for different val-
ues of the nanofluid interaction parameter for velocity (βv) for both nanofluid
and dust phases are illustrated in Figures 4 and 5, respectively. It is noticed
from these figures that the velocity profiles decrease with increasing values
of βv for nanofluid phase and increase for dust phase in the boundary layer.
The increasing values of βv reduce the velocity f ′(η) and thereby increase the
boundary layer thickness. For increasing values of βv the temperature profile
increases for both the phases and also one can observed that nanofluid phase
temperature is higher than that of dust phase, which is shown in Figure 5.

The effect of mass concentration of particle parameter (l) for both nano-
fluid and dust phase of velocity and temperature profile are depicted in
Figures 6 and 7. From these plots, we observed that, an increase in mass
concentration of particles, the velocity profile increases and temperature
profile decreases for both of the phases. Moreover, it is interesting to note
that the value l = 0 corresponds to the ordinary viscous nanofluid.

The effect of nanoparticle volume fraction parameter (φ) on velocity and
temperature profiles for both nano fluid and dust phases are, respectively,
illustrated graphically through Figures 8 and 9. From these figures, it is
observed that as the volume fraction of nanoparticles increases from 0 to
0.2, velocity profile for both nanofluid and dust phase decreases inside the
boundary layer and temperature profile increases for both of the phases.

Figures 10 and 11 show the temperature profiles θ(η) and θp(η) versus η
for different values of A1 and B1. From these plots it is evident that increase
in A1 [A1 > 0 (heat source)] results in the enhancement of both fluid and
dust phase temperature, whereas A1 < 0 (heat sink) leads to decrease in the
thermal boundary layer. It is due to the fact that for A1 > 0, the thermal
boundary layer generates the energy and obviously energy is absorbed for
decreasing values of A1 resulting in temperature dropping significantly near
the boundary layer. The similar effect is observed from the Figure 11 for the
effect of temperature-dependent heat source/sink parameter B1.

Figure 12 represents the effect of radiation parameter (Nr) on temper-
ature profiles for both nanofluid and dust phases. Numerically increasing
the radiation parameter enhances the heat transfer, physically increasing
the radiation parameter produces a significant increase in the thickness of
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thermal boundary layer. In fact, the radiation parameter decreases the fluid
temperature. This is because as the radiation parameter increases, the mean
Rosseland absorption co-efficient k∗ decreases (for some thermal conductiv-
ity knf ). Hence the thermal radiation factor is better suitable for cooling
process.

Figure 13 illustrates the effect of temperature ratio parameter (θw) on
temperature profile for both nanofluid and dust phases. We noticed that
the increase in temperature ratio parameter increases the thermal state of
the fluid, resulting in increase temperature profiles. Physically, the fluid
temperature is much higher than the ambient temperature for increasing
values of (θw), which increases the thermal state of the fluid.

In Figure 14, the variation of temperature θ(η) and θp(η) with η for various
values of the Biot number (Bi) is presented. It is observed that temperature
fields θ(η) and θp(η) increase rapidly near the boundary by increasing Biot
number. This is because of convective heat exchange at the plate surface
leading to an increase in thermal boundary layer thickness.

Figure 15 is plotted for the temperature distribution for different values
of Eckert number (Ec). Here the temperature of both nanofluid and dust
phase increases with the increase in the value of Ec. It is because the heat
energy is stored in the liquid due to frictional heating and this is true in the
both cases.

The temperature profile for various values of Prandtl number (Pr) is
plotted for both nanofluid and dust phases in Figure 16. From this fig-
ure it reveals that the temperature decreases with the increase in the value
of Pr. Physically an enhancement in the Prandtl number corresponds to
weaker thermal diffusivity. It is a well-known fact that the fluids with weaker
thermal diffusivity have lower temperature. Such weaker thermal diffusivity
shows a reduction in the temperature and thermal boundary layer thickness.
Hence Prandtl number can be used to increase the rate of cooling.

Figure 17 depicts the Nusselt number effect on various values of solid vol-
ume fraction parameter (φ) versus magnetic parameter (M). From this plot
we observed that the temperature gradient increases for increasing values of
(φ). Similarly, the different values of radiation parameter (Nr) versus Biot
number (Bi) of Nusselt number for linear and nonlinear Rosseland approxi-
mation are illustrated in Figure 18. Here, the Nusselt number increases for
increasing values of Nr.

5. Conclusions

A mathematical analysis has been carried out to study the effects of non-
linear radiation, nonuniform heat source/sink and Biot number on hydro-
magnetic flow and heat transfer of dusty fluid over a stretching sheet com-
bined with Ag-water nanoparticle. Some of the important observations of
our analysis obtained by the graphical representation are reported as follows.
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• The effect of magnetic parameter is to increase the temperature dis-
tribution in the flow region for both nanofluid and dust particle
phases.
• The velocity of nanofluid and dust phases decreases while the tem-

perature of nanofluid and dust phases increases as φ increases.
• The mass concentration particle parameter increases the velocity

and decreases the temperature profiles in the flow region for both
nanofluid and dust phases.
• The temperature of nanofluid and dust phases increases with increas-

ing values of Nr, θw, Ec, and Bi.
• Temperature of nanofluid and dust phase decreases with increasing

values of Pr.
• For silver (Ag) nanoparticles, the thermal conductivity is higher than

other particles.
• The nanofluid phase temperature is higher than that of the dust

phase.
• It is found that the dusty fluids with Ag nanoparticles have the

appreciable cooling performance.

Appendix 1. Tables

Table I. Thermo physical properties of water and nanoparticles.

ρ(kg/m3) Cp(j/kgk) k(W/mk)

pure water (H2O) 997.1 4179 0.613
Silver (Ag) 10500 235 429

Table II. Comparison results for skin friction co-efficient (−f ′′(0)) in the
case of βv = M = 0 and l = 0.

−f ′′(0)

φ Das et al [6] Present result

0.0 1.0014 1.00142
0.1 1.1752 1.17531
0.2 1.2183 1.21842

Table III. Values of θ′(0) for several values of Prandtl number and mag-
netic parameter in the absence of β, βT , Ec, and φ.

Pr Grubka et al [12] Chen [2] Present study

0.72 1.0885 1.0885 1.0884
2 1.0 1.3333 1.3333 1.3333
1.0 2.5097 2.5097 2.5096
10.0 4.7969 4.7968 4.7968
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Table IV. Values of skin friction coefficient and Nusselt number for various
values of the parameters when Nr = 1.5, A1 = B1 = 0.5, Bi = 0.2, P r =
6.2, and Ec = 0.5.

Nonlinear thermal Linear thermal
radiation radiation

βv βT l M φ
√
RexCfx Nux/

√
Rex Nux/

√
Rex

0 2.7106 1.3110 0.3676
0.3 2.7062 1.2545 0.3514
0.6 2.6961 1.2357 0.3459

0.2 2.6999 0.9808 0.2744
0.4 2.6999 1.1559 0.3238
0.6 2.6999 1.2398 0.3471

0.3 2.6945 1.2904 0.3607
0.6 2.6782 1.3508 0.3768
0.9 2.6619 1.3731 0.3827

0 2.6010 1.2369 0.3463
0.3 2.6999 1.2398 0.3471
0.6 2.7952 1.2425 0.3479

0 1.5055 0.5836 0.1633
0.1 2.0469 0.8458 0.2367
0.2 2.6999 1.2398 0.3471

Table V. Values of Nusselt number for different values of the parameters
when βv = 0.5, φ = 0.2, and M = 0.3.

Nonlinear thermal Linear thermal
radiation radiation

A1 B1 Nr Pr Bi Ec Nux/
√
Rex Nux/

√
Rex

-0.5 1.4405 0.4033
0 1.3389 0.3752

0.5 1.2398 0.3471
-0.5 1.2977 0.3631
0 1.2718 0.3559

0.5 1.2398 0.3471
1 0.9507 0.3500

1.5 1.2398 0.3471
2 1.5230 0.3442

3.2 1.0661 0.2999
4.2 1.1501 0.3228
5.2 1.2030 0.3471

2 4.7458 1.4815
5 5.7032 1.8942
10 6.0936 2.0880

0.5 4.7458 0.3471
1 4.4975 0.3270
2 4.0102 0.2867
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Appendix 2: Figures

Figure 1. Schematic representation of the flow diagram.

Figure 2. Velocity profile for various values of magnetic parameter (M).
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Figure 3. Temperature profile for various values of magnetic parameter (M).

Figure 4. Velocity profile for various values of velocity fluid particle interac-
tion parameter (βv).
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Figure 5. Temperature profile for various values of velocity fluid particle
interaction parameter (βv).

Figure 6. Velocity profile for various values of mass concentration particle
parameter (l).
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Figure 7. Temperature profile for various values of mass concentration par-
ticle parameter (l).

Figure 8. Velocity profile for various values of solid volume fraction para-
meter (φ).
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Figure 9. Temperature profile for various values of solid volume fraction
parameter (φ).

Figure 10. Temperature profile for various values of space dependent internal
heat generation/absorption parameter (A1).
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Figure 11. Temperature profile for various values of temperature dependent
internal heat generation/absorption parameter (B1).

Figure 12. Temperature profile for various values of radiation parameter
(Nr).
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Figure 13. Temperature profile for various values of temperature ratio pa-
rameter (θw).

Figure 14. Temperature profile for various values of Biot number (Bi)
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Figure 15. Temperature profile for various values of Eckert number (Ec).

Figure 16. Temperature profile for various values of Prandtl number (Pr).
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Figure 17. Effect of Nusselt number for various values of φ with M .

Figure 18. Effect of Nusselt number for various values of Nr with Bi.
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