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In this article, we have analyzed the influence of a chemical reaction and thermal
radiation on a magnetohydrodynamic (MHD) flow of (Cu — water) nanofluid past a
wedge in the occurrence of viscous and Ohmic dissipation. The nonlinearity numerical
approach called the Runge — Kutta — Fehlberg method of the 4"-5" order was used
with shooting technique to find the results of velocity, temperature and concentration
fields for several points of the parameters taken. The skin friction coefficient, the
Nusselt and the Sherwood numbers were examined in details and the results were
presented in graphic and tabular forms. An analysis of the obtained results revealed
that the concentration boundary layer thickness diminishes with an increase in the
values of the chemical reaction parameter and the velocity profiles increase with
increasing the magnetic field parameter.
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BJIMAHUE XMMUYECKOW PEAKLLUU U TENJIOBOTO U3JTYYEHUA
HA XAPAKTEPUCTUKHU NMOITPAHUYHOIO C/10A MNOTOKA
HAHOXXUOKOCTU, OBTEKAIOLLLEIO KJIUH C BA3KOW
U OMUYECKOU AUCCUNALLUAMMU

A.K. Mangu'2, M. Kymap?

"I HAMNCKNI TEXHONOTMYEeCKUM MHCTUTYT Pypku, . Pypku, MHaus;
2YHMBEpPCUTET CENbCKOTO X039MCTBA U TexHonornu um. I.b. ManTa, r. MaHTHarap, MHana

B crarthe mpoaHaNMM3MpPOBaHO BIMSHUE TEIJIOBOTO M3IIyUYCHUS U XUMUIECKON pe-
aKlLMM Ha cBoMcTBa MarHuToruapoanHamudeckoro (MIJ]) moToka HaHOXUAIKOCTU
(HaHOYACTUIIBI MEIU B BOJE), OOTEKAIOIIETO TBEPAbI KIIMH C BSI3KOM M OMUYECKOM
auccurauusiMu. st HaxoxXaeHus mpoduiieil cKopocTu, TemIepaTypbl U KOHLEH-
Tpallid HAHOYACTHII UTSI HECKOJIBKMX 3HAUYCHU 3aJaHHBIX ITapaMeTPOB MCIOJIH30Ba-
HO HeJIMHEeHOoe YMCIeHHOe MPUOIKeHue, Ha3biBaeMoe MeToaoM PyHre — Kyrra —
®Denpbepra 4-ro 1 5-ro MOPSIAKOB ¢ MAaTEMATUYECKUM IIPUCTPEIMBaHUEM. 3HAYEHUS
Koa(dduumeHTa moBepXHOCTHOTO TpeHus, uuces Hyccenbra u IllepByna netanbHO
W3y4eHBI, M PE3yJIbTAaThl MPEICTABICHBI B BUIe rpadMKOB W TaOauMil. AHaIU3 II0-
JIYYEHHBIX pacueTHBIX Pe3yJbTaTOB MPUBEJ K 3aKIIOUEHMIO, YTO TOJILIMHA KOHLIEH-
TPAlIMOHHOTO TPAHMYHOIO CJIOS ITOTOKA CHUXKACTCS C YBEJIMYCHHEM IapameTrpa
peakluu, a CKOPOCTU MOTOKA PacTyT ¢ yBEJIMUYEHUEM MapaMeTpa MarHUTHOIO IOJIS.

KmoueBble cioBa: XMUUYecKasl peakiivs; HAHOXKUIKOCTh; OMUYECKasl TUCCUTIALINS; TEIIOBOE M3JTyde-
HUE; BI3Kasl AUCCUIIALINS
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1. Introduction

Due to low thermal conductivity, conven-
tional fluids like water, ethylene glycol and oil
have a restricted cooling performance. Choi [1]
illustrated that this restricted cooling perfor-
mance can be determined by the addition of a
small amount of high-heat transfer performance
of solid nanoparticles to the traditional fluid to
form the so-called nanofluids. Typically, the
particles in such nanofluids have dimensions
ranging from 1 to 100 nm and take the form
of metals, oxides, carbides, nitrides or nonmet-
als. There are several engineering and physical
applications of heat transfer in nanofluid such
as engine cooling, refrigerators, chillers, micro-
electronics, fuel cells, etc.

Magnetic nanofluid is a magnetic colloidal
suspension of carrier liquid and magnetic nano-
particles. The assistance of magnetic nanoflu-
id is that fluid flow and heat transfer can be
managed with the aid of an external source,
which makes it pertinent to several areas such
as aerospace, electronic packing and thermal
engineering. In other words, flow behavior is
heavily affected by the intensity and orientation
of the applied magnetic field. The applied mag-
netic field influences the suspended particles
and reshuffles their concentration within the
fluid, which convincingly alters the flow char-
acteristics of heat transfer. Alternatively, the
study of magnetohydrodynamic (MHD) flow
for an electrically conducting fluid flow over
a heated wedge surface has a lot of significant
applications in engineering fields such as nu-
clear reactors cooling, MHD power generators,
studies of plasma and petroleum engineering.
Moreover, magnetohydrodynamics is also used
in metallurgical processes and boundary layer
flow. The effects of MHD flow past a wedge
surface due to nanofluid have been analyzed in
a few studies.

Ariel [2] studied the influence of the mag-
netic field on laminar flow of two-dimensional
incompressible glutinous fluid impinging nor-
mal to the plane. The author established that
with increasing values of the Hartmann num-

ber, the shear stress rate increases as well. The
effect of suction/injection on a two-dimension-
al steady nanofluid MHD flow due to a verti-
cal wedge in the existence of mixed convection
and chemical reaction was studied by Ganap-
athirao et al. [3]. Rahman et al. [4] described
the impact of heat generation/absorption on a
two-dimensional steady nanofluid flow over a
wedge with convective surface. They discov-
ered that the Nusselt number increased with
increasing values of the Biot number and slip
parameter.  Srinivasacharya et al. [5] have
proposed the effect of heat and mass transfer
rate on MHD flow over a wedge within the
nanofluid. Rahman et al. [6] investigated the
simultaneous impact of heat and mass transfer
on an unsteady MHD flow of nanofluid over
a wedge surface with thermophoresis and vari-
able electric conductivity. Yacob et al. [7] have
considered a flow of nanofluid over a stationary
or a moving wedge. The impact of viscous dis-
sipation with a slip wall on an unsteady MHD
flow over a stretching wedge for nanofluid have
been described by Nagendramma et al. [8].
Kandasamy et al. [9] considered the influence
of thermal radiation on an unsteady MHD flow
of nanofluid over a porous wedge. Recently,
we [10] have analyzed the influence of suc-
tion/injection on MHD flow of nanofluid due
to a porous wedge in the existence of viscous
dissipation and slip. We revealed that the skin
friction coefficient increases with an increase
in the Eckert number. Then we [11] have il-
lustrated the effect of natural convection and
viscous dissipation on nanofluid flow due to
a stretching cylinder with thermal radiation,
porous medium and slip boundary conditions.
Khanafer et al. [12] have examined heat trans-
fer enhancement of nanofluid due to an enclo-
sure using the single-phase model. Further, the
single-phase model was used to determine the
heat transfer rate of nanofluid due to differ-
ent geometry by Buongiorno [13], Tiwari and
Das [14]. Sheikholeslami and Abelman [15]
examined the impact of the magnetic field on
a nanofluid flow due to two coaxial cylinders
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Fig. 1. Physical model of the flow over a wedge surface and the coordinate system:
U(x) is the uniform velocity, B, is the uniform magnetic field, Q is the total wedge
angle, 7 is the temperature, C is the specific heat

by applying the two-phase model. Again, the
impact of MHD flow of nanofluid over dif-
ferent surfaces has been described in several
studies [16 — 38]. We [39] have investigated
the numerical solution of nanofluid flow past a
stretching cylinder under slip conditions. Hayat
et al. [40] have examined the mixed convection
stagnation point flow of tangent hyperbolic
nanofluid towards a stretching sheet. Mustafa
et al. [41] have solved the problem of nanofluid
flow within a channel with complaint walls by
the Homotopy Analysis Method (HAM) and
the shooting method.

Several chemically reacting systems
incorporate both homogeneous and
heterogeneous reactions, with instances
happening in catalysis, combustion and
biochemical systems. The interaction between
homogeneous reactions within the bulk of the
fluid and heterogeneous reactions occurring
on some catalytic surfaces is usually extremely
complex and is relevant in the production and
consumption of reactant species at various
rates both in the fluid and surfaces of catalytic.
Stagnation-point boundary layer flow due to
homogeneous and heterogeneous reactions
was studied by Chaudhary and Merkin [42].
Similarly, several studies [43 — 50] revealed the
influence of homogeneous and heterogeneous
reactions on different types of fluid for different
geometry.

The present work deals with the influence
of viscous and Ohmic dissipation on a two-
dimensional steady nanofluid MHD flow past
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a wedge surface in the existence of thermal
radiation and chemical reaction.

To the best of our knowledge, no recent
studies have been completed on this subject.
The numerical solution of the recent study was
acquired by applying the shooting method based
on the Runge — Kutta — Fehlberg scheme.
The influence of different pertinent parameters
on flow field, thermal field and concentration
were considered graphically and described in
details. The boundary layer flow due to a wedge
surface plays a key role in the field of crude
oil extraction, heat exchangers, ground water
pollution, geothermal systems, etc.

2. Mathematical formulation

We assume the existence of a steady flow of
two-dimensional and incompressible conven-
tional water-based nanofluid, including copper
(Cu) as nanoparticles that moves over the sur-
face of a wedge with a uniform velocity U(x),
and a variable magnetic field

(m-1)

B(x)=Byx ? ,

(B,is a magnetic field of a uniform strength);
the external flow velocity has the form

U(x) = uyx™,
where u is a constant (see Ref. [5]), whereas

B
2-p

is the power-law Falkner — Skan parameter
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0O<m<1); B=Q /1 is the pressure gradient
parameter also known as the Hartree pressure
gradient (Q is the total wedge angle assuming
two dissimilar values of the Hartree parameter
B, i.e., with the flow past a horizontal wall
B=0(Q=0° and B =1(Q2 =180°) for bound-
ary layer flow near an upright flat plate.

It is assumed that the fluid phase and the
solid particles are in a thermal equilibrium state
and that they flow with an equal local velocity.
The geometry of the present model is shown
in Fig. 1.

The conventional equations of continuity,
momentum, heat transfer and concentration
are expressed as [5]:

ou, o =0; (1
ox 0oy
ou ou
Lla‘FVa:
dvu  u u 032 @
U=+ U - u);
dx pnf ay pnf
oT  oT PT [auf
U——+V—— =0y —5 +—— | — | +
ax dy ay*  (pC,)y \ Oy
) (3)
L, oB ., 1 .
(pC )nf (pcp)nf ay ’
2
8C aC _pdcC o°C _K(C-C). (4
ax 6y oy?

The boundary conditions are as follows:
u=0,v=0,7=T7,C=C,asy—>0; 5
u=ux",T=T,C=C, aty — o, )

where (u, v) are the velocity components along
the x and y axes, respectively.

conductivity k,, of the nanofluid are defined

as [4, 7, 10]:
Hy
(1- 9™

pnfz(l_¢)pf+¢psaanf:(pc)f; (6)
p/n

(PCpy =A=0)pC)); +d(pC)),
ky K+ 2k - 20(k; — k,)
ko kot 2k, ok, k)

“nf =

Ky

where ¢ is the volume fraction of the solid and
the subscripts fand s denote the fluid and the
solid nanoparticles, respectively. The thermo-
physical properties of the nanofluid are listed
in Table 1.

With the help of the Rosseland approxima-
tion, the radiation heat flux is defined as [9]:

4" oT*

YR (7)
where 6" and k" are the Stefan — Boltzmann
constant and the coefficient of mean absorp-
tion; 7*is the linear sum of temperature and
it can be expanded with the help of the Taylor
series along with 7, :

T =T} +4T>(T -T,)+6TX(T -T,)* +... .(8)

Vanishing the higher terms of (T'-T7,) in
Eq. (8), we obtain

T =4T°T -3T%. 9)
Solving Egs. (7) and (9) we get
3 x
g, = _16Tw*6 g (10)
3k oy

The following nondimensional similarity
transformations are introduced [5]'

The effective dynamic viscosity p,,, the ef-
fective density p,., the thermal diffusivity o, = (v, xm+l)/ 2f(), n= pd (1)
the heat capacitance (pC,),, and the thermal vy )X
Table 1

Thermophysical properties of water and nanoparticles [4, 7]

Substance p, kg/m3 C, J/(kg'K) k, W/(m-K)

Pure water 997.1 4179 0.613

Copper (Cu) 8933 385 400

Notations: p is the density, Cp is the specific heat at the constant
pressure, k is the thermal conductivity coefficient.
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e(n) = ;_7;0?7 ) TW _Too = XATa
|/ (11)
c-¢C

=——>>  (C, -C,=xAC,
X(ﬂ) CW_COOJ w £

where wy(x,y) is the stream function written
as

w2 . (12)
oy ox
u=ux"f"
1 1
y= —E(m +1)(v upx™")2 x
(13)

{f+(213nf]

Now let us substitute Egs. (6), (10) — (13)
into Egs. (2), (3) and (4), respectively. The fol-
lowing nonlinear ordinary difference equations
(ODESs) of momentum, energy and mass trans-
fer are obtained:

- {mf'z—(mgljﬁ”— m}

+ (=M= f)=0,

k, m+1 .., _,
&#%[ . fe—f6j+

+ Eof "+ MEc(1-¢)>* £ =0,

(14)

(I+R)0"+Pr
(15)

m

W4SC( glfxucf4ynj:o, (16)

and boundary conditions (5) turn into the
following ones:

£'(0)=0, f(0)=0,6(0) =1,
x(0) =Tatn=0;
f'=1,0=0,y=0asn— x,

(17)

where the prime indicates the derivative with
respect to n; the dimensionless parameters are
Pr, the Prandtl number; Sc, the Schmidt num-
ber; M, the magnetic field parameter; Ec, the
Eckert number; R, the radiation parameter; Yy,
the chemical reaction parameter; ¢,, ¢,, the
constants, respectively, defined as:

_ Vf(pcp)f , Sc :V_f, M =
k, D

2
cB;

Priy

Pr ,(18)
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3
R_16<5ToO

2
__omU _
Ec 3Kk,

k(T -T,)
y= U(x)K,
x (18)
_ 2,5 Ps
o =1-9) {1—¢+¢—},
Pr
(rC,);
(PC,)y
For practical interest, the shear stress rate
(the skin friction coefficient C,), heat trans-
fer rate (the Nusselt number Nu ) and mass

transfer rate (the Sherwood number Sh ) are
expressed as:

Mnf au]
C,=——|— ,
f pU2 (ay =0
kx [aT]
Nu, =|— | Z2] 19
{kf (TW -T. )J W ),

Sh :;[Ej
TG, -CH v ),

Hence, the reduced dimensionless skin
friction coefficient, the heat transfer coefficient
and the reduced mass transfer coefficient are
defined as:

(1-¢)*°Re,C, =2/ "(0),

by =1-0+9

Nu kf
= =—(1+ R)6'(0), 20
ek, - U RO (20)
sh, k,
L= —1(0)

qRex knf
where Re = xU /vf is the local Reynolds
number.

3. Numerical method

The nondimensional momentum (Eq. (14)),
energy (Eq. (15)) and concentration (Eq. (16))
together with supporting boundary conditions
(17) have been dealt with numerical solution
by applying the shooting procedure with the
4th — 5t order Runge — Kutta — Fehlberg (RKF)
integration formula. For this scheme, we first
modify the primary differential equations into
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a set of the first order ODEs.

Let us presume that
v=n n=Ff n=f nu=r"
Ys=0, yo=0" y, =9 yg=x"

Now we obtain a first-order system of

Eqgs.:

N
Y
Y3
Y4
Ys
Ve
Yy
Vs

'

'

'

'

(21)

1
Y3
V4

0y [mygz - (mTH] VaVs — m] -

~(1- 9> M(1-y,)
Ve

-1 ki (m+1 '
m(% Prk—f(T Ve — )’3y5j +
nf

+ Ecy? +(1-¢)» MEcygj

V8

m+1
—SC( 7 Ny =y (3 + Y)j

The associated initial conditions are:
3 0
8% 0
V3 0
Y4 _| 4D ‘ (22)
Vs 1
Ve p)
Y7 1
s ds
The system of first-order ODEs (21)

via initial conditions (22) is solved using a
4t — 5t order RKF integration process, and
the appropriate values of unknown initial con-
ditions ¢;, ¢, and ¢; are selected and then
numerical integration is applied.

Here we contrast the computed values of
f', 6 and y as n — o, through the specified
boundary conditions

f(o) =1, 8(0) =0, x(x)=0,

and regulate the estimated values of ¢;, ¢, and
g; to gain an excellent approximation for the
result. The unknown ¢;, ¢, and ¢; were ap-
proximated by Newton’s scheme in such a way
that boundary conditions were obeyed at high-
est numerical values of n — o, with an error
less than 1073,

4. Validation of the code

To check the accuracy of our present code,
we compared the obtained results of the skin
friction coefficient (f"(0)), for several val-
ues of the magnetic field parameter M, in the
absence of thermal radiation, the viscous and
Ohmic dissipation and the chemical reaction
parameter for the base fluid (water) with the
data obtained by Ariel [2] and Srinivasacharya
et al. [5]. Notice that our results are in better
agreement, as shown in Table 2. Therefore, us-
ing our recent code is valid for computation.

5. Results and discussion

The solutions of the nondimensional ve-
locity field f'(n), the temperature field 6(n),
the concentration y(n), the skin factor C,,
the Nusselt number Nu, and the Sherwood
number Sh_ profiles were obtained for sev-
eral values of related parameters, throughout
the procedure with the step length An = 0.001,
where 0 <n < 3. Notice that for the base fluid
(¢ =0), the value of the constants ¢, and ¢,
becomes unity. The present model will be the
same as the one presented by Srinivasacharya
et al. [5] in the absence of viscous and Ohmic
dissipation, thermal radiation and chemical re-
action.

The changes in the dimensionless parame-
ters such as the skin friction, the Nusselt num-
ber and the Sherwood number are presented in
Table 3. This data reveals that the skin friction
coefficient and the mass transfer rate of the
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Table 2

Comparison of the values of the skin friction coefficient /"(0) for different values
of the magnetic field parameter M

” f"(0)
Ariel [2] Srinivasacharya et al. [5] Present study
0 1.232588 1.2325965196 1.2328130
1 1.585331 1.5852800424 1.5853650
4 2.346663 2.3468696599 2.3466556
25 5.147965 5.1479646032 5.1479628
100 10.074741 10.0747411168 10.0747412

The data is given in the absence of thermal radiation, the viscous and Ohmic dissipation and
the chemical reaction parameter, whereas ¢ =0, Ec=0, m =1, Pr=1, R=0, Sc = 0.24 and
y=0.

Table 3

Values of the skin friction coefficient, the Nusselt number and the Sherwood number for
different values of the magnetic field parameter M

M /() -6'(0) —x'(0)

0.2 1.499681 0.600960 0.680420
0.6 1.598197 0.592030 0.683610
1.0 1.691074 0.582014 0.686460
2.0 1.903826 0.553324 0.692502
3.0 2.095334 0.520750 0.697402

Notations: f"(0) is the skin friction coefficient, —0'(0) is the Nusselt number, y'(0) is the
Sherwood number.
Fixed parameter values: Ec = 0.1, m =1, Pr=1, R=10.5, Sc =0.24, ¢ =0.1, y=1.

Cu—water nanofluid increase with increasing Table 4 indicates that the Sherwood num-
the magnetic field parameter M. Moreover, the  ber depends on the chemical reaction param-
heat transfer rate decelerates with an increase  eter y. We can see that the mass transfer rate

in M. of nanofluid accelerates with increasing y. The
Table 4 Table 5
Values of the Sherwood number for different values Values of the Nusselt number for different values
of the chemical reaction parameter y of the radiation parameter R
Y ~'(0) R -6'(0)
0.518711 0 0.454424
250 ;ﬁ;‘g 1 0.421124
40 3.110745 4 0.378224
50 3.474195 12 0.352560
60 3.803274 20 0.345560

Fixed parameter values: Ec = 0.1, M = 0.6, m = 1, Fixed parameter values: y =1, Ec = 0.1, M = 0.6,

Pr=1, R=10.5, Sc =0.24, ¢ =0.1. m=1,Pr=1,8Sc=024, ¢=0.1.
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heat transfer coefficient in terms of the Nusselt
number is given in Table 5 for different values
of R. This data signifies that the heat transfer
rate decelerates with increasing R. The influ-
ence of the related parameters on the veloc-
ity, temperature and volume concentration of
nanoparticles is illustrated in Figs. 2 — 5. In
the recent study we have regarded Cu (copper)
as nanoparticles and water as a base fluid. The
impact of the magnetic parameter M on the
flow field, thermal field and concentration of

Cu—water nanofluid for Pr=m=1,
Ec=¢=0.1 R=0.5 vy=1 and Sc=0.24
are shown in Fig. 2. Fig. 2, a shows that the
velocity field profile of the Cu—water nanoflu-
id increases with increasing the magnetic pa-
rameter and it is also obvious from this graph
that the momentum boundary layer width of
the nanofluid decreases. We used Fig. 2, b to
conclude that the thermal field component is
influenced by the magnetic field parameter M
in the domain of [0, 3] and the trend of the

a)
f'(m)
0.8 .
0.4 -
0.0 0.5 1.0 1.5 2.0 n
b)
o) ; : . . :
o.e- 4 4
0.4 - 2 3 -
0.2 1 4
0.0 015 110 1.5 2.0 215 n
9
x() : : ; . .
0.8 \\ E
] 4321
0.6 4
0.0 05 10 1’5 20 25 n

Fig. 2. Velocity (a), temperature (b) and concentration (c¢) profiles of Cu—water nanofluid
for different values of the magnetic field parameter M: 0.2 (1), 1.0 (2), 3.0 (3), 4.0 (4);
Pr=m=1,Ec=¢=0.1, R=0.5, y=1, Sc=0.24
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>

o) . :

0.8 -
0.6 -
0.4 -

0.2 o

T T
0.0 0.5 1.0

Fig. 3. Temperature profiles of Cu—water nanofluid for different values
of the Eckert number Ec: 0(7), 0.1 (2), 0.2 (3), 0.3 (4);
M =06 Pr=m=y=1 R=0.5 ¢=0.1

dimensionless temperature profiles increases
with increasing M in this entire domain. For
this reason, the thermal boundary layer thick-
ness grows to large values. Similarly, we can see
from Fig. 2, c that the concentration graph var-
ies with the magnetic parameter corresponding
to each value of the horizontal component .

In the regions of [0, 0.2] and [2.9, 3.0], there
is no change in the concentration profile of
the Cu—water nanofluid; the fluid concentra-
tion subsequently decreases with increasing the
values of M in the region of [0.2, 2.9].

The deviation in the temperature distribu-
tion corresponding to the horizontal variable n

o) - -

0.8
0.6 -
0.4 - 2

0.2 4

T T
0.0 0.5 1.0

Fig. 4. Temperature profiles of Cu—water nanofluid for different values
of the radiation parameter R: 0 (1), 1 (2), 4 (3), 12 (4);
M =06, Pr=m=y=1 Ec=03, 6=0.1

x(™M) - -

0.8 |

0.6 2

T T T
1.5 2.0 2.5 .n

Fig. 5. Concentration profiles of Cu—water nanofluid for different values
of the chemical reaction parameter y: 0(7), 5(2), 20(3) 40(4), 60(5);

M =06, Pr=m=1,
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for different values of the Eckert number Ec is
shown in Fig. 3 for M =0.6, Pr=m=y=1,
R=0.5and ¢=0.1.

We can conclude from this figure that the
temperature of the nanoparticles gradually
increases with increasing the values of the
Eckert number, and for this reason the width
of the thermal boundary layer increases.
Moreover, the heat transfer rate decreases for
different values of the Eckert number Ec.

a)

The graph for the thermal field ver-
sus the horizontal axis n for different values
of the radiation parameter R with M = 0.6,
Pr=m=vy=1, Ec=0.3 and ¢ = 0.1 is shown
in Fig. 4. It is clear from this figure that the
temperature of the nanoparticle increases with
increasing thermal radiation parameter, while
the heat transfer rate decreases with increasing
the R value.

Fig. 5 shows the graph for the concentra-

b)
Nu

0.52 |
0.50 ]
0.48 ]
0.46 ]
0.44 ] -
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Fig. 6. The plots of the skin friction coefficient (a), the Nusselt (b)
and the Sherwood (¢) numbers versus M parameter for different
values of the solid volume fraction ¢: 0.2 (1), 0.4 (2), 0.6 (3);
Pr=m=y=1 R=0.5, Ec=0.1, Sc=0.24
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tion profile of the Cu—water nanofluid versus
variable m, for different values of the chemical
reaction parameter y at M =0.6, Pr=m=1,
R =0.5 and Ec=¢ =0.1. It can be seen that
this concentration profile of the Cu—water
nanofluid asymptotically approaches zero in
the region of [0, ©). In other words, it de-
creases gradually with increasing the chemical
reaction parameter y in the dynamic range of
0 <1n <ow; moreover, the curve is asymptotic
to the axis of m; we can also conclude that
the concentration boundary layer thickness de-
creases gradually. However, the mass transfer
rate increases monotonically.

The changes in the nondimensional skin
friction coefficient, the Nusselt number and
the Sherwood number depending on the mag-
netic field parameter M for different values of
the solid volume fraction ¢ are shown in Fig. 6
with the parameter values Pr=m=y =1,
R=05 Ec=0.1 and Sc =0.24. The influ-
ence of the volume fraction ¢ on the skin fric-
tion coefficient is demonstrated in Fig. 6, a.
It can be seen from this graph that each value
of the thermal radiation skin friction decreases
with increasing the volume concentration of
solid particles. The graph of the Nusselt num-
ber versus the magnetic field parameter for sev-
eral values of the solid concentration is shown
in Fig. 6, b. It can be seen that the heat transfer
rate increases with increasing the concentration
of solid particles.

The variation in the mass transfer rate with
respect to the variable M for different val-

Nu,

ues of the volume concentration is shown in
Fig. 6, c¢. It can be seen that the Sherwood
number is an increasing function of ¢ in the
domain M.

The effect of the volume concentration
along with the thermal radiation parameter
R on the Nusselt number is shown in Fig. 7,
with the values of nondimensional param-
eters Pr=m=y=1, M =06, Ec=0.3 and
Sc =0.24. This figure shows that the heat
transfer rate enhances with the solid volume
concentration for each value of the radiation
parameter.

Fig. 8 shows the changes in velocity, tem-
perature and concentration profiles of the nano-
fluid for different values of m with Ec = 0.3,
M=06, Pr=1, R=y=1Sc=0.94 and
¢ = 0.6. Fig. 8, a shows that the velocity profiles
frequently increase with increasing the values of
m in the region of [0, 3]. Fig. 8, b shows that the
temperature profiles decrease with increasing m
within the domain of (0.5, 0.9). Similarly, it can
be seen from Fig. 8, ¢ that the concentration
profiles of the nanofluid gradually decreased
with increasing m in the specified range, and for
this reason, the concentration boundary layer
thickness decreased.

The influence of the Prandtl number with
Ec=03 M =06, m=1, R=y=1, Sc =0.94
and ¢ = 0.6 on the temperature distribution is
shown in Fig. 9. We can see from these curves
that the temperature profiles gradually decrease
with increasing the Prandtl number. Fig. 10
shows the effect of the Schmidt number Sc on

0.40

0.38

0.36

0.34

0.32

Fig. 7. The plots of the Nusselt number versus R parameter
for different values of the solid volume fraction ¢: 0.2 (/), 0.4 (2), 0.6 (3);
Pr=m=y=1 M =06, Ec=0.3, Sc=0.24
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Fig. 8. Velocity (a), temperature (b) and concentration (c¢) profiles
of the nanofluid for different values of the power-law Falkner — Skan parameter m:

1/11 (1), 0.2 (2), 0.5 (3), 1.0 (¥;
Ec=03, M =06, Pr=1, R=y=1,Sc=0.94, $=0.6

the concentration distribution of the nanoflu-
id with Ec=03, M =06, m=1, R=y=1,
Pr=1 and ¢ =0.6. It can be seen from these
curves that the concentration profiles increase
with increasing the Schmidt number, and for
this reason the solution boundary layer thick-
ness decreases with increasing the Sc value.
Table 6 shows the values of the skin fric-

tion coefficient, the Nusselt and the Sherwood
numbers due to the effect of m. It can be seen
from this data that the mass transfer rate and
the shear stress rate increase with increasing m,
while the heat transfer rate decreases.

The effects of the Prandtl number on the
Nusselt number are described in Table 7.
We can conclude from the data that the heat
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transfer rate increases along with the Prandtl The combined effect of the magnetic param-
number. eter M and the volume fraction ¢ of nanopar-

Table 8 describes the effect of the Schmidt ticles on the heat and mass transfer is illustrated in
number Sc on the mass transfer rate, which  Table 9. It can be seen from the table that the heat
proves that the mass transfer rate is an increas-  transfer rate decreases but the mass transfer rate

ing function of Sc. increases with increasing M for each ¢ value.
o)
0.6+ 1 ]
4 ) _
02 3 ]
0.0 05 10 1's 20 25 n

Fig. 9. Temperature profiles for different values of the Prandtl number (Pr):
0.71 (1), 1.00 (2), 1,74 (3), 2.97 (4);
Ec=03, M=06 m=1, R=y=1,Sc=094, ¢=06

xr(m)
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Fig. 10. Concentration profiles for different values of the Schmidt number (Sc):
0.24 (1), 0.60 (2), 0.94 (3);
Ec=03, M=06 m=1, R=y=1,Pr=1, =06

Table 6

Values of the skin friction coefficient, the Nusselt number and the Sherwood number
for different values of m

m /(0) —0'(0) wAY
1/11 0.4942973 0.328434 1.083905
0.2 0.5661611 0.327020 1.096231
0.5 0.7403936 0.322560 1.126572
1.0 0.9757923 0.315531 1.169118

Fixed parameter values: Ec =0.3, M =0.6, Pr=1, R=y=1, Sc=094, ¢=0.6
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Table 7

Values of the Nusselt number for different values
of the Prandtl number

Table 8

Values of the Sherwood number for different values
of the Schmidt number Sc

Pr -0'(0) Sc —'(0)
(1)3(1) gg?zzg? 0.24 0.6529234
174 0.354443 0.60 0.9583910
2.97 0.412683 0.94 1.1694180
Fixed parameter values: Ec=0.3, M =06, Fixed parameter values: Ec=03, M =0.,
R=m=vy=1 Sc=094, ¢=0.6 Pr=R=m=y=1, ¢=0.6
Table 9
Effect of M and ¢ parameters on the Nusselt and the Sherwood numbers
M -0'(0) —1'(0)
$=20.2 $=04 ¢ =10.6 $=20.2 =04 ¢=10.6
0.2 0.539740 0.441265 0.37563 0.682209 0.674028 0.65184
0.6 0.531212 0.436532 0.37416 0.684490 0.675504 0.65292
1.0 0.522150 0.431630 0.37264 0.686579 0.676920 0.65397
2.0 0.497546 0.418689 0.36861 0.691196 0.680160 0.65645
5.0 0.470718 0.404920 0.36433 0.695133 0.683067 0.65875

Fixed parameter values: Pr=m=y=1, R=0.5, Ec=0.1, Sc=0.24

6. Conclusions

In the current study, the effect of viscous and
Ohmic dissipation on magnetohydrodynamic
flow of nanofluid (Cu — water) past a wedge in
the existence of thermal radiation and chemi-
cal reaction has been studied. The governing
PDEs were transformed into a set of ODEs by
employing the corresponding similarity trans-
formations and the transformed equations were
solved along with the boundary conditions by
the Runge — Kutta — Fehlberg method of the
4t_5t order via the shooting technique.

The following major conclusions can be
drawn from the results of our study:

The velocity of the (Cu—water) nanofluid
flow increases with increasing the magnetic
field parameter;

The thermal boundary layer thickness in-
creases with increasing the magnetic field pa-
rameter;

The concentration boundary layer thickness
decreases with increasing the chemical reaction
parameter;

The temperature profiles of the nanoparticles
increase with increasing the Eckert number;

The heat transfer rate decreases with in-
creasing the values of the thermal radiation pa-
rameter;

The mass transfer rate increases with
increasing chemical reaction parameter;

The skin friction coefficient decreases with
increasing the solid volume fraction and the
magnetic parameter. Moreover, the opposite
behaviour was observed for the Nusselt number
and the Sherwood number;

The heat transfer rate increases with
increasing the volume fraction, along with the
radiation parameter.
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