ISSN1027-5495. Functional Materials, 31, No.1 (2024), p. 96-109

doi:http://dx.doi.org/10.15407/fm31.01.96

96

Three-dimensional magnetohydrodynamic
Casson flow of a dust nanofluid over a
stretching porous sheet: exact solutions

M.I. Kopp!, V.V. Yanovsky!’?

nstitute for Single Crystals, NAS Ukraine, Nauky Ave.
60, Kharkov 61001, Ukraine
2V.N. Karazin Kharkiv National University 4 Svobody Sq.,
Kharkov 61022, Ukraine

Received October 8, 2023

In this paper, the stationary three-dimensional (3D) magnetohydrodynamic Casson flow of
a nanofluid containing dust particles over a porous, linearly stretching sheet is considered. The
sheet is assumed to be stretched in both directions along the xy plane. The nanofluid is pre-
sented as a suspension of water-based nanoparticles. In this study, we investigate the effects
of nanoparticle size and inter-particle distance factors on the properties of the nanofluid flow.
The mathematical model contains the basic equations in the form of three-dimensional partial
differential equations for the fluid and dust phases, and these equations are transformed into
dimensionless ordinary-dimensional equations using an appropriate similarity transformation.
Exact analytical solutions to this boundary value problem are obtained. The effects of various
physical values on dust and nanofluid velocities are discussed in detail, including the magnetic
parameter, Casson parameter, porosity parameter, fluid-particle interaction parameter, mass
concentration of dust particles, and nanoparticle size. The current analytical solutions show
good agreement with previously published numerical investigations in a few particular cases.

Keywords: MHD Casson flow, nanofluid, dust particles, nanoparticle size, stretching sheet,
analytical solutions.

Tpusumipue maruiTorinponuaamiune Teuia Keccoma musbosoi mamopinuam mHanm
MOPUCTHUM JINCTOM, IO PO3TAryeThCa: TouHi pimmeuns. M. U. Konn, B. B. Anoscvkuii.

V it pobori poarismaerbes craifioHapHa TpuBuMipHa (3D) marmiTorizpogumHaMiyHa TEUis
Kaccona mamopiguHM, 110 MIiCTHUTH NHJIOBI YACTHHKM, HAJ MOPHUCTUM JIMCTOM, IO JIIHIAHO
poarsiryerbest. [lepembauaersest, M0 JTUCT POSTATHYTHH B 000X HAIPAMKAX B3JIOBIK ILJIONIUHU XY.
OcHOBHI PIBHAHHS JTBO(A3HOT MOJIeJI1 € PIBHAHHIMHU B YaCTKOBUX IIOXITHUX, STKi I€PETBOPIOIOTHCS
HA 3BUYAMHI PIBHSHHS 3 BUKOPUCTAHHSIM IepeTBopeHb nomiouocti. Hamopimuua mnpencrasiena
SIK CyCITeH31sT HAHOYACTHMHOK HA BOJHIN OCHOBI. ¥ Il po0OTI MU JOCJIIKYEMO BILIAB PO3MIpPY
HAHOYACTUHOK Ta (PAKTOPIB BIJACTAHI MIK YaCTUHKAMH HA BJIACTUBOCTI ITOTOKY HAHOPIIWHM.
OTpuMaHO TOYHI aHAJNITHYHI pimeHHa Iiel kpaioBoi samaui. JleTaJbHO 00roBOpIOETHCS
BILTUB PI3HUX (PISUYHUX BEJUYWH HA IMBUIKICTD MUJIY Ta HAHOPILIKOCTI, BKJIOYAIOUN
MAaTHITHUM mTapamMeTrp, mapamerp Keccona, mapaMeTp HOPHUCTOCTI, TapaMeTp B3aeMOJIil
PlOMHA-YaCTUHKA, MACOBY KOHIIEHTPAIII IIMJIOBUX YACTUHOK Ta PO3MIp HAHOYACTHHOK.
OTpuMaHi aHAIITHYHI PIIIeHHA IIOKA3YIOTh TAPHY 3TOAY 3 UNCEJIbHUMH Pe3yIbTaTaMK’
pasiiire oIry0JIiKOBAHUX POOIT.
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1. Introduction

The problem of the boundary flow of non-Newtonian dusty fluids has attracted more and more atten-
tion during the past decades. A two-phase medium made up of a continuous fluid and a discrete (solid)
phase of particles is called a "dusty fluid whether it is Newtonian or non-Newtonian. Dusty fluid flows
have been observed in processes such as oil transportation, wastewater treatment, nuclear reactor cooling,
powder technology, paint spraying, solid propellant nozzles, and guided missile ejections. Since crude oil
is produced in the pores of reservoir rocks, the flow of fluid through the porous medium has become an
important issue. The above phenomena stimulated researchers to consider the issues of modeling, solving,
and analysing the flow of dusty fluids. As a result, new combined fluid models with different rheological
characteristics have appeared, such as, for example, the dusty Casson nanofluid, which make it possible
to effectively describe complex technological processes.

Saffman [1] was the first to study the laminar flow of a dusty Newtonian fluid. Chakrabarti [2] inves-
tigated the flow of dusty gas at the boundary layer. Datta and Mishra [3] discussed the flow of a dusty
liquid across a semi-infinite plate. Numerous technical applications, including those for reactor cooling,
power generators, magnetohydrodynamic (MHD) pumps, the oil industry, and heat exchanger design,
make the study of MHD flow crucial. MHD flows also have a significant impact on metrology, the motion
of the earth’s core, astronomy, solar physics, and geophysics. Many researchers started looking into the
hydromagnetic fluxes of a dusty fluid because of the importance of the MHD flow.

One of the earliest studies on boundary layer flow on solid surfaces was done by Sakiadis [4] and
Tsou et al. [5]. For a two-dimensional stationary flow in a boundary layer produced by an expanding
surface, Crane [6] obtained an analytical solution. These publications [4]-[6] inspired many researchers to
study various aspects of this problem, taking into account heat and mass transfer, MHD effects, chemical
processes, suction/injection, mass transpiration, non-Newtonian fluids, and other situations. Due to the
wide range of applications, studies on the two-dimensional boundary layer flow generated by stretching
surfaces are extensively conducted with different fluids under varying situations. This topic has been
the subject of a significant number of papers for a very long time. As a result, the studies that discuss
three-dimensional MHD flows of a non-Newtonian (Casson) fluid over a stretched surface will be the main
focus of the review section of this study. In the Casson viscous fluid flow model, the shear stresses are
greater than the yield strength. If the shear stresses are less than the yield strength, then the Casson
fluid behaves like a solid. Casson’s fluid is commonly found in the food industry, where products such
as jellies, tomato sauce, honey, and concentrated fruit juices are produced. In medicine, human blood
has the properties of Casson’s fluid. The flow of a viscous fluid over a surface that is either stretched
or compressed is important for a variety of processes, such as the production of glass, fiber, plastic, and
rubber materials and the melting of high-molecular-weight polymers. Wang [7] obtained an exact similar-
ity solution of the Navier-Stokes equations for a three-dimensional flow of a boundary layer of a viscous
fluid over a flat surface that is stretched with a linear velocity in two lateral directions. The concepts
presented in this paper provided inspiration for the study of three-dimensional flows under more complex
physical circumstances. The problem of steady laminar three-dimensional MHD boundary layer flow and
heat transfer over a stretching surface in a viscoelastic fluid was investigated by Ahmad and Nazar [§].
They obtained coupled non-linear ordinary differential equations to describe the flow, which they solved
numerically using the finite difference scheme known as the Kellerbox method.

A colloidal suspension of a nanoscale particle in a basic fluid is known as a "nanofluid"[9]. Metals,
oxides, carbides, and carbon nanotubes are among the most commonly used nanoparticles, with water
and ethylene glycol serving as the base fluids. For the effective transmission of thermal energy, nanofluids
have a higher thermal conductivity than ordinary fluids. A suspension of nanosized particles can affect the
viscous and rheological properties of a nanofluid since an increase in the volume fraction of nanoparticles
increases the dynamic viscosity.

Ramzan et al. [10] investigated the three-dimensional flow of a viscoelastic fluid, taking into account
the Soret and Dufour effects. In [10], solution expressions of velocity, temperature and nanoparticle con-
centration are computed via homotopy analysis method (HAM). Ashraf et al. [11] considered the heat
and mass transfer effects in the three-dimensional flow of a Maxwell fluid over a stretching surface with
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convective boundary conditions. Nadeem et al. [12] investigated the Casson fluid flow on a permeable
sheet caused by sheet stretching in the x and y directions in a transverse magnetic field. In a later study,
Nadeem et al. [13] extended the study to a Casson nanofluid over a linearly stretching sheet, taking into
account surface convective conditions. Mahanta and Shaw [14] investigated a three-dimensional Casson
fluid flow past a porous linearly stretching sheet, introducing a convective boundary condition at the
surface where the fluid’s thermal conductivity varies linearly concerning temperature. They used the
Spectral Relaxation Method (SRM) to solve the governing equations, and computations were performed
for the velocity and temperature fields for different parameters. Krishna [15] solved MHD Casson flu-
id flow past a porous, linearly stretching surface with wall mass transfer analytically. In [15] the fluid
velocity and skin friction coefficient were calculated, and it was demonstrated that increasing the Cas-
son and porosity parameters suppressed the velocity field. Madhusudan et al. [16] numerically studied
the convective, three-dimensional, electrically conducting Casson nanofluid flow over an exponentially
stretching sheet embedded in a saturated porous medium and subjected to thermal as well as solute slip
in the presence of an externally applied transverse magnetic field. Ibrahim and Anbessa [17] investigated
the three-dimensional MHD mixed convection flow of Casson nanofluid over an exponentially stretching
sheet using the impacts of Hall and ion slip currents, taking into account thermal radiation and the heat
source.

According to the reviewed literatures above, numerical solutions provide the foundation for most in-
vestigations. The advantage of an exact analytical solution is that it can explain the physics of fluid flow.
The correct response may also be used as a starting point for additional numerical and approximative
investigations.

Jalil et al. [18] gave an exact analytical solution for the MHD boundary flow of a dusty liquid over an
extension surface. The mathematical methodology used in [18] consists of transforming the basic equa-
tions into a self-similar form using known similarity transformations. The coupled equations are then
analytically solved using Crane’s [6] solution as a guide. Vishalakshi et al. [19] obtained exact analytical
solutions for the three-dimensional flow of a non-Newtonian fluid due to a porous stretching/shrinking
sheet. The importance of paper [19] is to examine the problem analytically and find the domain in terms of
mass transpiration that is used in the heat transfer equation to analyze the heat equation. Mahabaleshwar
et al. [20] conducted an investigation of the exact analytical solution for velocity and concentration field
for 3D MHD flow viscoelastic hybrid nanofluid due to a porous sheet that stretched/shrunk along both x
and y axes with linear velocity and Navier slip. Exact analytical solutions in exponential and hypergeo-
metric form for velocity and concentration fields were obtained in [20]. The flow of Marangoni convection
MHD Casson fluid with carbon nanotubes under the effects of transpiration and radiation was analyzed by
Vishalakshi et al. [21]. The ordinary differential equations (ODEs) obtained in [21] are solved analytically,
first using the momentum equation to obtain the solution domain, and then using this domain, the energy
equation is solved to obtain the temperature profile in terms of the Laguerre polynomial. Recently, Khan
et al. [22] found an exact solution of a Casson fluid flow induced by dust particles with hybrid nanofluid
over a stretching sheet under a Lorentz force. They obtained the analytical solutions of momentum equa-
tions for the fluid and dust phases velocities of the normal nanofluid (Fe3O4/H20) and hybrid nanofluid
(Fes04-MWCNT /H20). Kopp et al. [23] was obtained the analytical solution of the three-dimensional
MHD flow of the Casson ternary hybrid nanofluid over a linearly deformable surface with the effect of
mass transpiration. The authors [23] considered several variants of linear stretching/shrinking sheets in
the lateral directions x and y. They found that for the cases of stretching/streching, stretching/shrinking,
and shrinking/stretching sheets, the absolute values of the skin friction coefficients —f”(0) and —g”’(0)
decreased with an increase in the volume fraction of less dense nanoparticles. However, in the case of a
shrinking /shrinking sheet, the absolute values of skin friction coefficients — f”(0) and —g”(0) increased
with an increase in the volume fraction of less dense nanoparticles.

The above review of the literature showed that most studies are based on finding numerical as well as
approximate solutions. The search for exact analytical solutions is associated with difficulties due to the
nonlinearity of the coupled differential equations. Unlike the previous analytical works [18],[22],[23] this
work is devoted to an analytical study of the three-dimensional MHD Casson flow of a dusty nanofluid
due to stretching of a porous surface. In this study, we will apply a methodology based on Crane’s exact
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analytical solutions. In addition, the novelty of this study is to explain how the size of nanoparticles
affects the properties of a dusty nanofluid flow. Using various physical parameters, an exact check of the
problem is performed, and velocity profiles and skin friction coefficients in the z and y directions are
studied.

2. Mathematical formulation of the problem

Consider a stationary, three-dimensional, incompressible, laminar flow of a Casson nanofluid contain-
ing dust particles in two lateral directions over a linearly stretching sheet. The nanofluid includes solid
copper nanoparticles and water as the base fluid. It is assumed that dust particles have a spherical shape,
uniform size, and constant density. Fig. 1 shows the conceptual flow configuration of the nanofluid and
dust particles of the problem under consideration. A constant magnetic field By is applied in the direction
normal to the fluid flow. The magnetic Reynolds number is assumed to be small, so the induced magnetic
field is neglected. Let U,, = ax and V,, = by represent the fluid velocity along the stretching sheet in the
x and y directions, where a and b are constants. An isotropic, incompressible Casson fluid’s rheological
equation has the following structure (see, for example, [14]):

2(p+ \Zy—w) €ij, T > T

2 HJF\/%TC) €ij, ™ < T

o 1 a’Ui + 8vj
i = 2 8:vj 6331 ’

component of the stress tensor, p is the dynamic viscosity of a viscoplastic flu-

(1)

Tij =

where 7;; is the (i, )™

id, P, is the yield stress of the fluid, m = e;;e;; is the product of the component of deformation rate
with itself, e;; is the (¢, 7)™ component of deformation rate, and 7. is the critical value of 7 depends on
non-Newtonian model.

The governing equations for the flow and dusty fluid under the aforementioned assumptions are as
follows:

For the fluid phase:
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For the dust phase:
Ou, v, Ow,
ox dy + 0z =0 (5)
ou Ju Ju KN
“paif + UPT; wpaizp = or (u—up) (6)
v ov ov KN
“pai; +Up67yp+wpaizp = ?(U_vp) (7)

where (u,v,w) and (up,vp,w,) are the velocities of nanofluid and dust particles along the z,y, and z-
directions. Next, pyf, tinyf, ony are the density, dynamic viscosity, and electrical conductivity of nanofluid,
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Fig.1. Schematic diagram for the three-dimensional flow problem.

respectively. A is the Casson (non-Newtonian) fluid parameter, k is the permeability of a porous medium,
By is the magnetic induction. K = 6mpsr is Stokes drag constant, r — radius of dust particles, N and p,
are the dust particle number and the density of the dust particle, respectively.

We take into consideration the following slip boundary conditions for the flow under investigation:

u=Uy,, v=V, w=0 at z=0 (8)

u=u, >0, v=v,—0, w=w, at z— 00 9)

The relationship between the dynamic viscosities, densities, and electrical conductivities of the nanoflu-
id and the base fluid are determined according to the works [24]

penen]

1. Dynamic viscosity

=M 141956, 4+45

Ky
2. Density
=" =1 g 4 2 (11)
pr Pf
3. Electrical conductivity
30, (2 1)
5= — 14 ! (12)

o s .
N AP CRD
where ¢, is the nanoparticle concentration, d, depicts the nanoparticle’s diametr, and h is the inter-
particle distance. Next, p¢ is the base fluid density, p, is density of nanoparticle, o depicts the electric

conductance of the base fluid, and o is the electric conductance of nanoparticle. Table 2 shows the physi-
cal characteristics of some types of nanofluids. To make the analysis simpler, the similarity transformation
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Table 1. Physical properties of the nanoparticles and the base fluid.
Property H>O Al,O3
plkg-m=3] | 997.1 3970

olS - m_l} 5.5-1076 5.96 - 107

listed below is used
u=axf'(n), up = axF'(n), v=ayg' (n), v, = ayG'(n),

a

w = —/avy(f(n) +9(n)), wp = —/avg(F(n) + G(n)), n =z v (13)
where f, g, ', G are the dimensionless functions, 7 is the similarity variable, v is the kinematic viscosity
of the base fluid. Primes denote differentiation with regard to n in this context. Equations (3)-(4) and
(6)-(7) are converted into dimensionless ODEs using Egs. (10)-(13), and the continuity equations (2) and
(5) is automatically satisfied by using Eq. (13). Then, equations for the fluid and dust phases (3)-(4) and
(6)-(7) are reduced to the following equations:

1 ~ 3
(1+5) 2rmsgrar == (Eu4 28) 4 2 - 1) =0 (1)
€2 €2 €2 €2
1\ e ,, I /2 €3 €12\ ,, Bl ’
I+ 5 )9 +(f+99" —¢"—|—=M+—K )¢ +—(G'-¢')=0 (15)
€2 €2 €2 €2
F? —(F+GQ)F' = B,(f = F)=0 (16)
G? - (F+G)G" = Bu(gd —G)=0 (17)
where )
B gov o BN
apy ak app P

The magnetic parameter, porosity parameter, momentum dust parameter, ang mass concentration of
dust particles, respectively, are designated by the dimensionless parameters M, K, 5,,, and [. By applying
Eq. (13) to Egs. (8)-(9), dimensionless boundary constraints are obtained.

fO)=0, f(0)=1, ¢(0)=0, ¢(0)=c at n=0 (18)

f'(n) =0, g(n) =0, f(n) = F(n), gn) = G(n) at n— oo (19)

where ¢ = b/a is stretching ratio parameter.

To solve a number of engineering problems, it is necessary to estimate the value of the skin friction
coefficient. Skin friction is important in calculating surface drag. The local skin friction coefficients in the
x and y directions are given by [14]:

Twz Twy (20)

x — P C )
o= ppuz TV U2

w

where 7, is the wall shear stress. The wall shear stresses along the x and y directions are denoted by

Twz = Hnf A)\oz ), 0 Tew T Ht VAN

Thus, the skin friction coefficients Cy along the x and y axes are expressed as follows:

_ Hnf 1 17 _ Hny 1 Y\ n
Cro/Res =122 (14 1) 1100 o =222 (14 1) (£) " 0) (21

where Re, = U,z /vy is the local Reynolds number.
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3. Method of solution

This section explains a method for locating precise nonlinear solutions for the fluid and dust phases
(14)-(17) that are related to the boundary conditions (18)-(19). Based on Crane’s [6] solution, we suggest
that the general solution of equations (14)-(17) can be found in the exponential form:

fn) = A1+ Ase P71, g(n) = Az + Age™ P,

F(n) = As + Age ™, G(n) = A7 + cAge™P", (22)

where Ay, As, Az, Ay, Ay, Ag, A7, Ag are the arbitrary constants. Applying boundary conditions (18)-(19)
to solutions (22), we obtain expressions for the coefficients:

1 1
A= Ar=-g, Ay =5,
1
A4_—%7 Ag=Ar =, A7:A3:%. (23)

The coefficients Ag and Ag are then determined by inserting solutions (22) and (23) into equations
(14)-(15). As a result, we obtain the following equation for Ag and As:

(1—¢)(a1p®—1—c—as—a3) —azB(As — cAs) =0, (24)
where ) l
a1:<1+>€1a OZQZSM"‘EI?» 043:&'
A) e €2 €2 €2
Substituting solutions (22)-(23) into equations (16)-(17), we get
Bu(1—¢)
Ag —cAdg=—————2— 25
6 — CAg ﬁ(l Teot ﬁv) ( )
e 8 Bu(2+ )
_|_
Ag=——tr A= DB
©TOB+B) T BUHB)(L+ctp)
From expressions (24) and (25), one can easily find the value §:
1 a3ﬂv
=+, (1 WP 2
B \/al( +ctaz+as 1+C+5v> (26)

Obviously, only positive real values of 8 > 0 are required. In the case of a two-dimensional steady flow
¢ — 0 expressions (25) and (26) coincide with the paper’s [22] results.

Finally, we obtain the final form of exact analytical solutions for the fluid and dust phases by substi-
tuting the values of the coefficients from (25) and (26) into expressions (22):

fn) = %(1 —e ), gln) = % (1—em),

Fl) = + (1 = Bve_ﬂn) :

B 1+ 5,
_ ¢ 61)(24'51))676?7
¢ =73 (1 - (1+ﬂv>(1+c+ﬁv)> ' 0

By differentiating expressions (27) with respect to 7, we can determine the velocity profiles in the x and
y directions for the fluid and dust phases:

B Bve—ﬂn

fm)=e", gn)=ce P, F'(n) 175
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/ - cBu(2 + /Bv)eiﬁn
GO = B Aot B >

Differentiating expressions (28) by variable n yields the expressions —f”(0) and —¢”(0), which are con-
sidered necessary for calculating fluid phase skin friction coefficients in both lateral directions:

=f"(0) =8, —4¢"(0)=cp. (29)

4. Results and discussion

In this section, we discuss the results obtained from the analytical solution (26)-(29) for the steady
flow of a nanofluid and (Al;O3-H20) dust particles in both lateral directions. The effects of the non-
Newtonian (Cassonian) parameter A, the magnetic parameter M, the porosity parameter K , the fluid
particle interaction parameter v, and the mass concentration of dust particles I, and nanoparticle size
d,, on nanofluid velocity profiles f(n), g(n), and dust velocity profiles F'(n), G(n) are depicted in Figs. 2-7.
For calculations, the range of variations of the following variables is considered:

A=(1,3,00), M=(051525), K=(051.525),

By =(0.3,0.5,1), 1=(2,3,4), d,=(0.212,22),
c=05, ¢,=005 h=1.

The effects of A, M and K on the fluid and dust phase velocities of nanofluid AlO3-H20O are shown in
Figs. 2-4. These figures depict that as the values of the parameters A, M and K increase, the velocities
of the fluid and dust phases decrease. The physical meaning of the tempo deceleration demonstrated in
Fig. 2 is to increase the plastic dynamic viscosity as A values increase, creating resistance to the flowing
fluid.

A similar behaviour of velocity profiles can be seen in Fig. 3. Since the Lorentz force increases with
the value of the magnetic parameter M, we observe that there is some resistance to fluid flow, which
leads to a decrease in the flow velocity profiles.

In Fig. 4, the velocities decrease in both directions as the value of the porosity parameter K in the
boundary layer increases. Therefore, the thickness of the boundary layer also decreases at higher values
of K.

Fig. 5 shows the influence of the fluid interaction parameter 3, on the velocity of the fluid and dust
phases for nanofluid Al;O3-H;O as a function of 7. These graphs (Figs. 5a, 5b, and 5¢) demonstrate
that as 3, increases, the velocities of the fluid phase f'(n), ¢’(n) decrease in both lateral directions x and
y, while the velocities of the dust phase F'(n),G’(n) increase. The reason for this is that a larger fluid
interaction parameter (3, produces more resistance for the fluid flow phase and less for the dust phase.

Fig. 6 depicts the effect of [ on the fluid phase and dust phase velocities of the nanofluid (Al;O3-H50).
This demonstrates that a decrease in the velocity profiles for both the fluid and dust phases is caused
by an increase in the parameter [. This is because an increase in the parameter [ directly correlates with
an increase in dust particle density. The result is an increase in the flow resistance for both the fluid and
dust phases.

Fig. 7 illustrates the impact of an increase in nanoparticle diameter d,, on the velocity profiles for the
fluid and dust phases. As a result, we can see that as the nanoparticle diameter d, rises, the fluid and
dust phase flows to speed up in the lateral directions z and y, which causes the boundary layer thickness
to rise as well. Thus, using the obtained analytical results, one can quickly and easily give a physical
interpretation of the processes caused by variations in various flow parameters of a nanofluid containing
dust particles without using any numerical methods for solving equations (14)-(17).

Let us compare the known numerical results of Ahmad and Nazar [8], Nadeem et al. [12], Oyelakin et
al.[25] and Vajravelu et al. [26] with the results obtained from expressions (21) taking into account (26)
and (29) for local skin friction coeflicients — f”'(0), —g” (0) under the following conditions:

K:07 ¢s:03 Bv:O

Functional materials, 31, 1, 2024 103



M.I. Kopp,V.V. Yanovsky / Three-dimensional magnetohydrodynamic Casson flow ...

104

b)

— f'(

g'(n

0.251

0.204

0.10

0.051

0.00

F'(n)
G'(n)

Fig. 2. Influence of A on velocity profiles f'(n), ¢’ (n) and F'(n), G'(n) at fixed parameters M = K = ¢ =

0.5,0=2,d, =0.2,h =1 and 3, = 0.3.

a)

1.01 f(n)| °251
| g'(n)

0.81 0.20
07

0.6 0.15
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0.4 M=051525 0.10]
0.3

0.21 0.05
0.1

0.0¢ - > % < 0.00

Fig. 3. Effect of M on velocity profiles f'(n),¢'(n) and F'(n), G’ (n) at fixed parameters A = 1, K = ¢ =

0.5,0=2,d, =0.2,h =1 and 3, = 0.3.

a) b)

1.0 f'(n) | %21 F'(n
osf\ - gmw| G'(n)
0.81 0.20/
0.7
0.6 0.15]
0.5 ~
0.41%, K=05,1525 0.101 K=051525
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0.2 0.05/
0.1
0.0 —— 0.00 —

0 1 2 3 5 3 4 5

n

Fig. 4. Effect of K on velocity profiles f'(n),¢'(n) and F'(n), G (n) at fixed parameters A = 1, M = ¢ =

0.5,l =2,dr, =0.2,h =1 and 8, =0.3.
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Fig. 5. Influence of 8, on velocity profiles f'(n), ¢'(n) and F'(n),G’(n) at fixed parameters A = 1, M =
K=c=051=2,d,=02h=1.

The analytical results obtained from the exact solutions (29) and the available numerical results
[8],[12],[25],[26] agree well, as shown in Tab. 3.

In the case of the flow of a Newtonian electrically conductive fluid with dust particles under the
conditions,

c=0, K=0, ¢s=0,

we obtain an exact analytical expression for the coefficient of skin friction, which coincides with the result

of Jalil et al.[22]:
" _ Bol
—f (O)_”1+M+1+ﬁv (30)

The analytical results obtained as a result of the use of expression (30) are perfectly consistent with the
numerical results of Gireesha et al. [27].

In the case of the flow of a non-Newtonian electrically conductive nanofluid with dust particles under
the conditions,

c=0, K=0,

we obtain an exact analytical expression for the coefficient of skin friction, which coincides with the result
of Khan et al.[27]:
1 Pnf Onf Bvl
—£"(0) = <+M+ 31
0) (1+ %) —‘;"ff pf oy 1+ B, (31)
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Fig.6. Effect of [ on velocity profiles f'(n),g'(n) and F'(n),G'(n) at fixed parameters A = 1, M = K =
c=0.5,d, =0.2,h=1 and 5, =0.3.

b)
o.25] F(n)

0.201 |

0.151

d =02,1222
0.101 n

0.051

Fig. 7. Effect of d,, on velocity profiles f'(n), ¢’ (n) and F'(n), G’ (n) at fixed parameters A = 1, M = K=
c=0.5,l=2,h=1and 3, =0.3.

As shown in [22], the analytical results obtained by using the expression (31) are in complete agreement
with the numerical results of Vajravelu et al. [26].

Next, we study the influence of the non-Newtonian (Cassonian) parameter A, magnetic field M, poros-
ity K , fluid particle interaction parameter (,, mass concentration of dust particles [, and nanoparticle
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Table 2. A comparison of exact solutions for skin friction coefficients — f”'(0) and —g"’(0) with numerical

results [8],[12],[25],[26].

A M jc | —f0) —9"(0) —f"(0) —9"(0)
numerical results numerical results exact solutions exact solutions

> |0 0 1.0000 [26] 0 1.0000 0
1.0042 [8],[12]

1 0 0 0.7071 [26] 0 0.7071 0

2 0 0 0.8164 [26] 0 0.8164 0

3 0 0 0.8660 [26] 0 0.8660 0

4 0 0 0.8944 [26] 0 0.8944 0

oo | 0 0.5 | 1.0932 [8],[12] 0.4653 [8],[12] 1.2247 0.6123

oo | 10 0.5 | 3.3420 [8],[12] 1.6459 [8],[12] 3.3911 1.6955

oo | 100 | 0.5 | 10.058 [8],[12] 5.0208 [8],[12] 10.074 5.0373

1 10 0 2.3452 [25] 0 2.3452 0

1 10 0.5 | 2.3631 [25] 1.1638 [25] 2.3979 1.1989

) 10 0 3.0276 [25] 0 3.0276 0

5 10 0.5 | 3.0508 [25] 1.5025 [25] 3.0956 1.5478

Table 3. Values —f”(0) and g”(0) for the steady flow of a dusty nanofluid with various variations of

parameters.
A M|K | B, |1]|d |—f"(0) —9"(0)
1 [05105]03]2]02] 13582 0.6791
3 05]051]03]2]0.2] 16635 0.8317
oo | 05]05]03]2]|0.2] 19209 0.9604
1 1.5]105]03 (2|02 1.5823 0.7911
1 25105 ]103|2]02] 1.7784 0.8892
1 [05|15]03]2]02] 15313 0.7656
1 05 (25]03]|2]02] 1.6867 0.8433
1 10505051 2]0.2] 14097 0.7048
1 0505|102 02| 14977 0.7488
1 105|105 |03]3]0.2] 1.4096 0.7048
1 [05105]03]4]02] 14592 0.7296
1 05(05]03]2]|12] 1.1053 0.5526
1 05105032 22| 0.8682 0.4341

size d,, on local skin friction coefficients — f”(0), —g”(0) for nanofluid Al;O3-H50O. The physical proper-
ties of the nanofluid are taken from Tab. 2. We select the following fixed parameters for the problem:
¢ =0.5¢; = 0.05,h = 1. The numerical values — f/(0), —g”(0) for various variations of A, M, K, By, ,
and d,, are then obtained using the exact solutions (26) and (29), as shown in Tab. 4. Tab. 4 shows that,
at the limit of the Newtonian fluid (A = oo) the surface friction coefficients of the nanofluid in the z and
y directions are higher than those of the non-Newtonian fluid. In addition, an increase in the parameters
A, M, K , Bv, and [ reduces the fluid flow velocity, which leads to an increase in the absolute values of the
skin friction coefficients in the x and y directions. On the other hand, as the nanoparticle diameter d,
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increases, so does the fluid flow velocity, which naturally leads to a decrease in the coefficients of surface
friction in the x and y directions.

5. Conclusions

In the present study, for the first time, an analytical solution for a stationary MHD boundary flow of
a Cassonian nanofluid containing dust particles over a stretching sheet is obtained. In the lateral direc-
tions = and y, a variant of linear stretching of a sheet (see Fig. 1) is considered. Analytical expressions
for the velocities of the fluid and dust phases, as well as skin friction in lateral directions x and y, are
derived for the flow of a typical nanofluid (Al2O3-H30).The influence of the Casson parameter A, the
magnetic parameter M, the porosity parameter K , the fluid-particle interaction parameter (3,, the mass
concentration of dust particles I, and the nanoparticle size d,, on the velocity profiles of the fluid and dust
phases is studied. New results for skin friction coefficients in lateral directions are presented in Table 3.
For simpler physical situations, comparison of the analytical results with the numerical results of previous
studies showed a high level of accuracy and consistency. The main results of this study are as follows:

1. An increase in the parameters A, M, I~{, and [ leads to a decrease in the flow rate of the fluid and
dust phases.

2. It is found that the velocity of the fluid phase decreases due to an increase in the parameter 3,
while the velocity of the dust phase increases.

3. An increase in the diameter d,, of aluminium oxide nanoparticles leads to a decrease in the viscosity
of the water-based nanofluid and, as a consequence, an increase in the flow rates of the fluid and
dust phases.

Building upon our work, future analytical solutions will describe the unsteady 3D MHD Casson flow of
non-Newtonian dusty fluids over a porous stretching surface.
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