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Abstract

There is an intense worldwide activity in the development of instrumentation for
medical diagnosis and bioscreening based on biological labeling and detection of
nanoparticles. Based on this profound observation, Hall and ion slip effects on
magnetohydrodynamic (MHD) free convective rotating flow of nanofluids in a
porous medium past a moving vertical semi-infinite flat plate are investigated. The
equations for governing flow are solved analytically by perturbation approximation.
The effects of various parameters on the flow are discussed through graphs and
tables. The velocity increases with Hall and ion slip parameters. An increase in the
convective parameter led to amplify the thermal boundary layer thickness, but when
the heat generation parameter is taken into consideration, an opposite effect occurs.
The skin friction coefficient increases with an increase in nanoparticle volume
fraction and it reduces with increase in Hall and ion slip parameters. Outcomes
disclose that the impact of thermal convection of nanoparticles has increased the
temperature distribution, which helps in destroying the cancer cells during the drug
delivery process.

Keywords: Hall and ion slip effects, Heat transfer, Porous medium, Nanofluids,
Rotating frame

2010 Mathematics Subject Classification: 76E06, 76E07, 76S05, 81 V70, 82D80
Introduction
The homogeneous mixture of nanoparticles contains two liquids known as nanofluids.

Nanoparticles operating in nanofluids are composed of carbon nanotubes, oxides,

metals, and carbides. The base is made up of liquid oil, ethylene glycol, and water. The

nanofluid was first proposed by Choi [1]. Nanofluids have applications in microelec-

tronics, microfluidics, transportation, biomedical, X-rays, material processing, and sci-

entific measurement. Buongiorno proposed an analytical model for convective

transport in nanofluids, which incorporate the effects of Brownian diffusion and ther-

mophoresis. These nanoparticles also hold a lot of significance in the areas of bio-

logical and medical applications. Some nanoparticles can bind many drugs, proteins,

and target cancer cells. Since many nanoparticles have high atomic numbers that can
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produce heat, they lead to the treatment of tumor-selective photothermal therapy. Most

of the nanoparticles can cure and help in targeting the deadly cancer cells. Flow

through porous medium with nanoparticles has significant applications in biomedical

science (such as drug delivery and cancer treatment to treat radiotherapy) and chemical

engineering (transport of chemicals).

A major interest of convective heat transmission of nanofluids in sciences and engin-

eering is incredibly significant. It is due to various varieties of cool devices like micro-

electronics and electronic gear and solar power technology. Water, ethylene glycol, and

engine oil are heating or cooling agents and play a decisive job in thermal management

of many industries with poor thermal conductivity. Recent investigations have given

more attention towards thermal convection flows. The rate of thermal energy transmis-

sion from one point to another point enhances in several conductive and convection

processes. The thermal energy vigorously depends on the variation of heat at the loco-

motion. However, in thermal radiation, energy transmission between two bodies de-

pends upon absolute heat variation. Thermal radiation has so many applications in

biomedical. Because of its application in biomedical and medical treatment, the out-

come of thermal radiation with double diffusion has become an important research

subject to many researchers. Infrared radiation is one of the most commonly used tech-

niques for the treatment of heat in various parts of the body. Infrared radiation is made

up of electromagnetic waves. It lies between the visible light and the microwave. It

helps in correcting many skin-related problems. Any radiation entering the skin de-

pends on the composition, vascularity, pigmentation, and wavelength of the radiation.

Infrared radiation helps treat heat, directly heating blood vessels in the affected area of

the body. It raises the blood supply in the body, which helps in adequate infection of

the wound. It raises WBC and removes waste products. It is used in arthritic joints and

other inflammatory conditions. Blood flows to different parts of the body. In skin fric-

tion, heat transmission occurs through radiation, evaporation, conduction, and circula-

tion. It is known that infrared radiation is made up of electromagnetic waves, and so in

the case of radiation heat transfer, the choice is transmitted by electromagnetic wave.

The porous medium is considered homogeneous and is present in local thermal equi-

librium with isotropic nanoclides. Blood flow resistance for microbial biofilm and heat

transmission around biological tissues, the concept of electronic preservation, hydro-

dynamic modeling of tissue-engineered materials, and general methods of antibiotic

therapy. It describes how biofilm pores affect the hydrodynamics of the media. It de-

scribes a model of flow changes in brain aneurysms and recent advances in turbulence

estimation methods, modeling passive mass transport processes, and also sheds light on

cellular membranes. Further, it also has biochemical impacts and large-scale transport

by the skin [2].

In many realistic applications that require a strong magnetic field, there is a need to

think both the Hall and ion-slip currents because of the significant effect they have on

the vector of the current density and transitively on the magnetic force idiom. The ef-

fects of Hall and ion-slip parameters on mixed convective electrically conducting nano-

fluid flow between two parallel concentric cylinders considering magnetic field has

been discussed by Srinivasacharya and Shafeeurrahman [3]. Veera Krishna and Cham-

kha [4] investigated the diffusion-thermo, radiation-absorption and Hall and ion slip ef-

fects on MHD free convective rotating flow of nanofluids (Ag and TiO2) past a semi-
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infinite permeable moving plate with a constant heat source. Veera Krishna and Cham-

kha [5] discussed the MHD squeezing flow of a water-based nanofluid through a satu-

rated porous medium between two parallel disks taking Hall current into account. Ram

[6] investigated the effects of Hall and ion slip currents on MHD rotating free convect-

ive heat-generating flow. Seddeek [7] has discussed the effects of Hall and ion-slip cur-

rents and Heat transfer on magneto-micropolar fluid over a non-isothermal stretching

sheet with suction and blowing. Seddeek and Abdelmeguid [8] discussed the boundary

layer analysis which is used to the effects of Hall and ion-slip currents on steady magneto-

micropolar fluid over a horizontal plate. Jha and Apere [9] investigated unsteady MHD

Couette flow of a Newtonian fluid between two rotating parallel plates taking hall and

ion-slip currents. Uddin and Kumar [10] discussed Hall and ion-slip effect on the thick-

ness of the boundary layer flow of a micropolar fluid over a wedge. Ellahi et al. [11] con-

ducted a theoretical study of the problem of the peristaltic flow of Jeffrey fluid in a non-

uniform rectangular duct under the effects of Hall and ion slip. Bhatti et al. [12] discussed

the effect of Hall and ion slip on peristaltic blood flow of Eyring Powell in a non-Uniform

Porous two-dimensional channel under long wavelength approximation of zero Reynolds

number. Veera Krishna and Subba Reddy [13] investigated the transient MHD flow of a

reactive second-grade fluid through a porous medium between two infinitely long hori-

zontal parallel plates. Jitendra and Srinivasa [14] investigated Hall and ion slip effects on

the convective flow of a rotating fluid. Dileep and Priyanka [15] discussed the Hall effects

on MHD viscous electrically conducting fluid flow and heat transfer in a parallel plate

channel partially filled with a porous medium with an inclined magnetic field in a rotating

system. Veera Krishna et al. [16] discussed the Hall effects on unsteady MHD oscillatory

free convective flow of second-grade fluid through porous medium between two vertical

plates. Veera Krishna and Chamkha [17] have delivered the unsteady MHD flow of

second-grade fluid through porous medium with ramped wall temperature and ramped

surface concentration with Hall effects. Veera Krishna et al. [18] have investigated heat

and mass transfer on MHD chemically reacting flow of micropolar fluid through a porous

medium with Hall effects. Veera Krishna et al. [19] discussed the Soret and Joule effects of

MHD mixed convective flow of an incompressible and electrically conducting viscous

fluid past an infinite vertical porous plate considering Hall effects. Veera Krishna et al.

[20] have discussed Hall effects on MHD peristaltic flow of Jeffrey fluid through porous

medium in a vertical stratum. Sara and Bhatti [21] investigated MHD peristaltic flow of a

non-Newtonian nanofluid with chemical reaction, Hall and ion-slip currents. Bhatti et al.

[22] discussed the effects of heat transfer and Hall current on the sinusoidal motion of

solid particles through a planar channel. Waqas et al. [23] investigated to visualize the

flow of modified second grade nanofluid with heat, motile microorganisms, and

mass transfer rates over stretching surface. Sheikholeslami and Bhatti [24] analyzed mag-

netic nanofluid transportation under the effect of a non-uniform magnetic field in a

porous cavity. The effects of heat and mass transfer on free convective flow of micropolar

fluid were studied over an infinite vertical porous plate in the presence of an

inclined magnetic field with a constant suction velocity and taking Hall current into ac-

count have been discussed by Veera Krishna et al. [25]. Veera Krishna and Chamkha [26]

have discussed the systematic solution of time-dependent mean velocity on MHD

peristaltic rotating flow of an electrically conducting couple stress fluid in a uniform

elastic porous channel.
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The aforementioned studies and literature survey bear witness that the analysis of

Hall and ion effects of a viscous incompressible electrically conducting nanofluid in an

infinite vertical plate with rotation effect has not been presented yet. In order to fill the

gap of the existing literature, the Hall and ion slip effects on the unsteady MHD free

convective rotating flow of nanofluids in a porous medium past infinite vertical flat

plate have been undertaken and discussed.

Formulation and solution of the problem
We have considered Hall and ion slip effects on the unsteady free convective flow of

nanofluids (Cu and TiO2) of ambient temperature T∞ over a vertical semi-infinite mov-

ing plate entrenched in a homogeneous porous medium under thermal buoyancy effect

with a constant heat source and convective boundary conditions. We assumed both the

fluid phase and nanoparticles are in a thermal equilibrium state. Also, we assume a uni-

form shape and sized nanoparticles. The nanoparticles of a smaller size than that of the

matrix pores are suspended in nanofluid using either surfactant or surface change tech-

nology, preventing the agglomeration and deposition of these on the porous matrix.

The porous medium is considered as homogeneous as well as isotropic and is in local

thermal equilibrium with the nanofluid. The thermophysical properties of pure water,

Cu, and titanium oxide nanoparticles are taken to be constant at a reference

temperature (25 °C) and are given in Table 1 [27].

Figure 1 portrays the physical model of the problem. The flow is assumed to be in

the x-direction which is obtained along the plate in the ascendant direction and z-axis

is normal to it. The entire system rotates with an angular velocity Ω about z-axis. An

unvarying peripheral magnetic field B0 is taken to be acting along the z-axis. There is

no applied voltage (E = 0). The induced magnetic field is tiny compared to the external

magnetic field.

Due to semi-infinite plate surface assumption, all the variables are functions of z and

time t only. Under the boundary layer approximations, the basic equations that describe

the physical situation are given by

∂u
∂x

þ ∂v
∂y

¼ 0 ð1Þ

∂u
∂t

þ w
∂u
∂z

−2Ωv ¼ μnf
ρnf

∂2u
∂z2

þ B0 J y
ρnf

−
μnf u

ρnf k
þ gβnf T−T∞ð Þ ð2Þ

∂v
∂t

þ w
∂v
∂z

þ 2Ωu ¼ μnf
ρnf

∂2v
∂z2

−
B0 Jx
ρnf

−
μnf v

ρnf k
ð3Þ
Table 1 Thermo-physical properties of regular fluid and nanoparticles

Thermo-physical properties Regular fluid (water) Cu TiO2

Cp(J/kg K) 4179 385 686.2

ρ(kg/m3) 997.1 8933 4250

k(W/m K) 0.613 400 8.9538

β × 10−5(1/K) 21 1.67 0.9



Fig. 1 Physical model
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∂T
∂t

þ w
∂T
∂z

¼ αnf
∂2T
∂z2

−
Q

ρCp
� �

nf

T−T∞ð Þ ð4Þ

The boundary conditions are

u ¼ v ¼ 0;T ¼ T∞ for t≤0 ð5Þ

u ¼ Ur 1þ ε
2

eint þ e− int
� �� �

; v ¼ 0;−Kn f
∂T
∂z

¼ hf Tw−T∞ð Þ at z ¼ 0

u→0; v→0;T→T∞ as z→∞
g for t > 0

ð6Þ

The electron-atom collision frequency is assumed very high, so that Hall and ion-slip
currents cannot be neglected. Hence, the Hall and ion-slip currents give rise to the vel-

ocity in y-direction. When the strength of the magnetic field is very large, the general-

ized Ohm’s law is [28]

J ¼ σ E þ V � Bð Þ−ωeτe
B0

J � Bð Þ þ ωeτeβi
B2
0

J � Bð Þ � Bð ÞÞ ð7Þ

The component equations of (7) are

1þ βiβe
� �

J x þ βe J y ¼ σB0v ð8Þ

1þ βiβe
� �

J y−βe J x ¼ −σB0u ð9Þ

On solving Eqs. (8) and (9), we get

Jx ¼ σB0 α2uþ α1vð Þ ð10Þ

J y ¼ −σB0 α2v−α1uð Þ ð11Þ

Substituting the Eqs. (10) and (11) in (3) and (2), respectively, we obtain
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∂u
∂t

þ w
∂u
∂z

−2Ωv ¼ μnf
ρnf

∂2u
∂z2

þ σB2
0 α2v−α1uð Þ

ρnf
−
μnf u

ρnf k
þ gβn f T−T∞ð Þ ð12Þ

∂v
∂t

þ w
∂v
∂z

þ 2Ωu ¼ μnf
ρnf

∂2v
∂z2

−
σB2

0 α2uþ α1vð Þ
ρnf

−
μnf v

ρnf k
ð13Þ

The effective density, thermal diffusivity, heat capacitance, thermal conductivity [29],

thermal expansion coefficient, and effective dynamic viscosity [30] of the nanofluid are

ρnf ¼ 1−ϕð Þρ f þ ϕρs ð14Þ

αnf ¼ Knf

ρCp
� �

nf

ð15Þ

ρCp
� �

nf ¼ 1−ϕð Þ ρCp
� �

f þ ϕ ρCp
� �

s ð16Þ

kn f

k f
¼ ks þ 2k f

� �
−2φ k f −ks

� �
ks þ 2k f
� �þ 2φ k f −ks

� � ð17Þ

ρβð Þnf ¼ 1−ϕð Þ ρβð Þ f þ ϕ ρβð Þs ð18Þ

μnf ¼
μ f

1−ϕð Þ2:5 ð19Þ

w ¼ −w0 ð20Þ

where w0 represents the normal velocity at the plate, which is positive for suction
and negative for injection. The following dimensionless variables

u� ¼ u
Ur

; v� ¼ v
Ur

; z� ¼ zUr

v f
; t� ¼ tU2

r

v f
; n� ¼ nv f

U2
r

; θ ¼ T−T∞ð Þ
Tw−T∞ð Þ ; γ ¼ hf v f

K f Ur

R ¼ Ωv f
U2

r

;M ¼ B0

Ur

ffiffiffiffiffiffiffiffi
σ v f
ρ f

s
; Pr ¼ v f

α f
; S ¼ w0

Ur
;K ¼ kU2

r

v2f
;QH ¼ Qv2r

U2
r k f

Using non-dimensional variables, Eqs. (2)–(4) yields (dropping asterisks),

a1
∂u
∂t

−S
∂u
∂z

−2Rv

� �
¼ a3

∂2u
∂z2

þM2 α2v−α1uð Þ− u
K
þ a2 θ ð21Þ

a1
∂v
∂ t

−S
∂v
∂z

þ 2Ru

� �
¼ a3

∂2 v
∂z2

−M2 α2uþ α1vð Þ− v
K

ð22Þ

a4
∂θ
∂t

−S
∂θ
∂z

� �
¼ 1

Pr
knf
k f

∂2θ
∂z2

−QHθ

� �
ð23Þ

The velocity characteristic Ur is as [31]
Ur ¼ gβ f Tw−T∞ð Þv f
� �1=3

The non-dimensional boundary conditions are
u ¼ v ¼ 0; θ ¼ 0 for t≤0 ð24Þ
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u ¼ 1þ ε
2

eint þ e−int
� �

; v ¼ 0;
dθ
dz

¼ −γ 1−θ zð Þð Þ at z ¼ 0

u→0; v→0; θ→0 as z→∞
g for t > 0 ð25Þ

We now combining the Eqs. (21) and (21) ( q = u + iv ), we get
a1
∂q
∂ t

−S
∂q
∂z

þ 2iRq

� �
¼ a3

∂2 q
∂z2

− M2 α1 þ iα2ð Þ þ 1
K

� �
q þ a2θ ð26Þ

The boundary conditions (24) and (25) are as follows:
q ¼ 0; θ ¼ 0; for t≤0 ð27Þ

q ¼ 1þ ε
2

eint þ e−int
� �

;
dθ
dz

¼ −γ 1−θ zð Þð Þ½ � at z ¼ 0

q→0; θ→0 as z→∞
g for t > 0 ð28Þ

To find the analytical solutions of the PDE (23), (26) with the boundary conditions
(27), (28), then, q and θ as [32],

q z; tð Þ ¼ q0 þ
ε
2

eint q1 zð Þ þ e−int q2 zð Þ� � ð29Þ

θ z; tð Þ ¼ θ0 þ ε
2

eint θ1 zð Þ þ e− int θ2 zð Þ� � ð30Þ

for ε(< < 1).

Replacing Eqs. (29) and (30) into (26) and (23), respectively, and equating harmonic

and non-harmonic terms (neglect the higher poers of ε), we obtain

a3
d2q0
dz2

þ S3a1
dq0
dz

− M2 α1 þ iα2ð Þ þ 1
K
þ 2iRa1

� �
q0 þ a2 θ0 ¼ 0 ð31Þ

a3
d2q1
dz2

þ Sa1
dq1
dz

− M2 α1 þ iα2ð Þ þ 1
K
þ i 2Rþ nð Þa1

� �
q1 þ a2θ1 ¼ 0 ð32Þ

a3
d2q2
dz2

þ Sa1
dq2
dz

− M2 α1 þ iα2ð Þ þ 1
K
þ i 2R−nð Þa1

� �
q2 þ a2θ2 ¼ 0 ð33Þ

knf
k f

d2θ0
dz2

þ PrS a4
dθ0
dz

−QHθ0 ¼ 0 ð34Þ

knf
k f

d2θ1
dz2

þ PrS a4
dθ1
dz

− in Pra4 þ QHð Þθ1 ¼ 0 ð35Þ

knf
k f

d2θ2
dz2

þ PrS a4
dθ2
dz

− in Pra4−QHð Þθ2 ¼ 0 ð36Þ

The corresponding boundary conditions are as follows:
q0 ¼ q1 ¼ q2 ¼ 1;
dθ0
dz

¼ −γ 1−θ0 zð Þð Þ; dθ1
dz

¼ γ θ1 zð Þ; dθ2
dz

¼ γθ2 zð Þ at z ¼ 0

ð37Þ
q0→0; q1→0; q2→0; θ0→0; θ1→0; θ2→0 as z→∞ ð38Þ

Solving Eqs. (31)–(36) under the boundary conditions (37)–(38), we obtain velocity

and temperature as
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q ¼ A1 e
−m1z þ 1−A1ð Þe−m2z þ ε

2
e−m3zþ int þ e−m4z− int
� � ð39Þ

θ ¼ γ
m1 þ γ

e−m1z ð40Þ

The skin-friction coefficient Cf and the local Nusselt number Nu are

C f ¼ Twð Þz¼0

ρ f U
2
t

¼ a3
dq
dz

� �
z¼0

¼ −a3 A1m1 þ 1−A1ð Þm2 þ ε
2

m3 e
int þm4 e

− int
� �� � ð41Þ

Nu ¼ x ∂T
∂ z

� �
z¼0

Tw−T∞
¼ −

kn f

k f
Rex

dθ
dz

� �
z¼0

ð42Þ

Where Rex ¼ Urx
v f

is the local Reynolds number. Thus

Nu
Rex

¼ −
kn f

k f

dθ
dz

� �
z¼0

ð43Þ

Where, α1 ¼ 1þβeβi
ð1þβeβiÞ2þβ2e

; α2 ¼ βe
ð1þβeβiÞ2þβ2e

;A1 ¼ γð1−ϕÞ2:5a2
ðm1þγÞðm2

1−S1 m1−B1Þ ; a1 ¼ 1−ϕ þ ϕðρsρ f
Þ;

a2 ¼ 1−ϕ þ ϕððρβÞsðρβÞ f Þ; a3 ¼
1

ð1−φÞ2:5 ; a4 ¼ 1−ϕ þ ϕððρCpÞs
ðρCpÞ f Þ; a5 ¼ Pr k f a4

knf ð1−ϕÞ2:5a1 ; B1 =M1 + iR1,

B2 =M1 + i(R1 + n1), B3 =M1 + i(R1 − n1), M1 ¼ ðM2ðα1 þ iα2Þ þ 1
KÞ ð1−ϕÞ2:5; m1 ¼ 1

2 ½S1

a5 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðS1 a5Þ2 þ 4QH

k f

knf

q
�; m2 ¼ 1

2 ½S1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðS1Þ2 þ 4B1

q
�;m3 ¼ 1

2 ½S1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðS1Þ2 þ 4B2

q
�;m4

¼ 1
2 ½S1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðS1Þ2 þ 4B3

q
�; n1 = n(1 − ϕ)2.5a1, R1 = R(1 − ϕ)2.5a1, S1 = S(1 − ϕ)2.5a1,

Results and discussion
We become aware that solutions (39) and (40) move towards the solutions for the con-

stant surface temperature as γ→∞ from the boundary condition (28), which gives θ

(0) = 1 as γ→∞. Further, it is worth mentioning that Eqs. (39) and (40) are reduced to

those of Hamad and Pop [31] when βe = βi = 0, K→∞ (absence of Hall and ion slip ef-

fects and non-porous medium) and γ→∞ (constant surface temperature). We have to

discuss the heat transfer characteristics of the flow with nanoparticles that are pre-

sented in Figs. 2, 3, and 4 and in Tables 2 and 3. According to Oztop and Abu-Nada

[27], we have taken the range of nanoparticle volume fraction 0 ≤ ϕ ≤ 0.2 and Prandtl

number Pr = 6.785. We fixed n = 10, nt = π/2 and ε = 0.001, while ϕ = 0.05, βe = 0.3, βi =

1, R = 0.5, K = 0.5, M = 0.5, S = 1, QH = 1, and γ = 2 are varied over a range.

Figure 2a illustrates the influence of the magnetic field parameter M on the velocity

distribution for Cu–water and TiO2-water nanofluids. The velocity across the boundary

layer reduces with an increase in the magnetic field parameter M and decreases asymp-

totically to zero at the boundary, which leads to a reduction in the layer thickness due

to Lorentz force.

For different values of the permeability parameter K, the velocity distribution on the

porous wall is plotted in Fig. 2b for Cu–water and TiO2–water. It is obvious that the

increased values of K tend to increase the velocity on the porous wall and so enhance

the momentum boundary layer thickness. Figure 2c depicts the velocity with the differ-

ent values of Hall parameter βe for Cu–water and TiO2–water. Increased values of βe



Fig. 2 a–f The velocity profiles with M, K, βe, βi, R, and QH

Krishna and Chamkha Journal of the Egyptian Mathematical Society            (2020) 28:1 Page 9 of 15
tend to increase the velocity and so enhance the momentum boundary layer thickness.

The effect of ion slip parameter βi on velocity as observed in Fig. 2d is similar to the ef-

fect of Hall current. The opposite effect is noticed on increasing rotation parameter R,

i.e., increasing the rotation reduces the momentum boundary layer thickness (Fig. 2e).

Figure 2f denotes the velocity profile with effect from the heat source parameter QH.

The magnitude of the velocity increases with increasing QH throughout the fluid

region.

Figure 3a and b demonstrates the effect of the suction/injection parameter S on the

fluid velocity. The velocity across the boundary layer decreases for S(>0) whereas in-

creases for S(<0) for both nanofluids with nanoparticles Cu and TiO2. So also as S in-

creases, the velocity still approaches the same asymptotic value for large values of z.

Thus, the thickness of the boundary layer decreases with an increase in the suction par-

ameter S(>0). A reversal of this trend is noticed with injection parameter for S(<0). Fig-

ure 3c illustrates the velocity for an assortment of the nanoparticle volume fraction

parameter ϕ. Hence, the velocity of the fluid across the boundary layer decreases with

the increase of ϕ. Figure 3d represents the velocity distribution with the different values

of convection parameter γ for Cu–water and TiO2–water. Increased values of γ tend to

increase the velocity and so accelerate the momentum boundary layer thickness.



Fig. 3 a–d The velocity profiles against S(< 0), S(> 0), ϕ, and γ

Krishna and Chamkha Journal of the Egyptian Mathematical Society            (2020) 28:1 Page 10 of 15
Figure 4a displays the temperature profiles for various values of the heat generation

parameter QH for both nanofluids with nanoparticles Cu and TiO2. The temperature in

the boundary layer region decreases with the increase in the heat generation parameter

QH, and as a consequence, the thermal boundary layer thickness decreases. These side

views satisfy the far field boundary conditions asymptotically, which bear the mathem-

atical results obtained.

Figure 4b presents a typical profile for temperature with the convective parameter γ

for both nanofluids. The temperature increases on increasing γ in the boundary layer

region and is maximum at the surface of the plate for both nanoparticles. Thus, by es-

calating γ, thermal boundary layer thickness enhances. So, we can interpret that the

rate of heat transfer increases with increase in convective parameter γ. Figure 4c dem-

onstrates the variation of suction parameter S on temperature for both nanofluids. The

magnitude of the temperature reduces with increasing suction parameter S and then

thermal boundary layer thickness retarded throughout the fluid region. The influence

of nanoparticle volume fraction parameter ϕ on the temperature is shown in Fig. 4d for

Cu–water and TiO2–water. The temperature profile increases with the increase in

nanoparticle volume fraction parameter ϕ. Hence, the thermal boundary layer thickness

improves and tends asymptotically to zero as the distance from the boundary is

enhanced.

The variation of the skin friction coefficient Cf and the Nusselt number Nu/Rex with

M, K, βe, βi, R, γ, QH, S, and ϕ are shown in Tables 2 and 3, respectively. Table 2 shows

that the skin friction coefficient Cf decreases with increasing parameters K, βe, βi, and

QH whereas the skin friction coefficient increases with increasing M, R, S, γ, andϕ for

both nanofluids with nanoparticles Cu and TiO2. Also, from Table 3, the Nusselt num-

ber increases with the increase in all parameters γ, QH, S, and ϕ for both nanofluids

with nanoparticles Cu and TiO2. The variation of Nusselt number is much more



Fig. 4 a–d The temperature profile against QH, γ, S, and ϕ

Table 2 Skin friction coefficient (Cf)

M K βe βi R γ QH S ϕ Cu −water TiO2 −water

0.5 0.5 1 0.3 0.5 2 1 1 0.05 2.61072 2.46031

1.0 2.72080 2.57305

1.5 2.89204 2.74765

1.0 2.28173 2.11971

1.5 2.15766 1.98908

2 2.58795 2.43693

3 2.55557 2.41907

0.5 2.55254 2.40252

0.7 2.49885 2.38479

1.0 2.67358 2.50811

1.5 2.76488 2.57943

3 2.64518 2.49562

4 2.66783 2.51842

2 2.57982 2.42335

3 2.54005 2.40060

2 3.60562 3.24133

3 4.77669 4.16816

0.10 2.97829 2.66256

0.15 3.37434 2.88136
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Table 3 Local Nusselt number (Nu/Rex)

QH γ S ϕ Cu −water TiO2 −water

1 2 1 0.05 0.779717 0.735561

2 0.844371 0.810043

3 0.890440 0.861594

3 0.927487 0.865671

4 1.024570 0.949662

2 0.983947 0.922745

3 1.117110 1.054870

0.10 0.844161 0.761746

0.15 0.900935 0.786225
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considerable for nanofluids. It is to be noted that the highest heat transfer rate is ob-

tained for Cu due to high thermal conductivity compared to TiO2. These results are in

good agreement with Hamad and Pop [31] (Table 4). Hence, simulation experiments

have been carried out under physiological conditions, whose results can be directly

compared with clinical data in the literature. System dynamics demonstrates itself to be

a powerful and easy-to-use educational tool for biomedical engineering and sciences

and is also able to explain the behavior of a physiological system.

Conclusions
Hall and ion slip effects on MHD free convective rotating flow of nanofluids in a por-

ous medium past a moving vertical semi-infinite flat plate are investigated. The conclu-

sions are made as the following. The resultant velocity decreases with an increase in

Hartmann number, suction parameter, solid volume fraction of nanoparticles, and rota-

tion parameter but an opposite effect is noticed for Hall and ion slip parameters, injec-

tion parameter, and permeability parameter. An increase in convection and solid

volume fraction of nanoparticles led to increase the thermal boundary layer thickness

but a reverse trend occurs for the heat source parameter. The skin friction coefficient

increases with solid volume fraction of nanoparticles, the intensity of the magnetic field,

suction parameter, and rotation parameter and reduces with Hall and ion slip parame-

ters. Increasing values of convection parameter, heat source parameter, suction param-

eter, and solid volume fraction of nanoparticles are to increase the rate of heat transfer

for both nanofluids Cu and TiO2. The conclusions unveil that the blow of thermal con-

vection of nanoparticles has increased the temperature distribution, which helps in

destroying the cancer cells during the drug delivery process. This model for studying
Table 4 Comparison of results for the local Nusselt number (Nu/Rex)

QH S ϕ Cu −water [31] Cu −water, Present results γ→ 0

1 1 0.05 0.688574 0.733261

2 0.744748 0.808269

3 0.856998 0.860109

2 0.895578 0.919390

3 1.002578 1.051350

0.10 0.785549 0.787435

0.15 0.884785 0.780187
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flow through porous media explains the development of bio-convection patterns gener-

ated by populations of gravitactic microorganisms in porous media.
Nomenclature

u, v, w Velocity components along x, y and z-axis respectively (m/s)

Knf Thermal conductivity of nanofluid (W/m.K)

Ur The uniform reference velocity (m/s)

g Acceleration due to gravity (m/s2),

k Permeability of porous medium (m2)

T Dimensional temperature (K)

Tw Constant temperature (K)

T∞ Free stream temperature (K)

Q Heat absorption coefficient (W/m2.K)

w0 The normal velocity at the plate (m/s)

R Rotation parameter

M Magnetic field parameter

Pr Prandtl number

S Suction (S > 0) or injection (S < 0) parameter,

K Permeability parameter

QH Heat source parameter

B0 Magnetic induction (A/m)

k Permeability of porous medium (m2)

Rex Local Reynolds number

Cp Specific heat at constant pressure (J/Kg.K)

Nu Nusselt number

n Frequency of oscillation (Hz)

t Time (s)

B Magnetic field vector (A/m)

E Electric field (c)

V Velocity vector (m/s)

J Current density vector (A/m2)
Greek symbols

βnf Coefficient of the thermal expansion of nanofluid (K-1)

Ω Angular velocity (r/s)

θ Non-dimensional temperature

γ Convective parameter

τ Skin friction

αnf Thermal diffusivity of the nanofluid (WmK-1)

(ρβ)nf The thermal expansion coefficient of the nanofluid

ϕ Solid volume fraction of the nanoparticles

νf Kinematic viscosity of nanofluid (m2/s)

ε Small constant quantity
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σ Electrical conductivity of the fluid (S/m)

ρnf Density of the nanofluid (Kg/m3)

μnf Viscosity of the nanofluid (Pa s)

(ρCp)nf Heat capacitance of the nanofluid (J K-1),

ωe Cyclotron frequency (e/mB)

τe Electron collision time (s)

βi ion slip parameter

βe Hall parameter

Subscripts

f Base fluid

nf Nanofluid

s Nanosolid particles
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