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KEYWORDS Abstract This goal of this study is to examine the incompressible steady 2D flow of MHD Carreau
Carreau Yasuda fluid model; Yasuda.model along with the heat gegeratiop and chemical reacFion negr a zero VelociFy rfegion. The
Magnetohydrodynamic; magnetic field and thermally conducting fluid towards a stretching cylinder are very significant due
Heat generation; to its usage in the various manufacturing sector. Chemical reactions are widely practice in everyday
Zero velocity; life as turning nutrition into energy fuel for our body, food change, fireworks expulsions, removing
Chemical reaction; grimes, photosynthesis, etc. The nonlinear flow model equations and their corresponding boundary
BVP4C conditions are changed into non-dimensional shape using similarity variables. The role of vital

parameters is discussed with the assistance of MATLAB software by BVP4C method. It is con-
cluded that the momentum increases for rising the curvature and stretching ratio parameter. This
is examined that the heat field improves for rising behavior of the magnetic force, curvature coef-
ficient and heat generation. The fluid concentration upsurges due to curvature and magnetic field
parameter while reverse results shown due to chemical reaction parameter. We graphically investi-
gate the impression of magnetic effect and chemical force for heat and mass profiles.
© 2022 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction fluids. These models are second grade, Jeffrey model, Maxwell
model, Casson model, power law model, third grade and Sisko
fluids etc. Among these fluid models, the most suitable non
Newtonian fluid is power law model and is the most compre-
hensive of all the proposed models and it can explains both
properties of shear thinning and thickening fluid with two
essential fluid parameters. The Carreau Yasuda model is also
similar fluid that can explains the shear thinning and thicken-
Peer review under responsibility of King Saud University. ing properties via five key parameters. Therefore this model is
the most effective model then the power law fluid. Mair et al.
(Khan et al., 2019) observed the influence of diffusion on the

by B Carreau—Yasuda fluid flow over a spinning channel under
ELSEVIER Production and hosting by Elsevier the slip effects and resulted that the fluid velocity improved

The boundary layer flow analysis across a stretching object has
made a lot of interest in industrial engineering e.g. energy pro-
duction, paper production, system of circulation, crystal grow-
ing and food industries. As a result, researchers have suggested
a variety of models to examine the nature of non-Newtonian
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Nomenclature

-

Velocity components (71/5)
Carreau number

Cylindrical cordinates (171)
Power law index

Stretching velocity
Dimensionless velocity variable
Pressure (p)

Free stream velocity

Prandtl number

Heat Capacity (J//kg.K)

Heat generation parameter
Weissenberg number
Non-dimensionless temperature (K)
Non-dimensionless concentration
Reynolds number

Temperature at infinity (K)
Concentration at infinity
Schmidt number
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B’ Hartmann number

C Chemical reactive parameter
f Velocity profile

Cr Skin friction Coefficient

D Mass diffusion parameter
Nu Nusselt number

Sh Sherwood number

Greek Symbols

) Density of fluid (kg/n)

o Heat conductivity parameter (JW/mk)
v Viscosity (N,/m?)

n,@ Similarity variable

r Time relaxation parameter

0 Temperature profile

¢ Concentration profile

by growing the slip parameter. Waqas et al. (Waqas et al.,
2020) inspected the behavior of Carreau Yasuda nanofluid
by using the velocity slip condition and effect of thermal radi-
ation passes through the stretched surface. Hayat et al. (Hayat
et al.,, 2014) considered the flow phenomenon of Carreau
Yasuda model in a curve surface with slip effects and resulted
that the variation in the velocity slip indicates reduction in the
peristaltic region. Yesser et al. (Zare et al., 2019) presented the
viscosity and shear thinning influence for the Carreau-Yasuda
model. Abbasi et al. (Abbasi et al., 2015) examined the Car-
reau Yasuda model with MHD peristaltic transportation in a
curve surface and indicated that the flow velocity in a curved
surface was not symmetric around the centerline. Waqas
et al. (Alloui and Vasseur, 2015) studied the magnetize Car-
reau Yasuda nanofluid with slip effect and thermal radiation
and presented the importance of bio-convection in fluid flow.
Alloui and Vasseur (Premlata et al., 2017) considered the Car-
reau—Yasuda fluid along with the natural convection in a ver-
tically cavity warmed from the sides. Premlata et al. (Akbar
et al., 2014) numerically studied the air bubble in a Carreau-
Yasuda fluid and discussed the impact of flow index on fluid
flow.

Magnetohydrodynamic has always remained the subject of
study due to its significance in engineering applications like,
liquid metal, electromagnetic casting and plasma confinement,
etc. The magnetic field and thermally conducting fluid towards
a stretching cylinder are very significant due to its usage in the
various manufacturing sector. Akbar et al. (Bilal et al., 2018)
presented the impression of magnetic field on the Eyring-
Powell fluid model over a stretched object and revealed the
importance of magnetize forces on the flow pattern. Bilal
et al. (Ali et al., 2017) considered the theoretical study to
observe the flow of Carreau fluid with magnetic field effects
and presented that growing magnetic field parameter showed
dropping trend in the momentum profile. Farhad et al.
(Nourazar et al., 2017) presented numerical study to inspect
the magnetic field influence on Casson fluid and resulted that
the magnetic force decreases the velocity of magnetic particles.

Nourazar et al. (Heidary et al., 2015) examined the heat trans-
formation and nanomaterial fluid flow towards a porous
stretched cylinder under magnetic effects and noted that rising
magnetic field parameter increased thermal boundary layer
and dropped the velocity field. Heidary et al. (Akbar et al.,
2015) presented the thermal transformation and magnetic
force influence on nanofluid flow in a straightly placed surface.
Noreen et al. (Gholinia et al., 2018) scrutinized the flow of 2D
Eyring—Powell fluid on a stretched object under magnetic force
and demonstrated that the increasing impression of magnetic
field indicates the resistance of flow. Gholinia et al.
(Mekheimer, 2008) examined the incompressible MHD nano-
fluid model towards a circular cylinder along with mixed con-
vection near a stationary point. Mekheimer (Akinshilo and
Olaye, 2019) considered the impression of magnetic force on
a peristaltic flow of couple stress fluid in a slit region.

The heat transformation phenomena are rapidly expanding
in the liquid flow area due to their importance in engineering
and industrial zone. Energy production, solar collectors, heat
conduction in tissues, solar stills, space cooling, oil production,
biomedical, thermal exchangers, electromagnetic pumps and
energy producing systems are few examples. Akinbowale and
Olaye (Malik et al., 2017) considered the impact of heat trans-
formation and heat generation on the Erying Powell fluid
model in a pipe and revealed that the thermal field improved
for improving the heat generation parameter. Malik et al.
(Rehman et al., 2016) investigated the Eyring-Powell fluid
model on the cylinder with the heat generation and dual con-
vection. The result shows that the improvement in heat profile
was brought out for raising the heat generation parameter.
Salahuddin et al. (Adesanya and Makinde, 2015) presented
the heat generation impression for the Eyring-Powell flow
model towards an incline stretched cylinder and resulted that
the improving magnitude of thermal profile was observed by
rising the heat generation parameter. Samuel and Makindet
(Olanrewaju et al., 2012) considered the third grade flow model
towards a vertical surface with influence of heat generation
and presented that the heat profile upsurges for improving heat
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generation coefficient. Olanrewaju et al. (Ahmad et al., 2019)
considered the laminar boundary layer flow towards a hori-
zontal plate with thermal generation effect and showed the
quick passage of heat from the bottom region to the top region
of the plate was slowed by an increase in the internal heat
generation.

Chemical reactions are widely practice in everyday life as
turning nutrition into energy fuel for our body, food change,
fireworks expulsions, removing grimes, photosynthesis, etc.
Chemical reaction is primarily used to optimize feed composi-
tion, chemical reactors and operating conditions. Ahmad et al.
(Mishra et al., 2017) presented analysis of MHD Jeffrey fluid
model with chemical heat generation effects, the important
parameters were graphically and numerically discussed. Mis-
hra et al. (Arifuzzaman et al., 2019) considered the MHD vis-
coelastic fluid with the presence of chemical forces on
stretching surface and presented the influence of chemical reac-
tive and MHD forces on mass and thermal transformation.
Arifuzzaman et al. (Hayat et al., 2008) presented the thermal
and concentration characteristics of MHD 4th grade flow
model over a porous plate along with the chemical forces
and presented that the chemical reaction for large values
showed decay in the concentration. Hayat et al. (Khan et al.,
2019) observed flow study of a second grade flow model
towards an infinite plate with the existence of chemical effect
and scrutinized the impact of chemical reactive coefficient on
mass transformation rate. Khan et al. (Krishna and
Chamkha, 2019) explored the impact of temperature and gen-
eralize diffusivity effects on Maxwell nanomaterials with
chemical reactive force. Heat generation and chemical reaction
are extremely important due to their efficiency in a variety of
engineering applications. Some recent published work related
to my topic is cited in (Krishna et al., 2021; Krishna et al.,
2020; Krishna et al., 2019; Krishna et al.. 2019; Krishna and
Chamkha, 2020; Krishna et al., 2021; Krishna et al., 2018;
Krishna and Chamkha, 2018; Krishna et al., 2018; Haq
et al., 2022; Zeeshan et al., 2021; Salahuddin et al., 2022;
Song et al.,, 2022; Khan and TIili, 2020; Al-Khaled and
Khan, 2020; Wang et al., 2022; Venkata Ramudu et al.,
2022; Buruju et al., 2021; Salahuddin et al., 2017; Qin et al.,
2022; Nadeem et al., 2017; Salahuddin et al., 2021; Wang
et al.,, 2022; Ahmad et al., 2022; Salahuddin et al., 2021;
Anantha Kumar et al., 2020; Kumar et al., 2019; Anantha
Kumar et al., 2020; Ahmad and Nadeem, 2020).

According to author’s best knowledge, no one has
inspected the flow of Carreau Yasuda fluid passing on the
stretching cylinder. The main inducement of this work is to
examine the mass and heat transfer in incompressible steady
2D flow of MHD Carreau Yasuda model along with thermal
generation, stagnation point and chemical reactive force
towards a stretching cylinder. The ODEs are construed from
the PDEs by similarity transformation. Here the solutions
are attained by using BVP4C technique with assistance of Mat-
lab software. The role of parameters is discussed for velocity,
mass and heat fields.

2. Mathematical modeling

Consider the steady flow of MHD Carreau Yasuda model
along with heat generation, stagnation point and chemical
reaction over a stretching cylinder. The fluid is moving across

the x direction that is normal to the r- axis of stretching cylin-
dered as presented in Fig. 1.

The leading equations (Yang et al., 2021; Kumar et al.,

2019) are
0 0
il = = 1
)+ () =0, (M
udt v = L%yl {2y (%)) o
u g (n= 4 9% u afu
+v[28 4+ (SHT(d + 1)(Z) 54 — 2,
near the stagnation region.
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(4)
with the boundary conditions [58].
u="U,(x)=2,v=0, atr =R,
e (5)

u— U(x) =", as r — oo.

Where (u, v) are components of velocity along (x, r) direc-
tions, d is Carreau number, ¢ is the electric charge density, n
represents the power law index, I" represents time constant,v
is the viscosity, U,(x) = ay(x/l) shows stretching velocity
and U,(x) = b“‘ indicates the free stream velocity. A stream
function @ can be used to justify the equation of continuity

(1), where u=122 andv=—-192 we define » and 5 as

or x>
(Adesanya and Mdkmdc, 2015).
P=-R |U,(x)

[ o = VOGRS, (6)

Hence the momentum equation transforms into.

(1+ 2nN)finym + 2Nfi(n) = 1 (n) + fn)fin
+(EY) VT T 20N We = [Nfi(n) ™
+(1 +2nN)fir(n)(d + 1) + Nfir(n)(d + 1))
+E* — B[ fi(n) — E*] =0,
together with bc’s.

T

. .1

Fig. 1  Geometry of the flow problem.
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f10) = 0,7/(0) = 1,/1(c0) = (8)

Where E = ‘B = Bl N =L , Tep-

W€ - (WU %F) pay ’ R ﬂ(»
resents the stretchmg ratio parameter, Weissenberg number,
Hartman number/magnetic field coefficient and curvature

parameter. Where /, ay and by are constants.

2.1. Heat and concentration equations

The transport analysis of energy and mass is investigated by
taking the effects of heat generation coefficient and the chem-
ical reaction parameter. The physical properties of fluid such
as thermal conductivity and mass diffusion are assumed to
be constant.

OT | 0T 29 0T  Q(T—T.)

Yo TYex v or 0 ar} * pC, ’ ©)
oc oC Do oC

VE—F ax  r ar[ 8] K(C-Cx), (10)

together with bc’s.
T=T,x), C=Cy(x), at r=R,
T— Ty (x),C — Cx(x), as r — oco.

Where C, exhibits the specific heat, (Cy,Tp) indicates the
concentration and temperature at surface, o = % is the heat

(11)

conductivity, p represents density, (Cw, T ) expresses the con-
centration and heat away from the surface, Q, indicates the
heat generation coefficient and D shows the mass diffusion
energy.

Describing dimensionless heat and mass by.

0Tp—To) =T— T, ¢(Cr—Cy) =C — Cy, (12)
so heat and concentration equations become.

0"(1 4 2nN) + 2N + Prf(n)0 + QPro = 0, (13)

¢" (1 +2nN) +2N¢' + Scf(n) ¢’ + C*Sep = 0, (14)
together with bc’s.

0(0) =1, 6(c0) =0, qb(O) =1, ¢(c0) =0. (15)

Where Pr= (%), C* =% Se =2 and 0 = ’Ql indicates
the Prandtl number, chem1ca1 reactlve parameter Schmidt
number and source heat generation, respectively.

The expressions of physical quantities are given as

1
Re,l\-/z-C/':fN(O) + (l’l - ) Wf//( )d+1 (16)
Re'?.Nu, = —0(0), (17)
Re'?.Sh, = —¢/(0). (18)
Where Re, = 2 is the Reynold number.

3. Numerical analysis

The nonlinear ordinary differential equations for momentum,
heat and concentration equations (7), (13) and (14) along with
the be’s (8) and (15) are numerically studied by using BVP4C
technique.

Let f: ylfy — y27f” :y37 ‘f/// :yl37 9 :y49/ :y53
0 =ys, ¢ =y5 ¢ =y,&¢” =y, hence the leading
equations become.
y3!(1+20N)f(n)" + 2Nfi(n) — 17 (n)
NS+ (4 TF 29N We x [Nf" (n) (16)
(1 +20N)f"(n)(d + 1) + Nf"(n)(d + 1)]
E— B[f'(n) — E*] = 0,
I = ! * [—2N, Pr PrQy,] (17)
}5_(1+211N) Vs Vs Vals
1, = ! * [-2N. Sc ScC*yg) (18)
Y7—(1+2”N) V7 sz cC Vsl
together with bc’s.
Nn=03n=0y=1y=1ar=R (19)

V= E y,—0,5,—0 as r— oo.

The step size is taken to be 0.05, with tolerance 10
guess [1 0—1 0 0.5] and accuracy of order 4.

, initial

4. Discussion and results

The aim of this division is to reveal how the momentum/ veloc-
ity, mass and heat fields are affected and graphically displayed
by a variety of parameters. Numerical computations are car-
ried out by BVP4C technique.

4.1. Velocity

The velocity behavior is represented versus the curvature
parameter N(0.5,1,1.5) in Fig. 2 and the figure reveals the
increasing value of curvature parameter marks rising trend in

%\/j—z so the radius of the object
0

drops by improving the curvature parameter which marks
the fluid interaction with surface decreases and lowest friction
is seen hence speed of fluid improves in the boundary layer.
The power law index 7(0.1,0.4,0,7,1.1,1.5,1.9) impact on

the velocity profile. As N =

1 n n n n

—N

—N

0.9 —N

0.8 4

S
o~
w

0.7

n=0.2,We=0.1,Sc=1.2

6k Pr=2, E=0.2, B=0.5

0.5 L

Fig. 2 Influence of curvature N onf'(y)..
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i 0.6 n=1.2, N=0.2, Pr=1.2 |
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Fig. 3 Influence of power index n on fi(y). U
Fig. 6 Influence of Weissenberg number We on fi(n).
1 L] L] L] L]
—B=0.2
09 _B=0’4 1 L] L] L] L]
) —B=0.6 —N=02
03 —N=04
0.8 - ' —N=10.6
"\
N
~ ~ 0.6 -
0.7 _ PR ' N
n=0.2, We=5,S¢=1.2 N
Pr=1.2, N=3, E=0.1 D
0.4 .
0.6r n=02,Pr=1.2 We=3.0, B=0.I
0=01,E=01,8c=12
0.2F .
0.5 L
0 1 7 6 7
0 ']
Fig. 4 Influence of magnetic field B on fI(n). 0 1 2 3 4 3 0 7
n
1 . . . . . . Fig. 7 Influence of curvature N onf(n)..
—E=0.1
—E=0.2
0.9 —E=0.3 the velocity distribution is drawn with the help of Fig. 3. The
figure shows both the behavior of shear thinning and thicken-
0.8 | ing due to changing the values of power lawn. The enhance-
-~ ment in n for shear thinning and thickening shows drop in
;s the fluid boundary layer thickness and velocity. The power
~ law is the source of increment in the viscosity of fluid and
0.7 1 higher viscosity means the reduction in the motion of fluid.
It confirms that the upsurge in n reduces the field and prevents
n=0.2, We_=5,Sf=1.2 the fluid momentum. Fig. 4 reveals the role of Hartmann num-
o6F Pr=12, N=3,B=0.5 ber B(0.2, 0.4, 0.6) on the momentum. The progressive mag-
nitude of Hartmann number B marks decreasing trend on the
. velocity field because Hartmann number is the relation of
0.5 MHD force to viscous force hence, growing magnitude of B
0 1 3 4 6 7 . . . . -
n improves the magnetic force which decays the velocity distri-
bution. Fig. 5 demonstrates the impression of stretching ratio
Fig. 5 Influence of stretching ratio parameter E on f(n). number on the momentum distribution and it is observed that
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the rising value of E(0.1, 0.2, 0.3) shows upward behavior in
the velocity profile. Fig. 6 shows the impact of the Weissenberg
number We(0.5, 1.0, 1.5) on the momentum distribution. The
Weissenberg number is defined as the relation of the fluid’s
kinematic viscosity/process time to its relaxation time. So, in-
creasing the Weissenberg number enhances the fluid parti-
cle’stime  relaxation  hence the  friction/fluid thickness
progresses which present decay in velocity.

4.2. Temperature

The curvature parameter N(0.2, 0.4, 0.6) influence on a heat
distribution is portrayed with the help of Fig. 7. We observe
that improving of curvature parameter N shows increasing

1 r r r r
—0=0.1
—0=0.2
0.8 —0=0.3|
@ 0.6
Q

n=02,N=05,We=3.0
E=01,B=0.1

0.2F
0 ]
0 1 2 3 4 5 6 7
U
Fig. 8 Influence of heat generation Q oné(y)..
1 L) L) L] L]
Pr=1.2
Pr=2.2
0.8 Pr=3.2|1
0.6 7
5
Q

0.4

n=02,N=0.7,B=0.1
Sc=0.1,We=2.5,E=0.1

Fig. 9 Influence of Prandtl number Pr onf(n)..

1 L] L] L] L]
——B=0.2
——B=0.8
0.8 ——B=1.6]4

0.6 -
S
Q
0.4 -
n=0.2,N=0.7, We=3.0
0.2 Pr=0.1,0 =0.1,C=0.1 "
0 ]
0 1 2 3 4 5 6 7
Ui
Fig. 10 Influence of magnetic field ond(y)..
1 L] L] L] L] L]
C*=0.2
C*=0.4
0.8 *=0.6]
0.6 "
S
N\
AN
0.4 "
0.2 n=0.2,Sc =1.2,We=2.5 i
N=0.5, Pr=1.2,B=0.1
0

Fig. 11  Influence of chemical reaction C* on¢(7)..

trend in the heat profile because of the curvature parameter
and radius has inverse relation. Outcome of the heat genera-
tion Q(0.1, 0.2, 0.3) is revealed in Fig. 8. It is shown that
the progressive improvement of Q, resulted an upward trend
in the heat profile. Physically, the coefficient of heat generation
is the source to generate more heat in the system. Due to this
higher impact of heat generation coefficient increases the tem-
perature profile. Importance of the Prandtl number
Pr(1.2, 2.2, 3.2) on a heat field is presented with the assistance
of Fig. 9. AsPr =7, so it illustrates the inversely relationship
between the Prandtl Pr and heat conductivitya. Hence, the
progressive behavior of the Pr presents reducing trend in the
heat conductivity which results decay in the heat profile of
the Carreau Yasuda fluid. The behavior of the magnetic forces
B(0.2, 0.8, 1.6) on the heat region is discussed with the assis-
tance of Fig. 10 and it is witnessed that increase in the mag-
netic force marks rising trend on the heat field.
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0 L L
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Fig. 12 Influence of curvature parameter N on¢(y)..
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0 ] ] ] A
0 1 2 3 4 5 6 7

Fig. 13  Influence of magnetic field B on¢(y)..

4.3. Concentration

Fig. 11 reveals the importance of the chemical reaction corffi-
cient C x (0.2, 0.4, 0.6) on the mass concentration of Carreau
Yasuda fluid. It is noted that the growing magnitude of Cx
presents downward trend in the mass concentration. Signifi-
cance of the curvature number N(0.2, 0.4, 0.6) is revealed in
Fig. 12 and it illustrates that the increase in N marks upward
trend in the concentration field and also increases the bound-
ary layer thickness. The magnetic force impression
B(0.2, 0.8, 1.4) on the mass concentration of Carreau Yasu-
da fluid is drawn on Fig. 13. It is well-known that the progres-
sive growth of B results upsurge in the mass concentration
field.

Table 1 exhibits the numerical influence of curvature
parameter N, heat generation coefficient Q and Pr is investi-
gated here. The decreasing impact noted due to higher values

7
Table 1 Results of Nusselt number for the deviation in N, QO
andPr.
N (0] Pr Nuy
0.1 0.1 0.1 —0.2717
0.2 0.1 0.1 —0.3317
0.3 0.1 0.1 —0.3989
0.2 0.1 —0.2544
0.3 0.1 —0.2365
0.4 0.1 —0.2178
0.2 —0.3186
0.3 —0.3666
0.4 —0.4139

Table 2 Results of Sherwood number for the deviation in
N, C* andSc.

N C* Sc Shy
0.1 0.1 0.1 —0.3044
0.2 0.1 0.1 —0.3671
0.3 0.1 0.1 —0.4260
0.2 0.1 —0.3199
0.3 0.1 —0.3350
0.4 0.1 —0.3496
0.2 —0.3763
0.3 —0.4430
0.4 —0.5047

of curvature coefficient and Prandtl number while increment
happens due to heat generation coefficient. Table 2 displayed
the influence of curvature parameterNV, chemical reaction coef-
ficient C* and Schmidt number Sc¢ on Sherwood number. The
numerical behavior shows the drop in Sherwood number hap-
pens by increasing the values of chemical reaction, curvature
coefficient and Schmidt number.

5. Conclusion

The investigation of incompressible steady 2D flow of MHD
Carreau Yasuda model along with thermal generation, stagna-
tion point and chemical reactive force through a stretched
cylinder. The role of vital parameters is graphically discussed
with the assistance of MATLAB software BVP4C.

The conclusion shows that the velocity profile f(n)
enhances for growing the curvature parameter N and stretch-
ing ratio parameter E. Also the velocity profile f'(1) decays
for progressive magnitude of the Weissenberg numberWe,
power index n and magnetic field B. On the other hand, heat
profile 0(n) improves for rising behavior of the magnetic field
B, curvature parameter N and heat generationQ, while heat
profile 0(n) decreases for improvement of the Prandtl number
Pr. The impact of key parameters on concentration field shows
that shows upward trend happens for improving the magnetic
field B and curvature parameter N. The chemical reaction coef-
ficient Cx expresses the decay in the concentration field.
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The boundary layer flow of non-Newtonian fluid with mag-
netohydrodynamic across a stretching surface has lots of sig-
nificance in industrial engineering such as energy production,
system of circulation, electromagnetic casting, paper produc-
tion, plasma confinement, liquid metal, crystal growing and
food industries.
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