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Abstract

Single-phase nanofluid heat and mass transfer futures over swirling cylinder with the impact of Cattaneo—Christov heat flux
and slip effects is studied in this analysis. The effects thermophoresis, thermal radiation, Brownian motion and chemical reac-
tion are also considered and the motion of the fluid is because of the torsional motion of the cylinder and these parameters.
Suitable similarity transformations are implemented to simplify the fluid equations from partial differential equations to
ordinary differential equations. The most powerful finite element technique is applied to solve the subsequent equations along
with boundary conditions. Variations in the scatterings of swirling velocity, axial velocity, concentration and temperature
with several pertinent parameters are portrayed through plots. Nusselt number, both components of skin friction coefficient
and Sherwood number values are also examined in detail and are revealed in tables. Temperature sketches diminish in nano-
fluid region with rising values of heat flux relaxation number. It is detected that the nanofluids temperature deteriorates with
augmenting values of temperature slip parameter. The present numerical code is validated with existing literature.

Keywords Thermophoresis - Chemical reaction - Magnetohydrodynamics - Cattaneo—christov heat flux - Swirling
cylinder - Finite element method

Abbreviations T, Shear stress
C; Skin friction coefficient M Magnetic field parameter
ke Thermal conductivity of basefluid B, Strength of Magnetic Field
Nt Thermophoretic Parameter (x,y) Direction along and perpendicular to the cylinder
C, Ambient fluid concentration Vv Suction parameter
T, Wall constant temperature C, Chemical reaction parameter
T Fluid temperature MHD Magnetohydrodynamics
qy Wall heat flux Nb Brownian motion Parameter
f Dimensionless stream function Nu,  Nusselt number
K Mean absorption coefficient Re Local Reynolds number
Sh, Sherwood number Ug, Velocity of mainstream
(u,v) Velocity components in x- and y-axis T, Ambient temperature
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Greek symbols

a Thermal diffusivity of base fluid

u Fluid viscosity

S Dimensionless nanoparticle volume fraction
0 Dimensionless temperature

o Electrical conductivity

A Fluid relaxation time

B Concentration slip number

v Kinematic viscosity

Pp Nanoparticle mass density

n Similarity variable

A Velocity Slip parameter

£ Thermal slip parameter

Ay Thermal relaxation time

14 Thermal relaxation parameter
Subscripts

o0 Condition far away from cone surface
f Base fluid

hnf Hybrid nanofluid
nf Nanofluid

Superscripts
‘ Differentiation with respect to n,

Introduction

Nanofluids are exceptional fluids, having higher thermal
conductivity compared to the common fluids, engendered
by appending nano-sized particles in to the general liquids.
The idea of nanoliquids was first familiarized in the litera-
ture by Choi et al. [1] and experimentally detected enor-
mous rate of heat transfer after appending nanotubes in to
the common fluids. By suspending magnetite nanoparticles
into base fluids, we will generate magnetic nanofluids. These
liquids have numerous applications in cancer therapy, optical
switches, optical modulators, drug delivery, MRI scanning
and optical fibers. With the help of magnetite nanoparticles,
the magnetic nanofluids direct the required drug in human
blood flow to annihilate tumors in human bodies. The reason
is magnetic nanoparticles have the higher capacity to attack
the tumor cells than the other cells [2]. Sudarsana Reddy
et al. [3] presented Tiwari—Das model nanofluid flow, heat
and mass transfer investigation over a vertical porous cone
crammed with alumina and silver nanoparticles. Sheremet
et al. [4] premeditated the impact of thermal radiation on
heat transfer characteristics of unsteady nanofluid flow over
an inclined enclosure with sinusoidal boundary condition.
A rotating cylinder in nanofluid flow is utilized to reg-
ulate the fluid flow and thermal transport in heat transfer
mechanisms. The nanoliquid flow around a rotating cylin-
der has many practical applications in fluid mechanics and
science and technology, such as nuclear reactor fuel rods,
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rotating tube—heat exchangers and many others. Munawar
et al. [5] perceived the sway of entropy generation on heat
transfer and flow of a three-dimensional fluid over stretch-
able and rotating cylinder and detected augmentation in irre-
versibility of fluid friction depending on curvature of the
cylinder. Deylami et al. [6] presented finite volume method
to analyze the flow affected by EHD actuator over circular
cylinder. Sheikholeslami et al. [7, 8] studied the impact of
radiation and magnetic field on heat transfer characteristics
of nanofluid in a porous cavity by considering tilted elliptic
cylinder inside the cavity. In this analysis, two different types
of nanoparticles, namely, CuO and Fe; O, are considered and
analyzed its heat transfer characteristics. Selimefendigil
et al. [9] professed the influence of size of the cylinder on
flow and heat transfer characteristics of CuO—water-based
nanofluid in a square partitioned cavity by considering rotat-
ing adiabatic cylinder at the middle of the cylinder. Akar
et al. [10] perceived finite volume method to examine heat
transfer and entropy generation analysis of nanofluid around
a rotating cylinder and noticed intensification in the values
of viscous entropy generation around the cylinder. Azam
et al. [11] studied unsteady carreau nanofluid heat transfer
analysis in contracting/expanding cylinder by taking zero
mass flux condition, thermophoresis and Brownian motion
parameters and noticed that the values of Nusselt number
deteriorates with rising values of thermophoresis parameter.
Dinarvand et al. [12] professed heat transfer behavior of the
different nanofluids made up of titanium, alumina and cop-
per nanoparticles through a permeable vertical cylinder and
identified that copper made nanofluid has the highest rate
of heat transfer compared to the other nanofluids. Nourazar
et al. [13] presented thermal conductivity improvement
of Silver, copper and titanium made single-phase nano-
fluids over a horizontal stretching cylinder and predicated
that temperature of the all nanofluids worsens in the fluid
region with rising values of nanoparticle volume fraction
parameter. Hayat et al. [14] deliberated Buongiorno’s model
nanofluid mass and heat transfer characteristics through a
stretched cylinder and determined that the rate of heat trans-
fer declines with growing values of Brownian motion and
thermophoresis numbers. Hussain et al. [15] discussed heat
transport behavior of Sisko nanofluid flow through cylinder
with the effect of Joule heating and Eckert number. Zeeshan
et al. [16] pondered Buongiorno’s model nanofluid mass and
heat transfer characteristics over a stretching cylinder by tak-
ing Joule heating effect. Ramzan et al. [17] noticed ampli-
fication in the rate of heat transfer of nanofluid with rising
values of volume fraction of nanoparticles in their study
on heat transfer characteristics carbon nanotubes—water-
based nanofluid flow over torsional and stretching cylinder.
Javed et al. [18] deliberated Casson nanofluid flow behavior
over a cylinder with heat absorption/generation and antici-
pated that with intensifying values of Casson parameter the
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temperature of the nanoliquid rises. Dogonchi et al. [19]
professed heat transfer and flow analysis of Copper - water
-based nanofluid flow between inner rectangular hot cylinder
and external cold circular cylinder with inclined magnetic
field. Usman et al. [20] noticed devaluation in the rate of
heat transfer values with up surging values of thermophore-
sis and Brownian motion parameter in their study on mass
and heat transport performance of Buongiorno’s model
nanofluid flow over inclined cylinder. Karbasifar et al. [21]
presented the flow performance of water - alumina-based
nanofluid flow over a cavity with elliptical hot centric cylin-
der. Dogonchi et al. [22] presented copper - water nanofluid
heat transport characteristics inside horizontal circular upper
half of cylinder and depicted that the Nusselt number values
intensifies with rising values of nanoparticle volume fraction
parameter. Nagendramma et al. [23] premeditated mass and
heat transport analysis of Buongiorno’s model nanoliquid
flow over cylinder with double stratification. Abbas et al.
[24] analyzed the behavior of three different nanofluids made
up of alumina, copper and titania nanoparticles with water
as base fluid over cylinder and detected that copper—water-
based nanofluid has higher heat transfer rate than the other
nanoliquids. Yousefi et al. [25] studied stagnation point
three-dimensional hybrid nanofluid flow, made up of copper/
titania hybrid nanoparticles, over circular cylinder. Selime-
fendigil et al. [26] demonstrated the finite volume approach
to solve the mathematical formulation of nanoliquid flow
over adiabatic cylinder and predicated 8.08% intensification
in Nusselt number value at the maximum volume fraction of
nanoparticle. Shirazi et al. [27] professed the impact of Rich-
ardson number and Rayleigh parameters on thermal con-
ductivity improvement of water-alumina-based nanoliquid
between two cylinders and noticed that heat transfer rate is
enriched with growing values of volume fraction. Alizadeh
et al. [28] deliberated the characteristics of Water - CuO-
based magneto-hydrodynamic nanofluid flow over a cylinder
and detected augmentation in rate of heat transfer with grow-
ing values of concentration of nanoparticles. Most recently,
several authors [29-32] studied heat transfer performance
of nanofluids over a cylinder by taking various parameters
into the account.

Heat transfer is a phenomenon which takes place between
two objects or within the object due to temperature differ-
ence. Two centuries back Fourier proposed Fourier’s law
of heat conduction to know the heat transfer characteris-
tics. But, this law contains parabolic heat equation, which
indicates that any disturbance is suddenly present initially
throughout the substance. To escape from this situation,
thermal relaxation time is added in the traditional Fouri-
er’s law of heat conduction by Cattaneo which permits the
carriage of heat through the proliferation of thermal waves
with limited speed. To attain the physical-invariant for-
mulation, Christov amended the Cattaneo’s law by adding

thermal relaxation time along with Oldroyd’s upper-con-
vected derivatives. Shehzad et al. [33] perceived the sway
of Cattaneo—Christov heat flux and thermal radiation on
mass and heat transfer characteristics of non-Newtonian
nanofluid. Raju et al. [34] discussed mass and heat trans-
port performance of Maxwell nanofluid flow over cylinder
with Cattaneo—Christov heat flux, heat sink/sink and con-
vective boundary condition. Dogonchi et al. [35] perceived
squeezing unsteady nanoliquid flow between two parallel
disks with one disk is penetrable and the other is shrink-
ing/stretching and by taking thermal relaxation parameter,
heat sink/source and thermal radiation. Rauf et al. [36]
studied the influence of Cattaneo—Christov heat and mass
flux on unsteady three-dimensional micro-polar fluid flow
over rotating disk. Li et al. [37] delivered stagnation point
nanoliquid flow over shrinking/stretching sheet with Cat-
taneo—Christov heat flux and identified that the values of
Nusselt number up surges with accumulating values of nano-
particle volume fraction parameter. Bhattacharyya et al. [38]
presented carbon nanotubes heat transfer characteristics
over coaxial rotating stretchable disks with thermal relaxa-
tion parameter. Kumar et al. [39] perceived flow and heat
transfer of Reiner—Philippoff fluid flow over heated surface
by taking Cattaneo—Christov heat flux, Ohmic heating and
transverse magnetic field. Shehzad et al. [40] studied heat
and mass transfer analysis of MHD Maxwell Buongiornos
model nanofluid flow over rotating isolated disk with Catta-
neo—Christov heat and mass fluxes. Recently several authors
[41-58] studied about heat and mass transfer features of dif-
ferent nanofluids over various geometries by taking several
parameters like, Cattaneo—Christov heat flux, magnetic field
and others into the account.

Careful observation on available literature reveals that no
studies have reported to analyze the impact of slip effects,
Cattaneo—Christov heat flux and chemical reaction on mass
and heat transport characteristics of magneto-hydrodynamic
nanoliquids prepared by considering Buongiorno’s model
nanofluid flow over swirling cylinder. The resultant equa-
tions are solved using finite element method with Math-
ematica 10.0. The problem addressed in this analysis has
immediate applications in generator cooling, transformer
cooling, electronic cooling etc.

Mathematical analysis of the problem

Consider steady, laminar, two dimensional, MHD bound-
ary layer heat and mass transfer of Buongiorno’s model
nanofluid flow through swirling cylinder with slip effects
as depicted in Fig. 1. A constant external magnetic field of
strength B is applied normal to the plate. Cattaneo—Christov
heat flux, chemical reaction and thermal radiation are also
considered. Under the above assumptions, the governing
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< The subsequent similarity transformations are presented
vRX) < W(R,X) = 2Hx to streamline the mathematical study of the problem
B B,
X 5 |2 |a (Y pf®
AR () n= (%) ,u=-HREE,
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T=T,+k g—T By utilizing Rosseland estimation for radiation, the radia-

Fig. 1 Physical model and Coordinate system

equations describing the momentum, energy and concen-
tration in the presence of chemical reaction, slip effects and

tive heat flux ¢, is demarcated as

__46* aT* _ 160"T3 oT o)
“= T3k Tor T T 3K* or

The transformed equations are

thermal radiation are given by. " +f — Re( (f/)2 _ ﬁ””) —Mf' =0 (10)
ou dw
CACU o)
<0r 0x M g fe
ng"+g’———Re<——fg>—M8=0 (1
4n
o, ou P 1, (Fu lou Fu_u
o Vox ¥ g OF Nor2 " ror o2 2
@) (1+Rmn0" +6 +PrRef0’ — PrRey (20" +ffr6')
rot 7\ _ (12)
L w (v Loy v v o) + Pr (Nbr6's" + Nt9") = 0
2] ox r "™\ o2 ror o2 P Do
3) nS" + 8" + ReLefSr + % (6 +7n6") —ReC,LeS =0 (13)
JO L w__Lop (P Low 0w o)
or ox  pygor "\ or2 " ror ox Put
“
u£+w£ 1 ua_wng (3W0T+ 0u6T+ auaT+2u 62T+u262_T+ 202T
or ox "\"or ox 0x 0x or or ox or oxor or? 0x? 5)
kue <02T 10T ()2T> dT 9C _ 9T 9C Dy | (0T oT 1 9q,
- (2 ) (2 ) (2 (2] -
(pCp)nf o2 ror  ox? or or  0x Ox or 0x (pCP)nf oy
2 2
ME +w o€ =D ¢ + 1o + ¢ The associated converted boundary conditions are
or ox or2  ror  0x? 6
Di[@T 10T 2T) (o ¢ ) © fay = vo.prn = 1",
o2 ror  ox2 ! g)y=1,01)=1+E0(1),SA) =1+ pSr(1). (14)
f1(e0) = 1, g(e0) = 0, 6(c0) — 0, S(c0) — 0.
The following physical boundary conditions are The associated non-dimensional parameters are defined
ow as
u=u,,v=_0G, w_2HxLa— T=T, +k16_ C
(N

:CW+k25, atr=Ru—-u,, T—->T,, C— Cyatr > o

@ Springer



Heat and mass transfer analysis of nanofluid flow over swirling cylinder with Cattaneo—Christov... 3457
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The another object of this problem is to calculate skin
friction coefficients along swirling and radial directions,
Nusselt number and Sherwood number are given as

1
ReCy, =f"(1), ReCy, = 2g'(1) — g(1), Re™ 2Nu, s

1
=—(1+y)0’(1), Re 2Sh, = —5'(1)

where (Re) represents the local Reynolds number.

Numerical solution of the problem
The finite element method

The variational finite element process [59-62] is imple-
mented to evaluate numerically above Egs. (10-13) with
boundary conditions (14). Compare to other numerical
methods finite element method is the better method to solve
both ordinary and partial differential equations numeri-
cally. The steps involved in the finite element method are
as follows.

(1) Finite element discretization
The whole domain is divided into a finite number of
subdomains, which is called the discretization of the
domain. Each subdomain is called an element. The col-
lection of elements is called the finite element mesh.
(2) Generation of the element equations

a. From the mesh, a typical element is isolated and the
variational formulation of the given problem over
the typical element is constructed.

b. An approximate solution of the variational problem
is assumed, and the element equations are made by
substituting this solution in the above system.

c. The element matrix, which is called stiffness matrix,
is constructed by using the element interpolation
functions.

(3) Assembly of element equations
The algebraic equations so obtained are assembled by
imposing the interelement continuity conditions. This
yields a large number of algebraic equations known
as the global finite element model, which governs the
whole domain.
(4) Imposition of boundary conditions
The essential and natural boundary conditions are
imposed on the assembled equations.
(5) Solution of assembled equations
The assembled equations so obtained can be solved
by any of the numerical techniques, namely, the Gauss
elimination method, LU decomposition method, etc. An
important consideration is that of the shape functions
which are employed to approximate actual functions.

For the solution of system of non-linear ordinary differ-
ential Eqs. (10-13) together with boundary conditions (14),
first we assume that

g_

dn h (16)

The Eqgs. (10-13) then reduces to

nh' —h —Re [h* - fi| = Mh = 0. (17)

ng"+g/—£—Re[f—g

K3, e ] -~ Mg =0. (1)

(1+Rn6” + 0’ + PrRef0' — PrRey[f*0" + {10’ 19
+ Pr[Nbno'Sr + N1(#')*1 = 0
" / ! Nt / "
nS” + 5"+ RelLefS' + - [0" + 00" —ReCrLe § =0
(20)
The boundary conditions take the form
(1) =0, h(1) = Ahr(1), 0(1) = 1+ E0'(1), S(1) = 1 + PSr(1).

f1(0) = 1, g(c0) = 0, (c0) — 0, S(c0) — 0
(2D

Variational formulation

The variational form associated with Eqgs. (16-20) over a
typical linear element (#,, 7., ;) is given by

Net1

/w1<§—£—h>dn=0 22)

e
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The finite element model of the equations thus formed

is given by Kgs =0.
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Results and discussion

The impact of several parameters on the profiles of velocity
((f ‘o), g(n)), temperature scatterings (6(x)) and concentra-
tion sketches (S(#)) is discussed in this section, and the cor-
responding graphical profiles are presented in Figs. 2-28.
The results are corroborated with Alebraheem et al. [63]
which are shown in Table 1 and found that the results are
in good agreement. The values of skin friction coefficients
(£7(1),&'(1)), Nusselt number (—6’(1)) and Sherwood num-
ber (—S’ (1)) for different values of key parameters are shown
in Tables 2 and 3.

Figures 2—4 illustrate the swirling velocity, axial veloc-
ity and temperature sketches for variant values of magnetic
number (M). It is noticed from Figs. 2 and 3 that the rise
in magnetic parameter (M) depreciates both swirling and
axial velocities of the nanofluid. However, the nanofluids
temperature augments with boosting values of magnetic
field parameter (M) as depicted in Fig. 4. This is because
the inclusion of magnetic field into the fluid creates Lorentz
force which opposes nanoliquids velocity results deteriora-
tion in the thickness of the hydrodynamic boundary layer.
Fluid has to perform extra work to overcome this drag force
causes augmentation in the temperature of the fluid.

Sketches of swirling velocity, axial velocity, tempera-
ture and concentration for dissimilar values of Reynolds
number (Re) are portrayed in Figs. 5-8. Both swirling and
axial velocities, temperature and concentration sketches
worsen with intensifying values of Reynolds number (Re).
The reason is higher the values of Reynolds number cre-
ates more inertial effect causes decrement in the viscosity
of the fluid results deterioration in the thickness of all
boundary layers.

Figures 9 and 10 portray the sway of Prandtl number (Pr)
on thermal and solutal boundary layers. With up surging
values of (Pr) the temperature sketches of the nanoliquid

Me e

degenerates, whereas concentration sketches of the
nanoliquid intensifies with accumulating values of (Pr). It is
professed from Fig. 11 that the temperature sketches decel-
erate with growing values of thermal relaxation parameter
(y). Nevertheless, the concentration sketches augmented
with rising values of (y) and delineated in Fig. 12.

Figures 13 and 14 are displayed to comprehend the
Brownian motion parameter (Nb) impression on tempera-
ture and concentration distribution. It is perceived that tem-
perature distribution extends with increasing values of (Nb)
as shown in Fig. 13, whereas the concentration distribution
depreciates with rising values of (Nb). Figure 15 exempli-
fies the consequence of thermophoresis parameter (Nt) on
temperature distribution. It is cognized that temperature
upsurges with an enhanced values of (Nt).

The consequences of radiation parameter (R) on tempera-
ture and concentration dispersal are summarized in Figs. 16
and 17, and it is authenticated that temperature dispersal is
heighten with escalated values of (R), whereas the concen-
tration dispersal is abatement as values of R optimizes.

The yield of velocity slip parameter (4) on sketches of
swirling and axial velocity, temperature and concentration of
Cattaneo—Christov nanofluid is characterized in Figs. 18-21.
The swirling velocity dispersal developed throughout the
regime as the values of (4) step-up, whereas the axial veloc-
ity dispersal depletion with upgrade values of (4). The ther-
mal dispersal and diffusion dispersal waning with improved
values of (A).

Figures 22 and 23 elucidate the yield of thermal slip
parameter (£) on thermal and solutal boundary layers of
nanofluid. With the escalating values of (&) the temperature
and concentration sketches deteriorate. The sketches of con-
centration truncate with the higher values of concentration
slip parameter (f) in entire fluid regime and are portrayed
in Fig. 24.

The yield of chemical reaction parameter (Cr) on concen-
tration sketches is characterized in Fig. 25. It is remarked
that the diffusion boundary layer thickness is compressible
with access values of (Cr). Figures 26, 27 and 28 are authen-
ticated to describe the impact of suction/injection param-
eter (VO) on swirling and axial velocity components and
temperature profile. It is revealed that spreading values of
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(VO0) subsidence the swirling and axial velocity components,
temperature fields.

Table 2 is incorporate of numerically calculated values
of skin friction coefficient, Nusselt number and Sherwood
number for M, Re, Pr, y, R, VO. With the accumulated values
of (M) and (R), there is an enhancement in the magnitudes
of both skin friction components and Sherwood number,
whereas Nusselt number diminishes. It is inspected that for
boosted values of (Pr) and (y) magnitude of rate of velocity
and rate of concentration reduces. However, the magnitude
of heat transfer rate upsurges as the values of (Pr) and (y)
rises. It is estimated that from this table all the values of skin
friction coefficient, Nusselt number and Sherwood number
develops as (Re) values rises. The magnitude of all (f’ ! (1)),
( g'( 1)) &(—0’ (1)) values elaborates as (V0) values optimizes,
nevertheless, Sherwood number worsen with improving val-
ues of (VO).

The sway of Nb, Nt, 4, &, f&Cr on skin friction coefficient,
Nusselt number and Sherwood number is characterized in
Table 3. All the values of (/(1)), (g’ (1)), (=6'(1)) &(=S'(1))
truncates in entire regime with up surging values of (Nt),
whereas, all the values amplifies with upturn values of
(A). It is perceived that for developed values of (Nb), (f)

010 ]
M=0.1,03,0.5,0.7.
0.08f ]
- Nb=0.1,Pr=62,V0=0.5,1=0.5, |
. i Nt=0.1,Cr=0.1, Le = 1.0,y = 0.5,
i B=0.1,R=10,£=0.5, Re=0.1.

Fig.2 The influence of (M) on f’

and (Cr), the rates of velocity and rates of heat transfer are
both declines in the fluid region. However, the rates of mass
transfer rise for (Nb), (Cr) and depreciate with improving
values of (#). With improving values of (£), the values of
("), (&'D). (=S'(1)) are hiked, whereas values of
(—0'(1)) depletion in the fluid regime.

Table 1 Comparison

Parameter Alebraheem et al. [63] Present study
of (ReCfX&ReCfS) for
V0=0,Cr=0,A=0,£=0,=0, M B Re ReC;, ReCy, ReC;, ReC,
Pr=0.5Nt =0.1,Nb = 0.3
Le=1.0 0.2 3.0 0.2 —1.1918 —3.1565 —1.1922 -
3.1568
0.3 — 1.2564 —3.3343 —1.2568 -
3.3347
0.4 —1.3164 —3.4894 —1.3169 -
3.4898
4.0 —1.3032 —3.6519 — 1.3035 -
3.6514
5.0 —1.1685 —3.1191 — 1.1689 -
3.1196
6.0 - 1.1216 —2.9505 —1.1219 -
2.9508
0.2 —0.8876 —3.1650 —0.8871 -
3.1658
0.4 — 1.0669 —3.2318 — 1.0665 -
3.2314
0.6 —1.2143 —3.2972 —1.2148 -
3.2976
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Table 2 The sway of pertinent P t ” (1 01 -S(1

parameters entered into the arameters S A M S

problem on skin friction M Re Pr Y R VO —-0.09745  —4.40207 1.15648 0.93127

coefficient (f"(1)&g'(1)),

local Nusselt number (_9’(1)) 0.1 1.0 2.0 0.2 0.5 0.5 —0.11382  —4.66511 1.15166 0.93201

and local Sherwood number 0.3 1.0 2.0 0.2 0.5 0.5 —0.12744  —4.89473 1.14799 0.93258

(=5rcD)) 05 1.0 20 02 05 05  —013924 —510009 1.14508  0.93303
0.7 1.0 2.0 0.2 0.5 0.5 —-0.06090 —2.75129 1.15648 0.93127
0.1 1.0 2.0 0.2 0.5 0.5 —0.06592  —2.86606 1.27839 0.98044
0.1 1.2 2.0 0.2 0.5 0.5 - 0.07103 —2.98190 1.39760 1.02614
0.1 14 2.0 0.2 0.5 0.5 —0.07623 —3.09873 1.51310 1.06927
0.1 1.6 2.0 0.2 0.5 0.5 —0.09745 — 4.40207 1.61518 1.80389
0.1 1.0 2.2 0.2 0.5 0.5 —0.09732  —4.40205 1.46499 0.77873
0.1 1.0 24 0.2 0.5 0.5 —0.09723 —4.40196 1.51399 0.75379
0.1 1.0 2.6 0.2 0.5 0.5 —0.09654  —4.40178 1.60938 0.72171
0.1 1.0 2.8 0.2 0.5 0.5 —0.09645 —4.40107 1.04834 0.68124
0.1 1.0 2.0 0.5 0.5 0.5 —0.09645 —4.40206 1.13215 0.94004
0.1 1.0 2.0 1.0 0.5 0.5 —0.09542  —4.40204 1.23743 0.88745
0.1 1.0 2.0 1.5 0.5 0.5 —0.09454  —4.40123 1.37348 0.81823
0.1 1.0 2.0 2.0 0.5 0.5 —0.09245 — 4.40007 1.55929 0.80920
0.1 1.0 2.0 0.2 0.3 0.5 —0.09765 —4.40312 1.15648 0.93127
0.1 1.0 2.0 0.2 0.5 0.5 —0.09845 —4.40354 1.07334 0.97271
0.1 1.0 2.0 0.2 0.7 0.5 — 0.09865 —4.40425 1.04652 1.00646
0.1 1.0 2.0 0.2 0.9 0.5 —0.08540  —4.07047 0.92644 0.95219
0.1 1.0 2.0 0.2 0.5 0.3 —0.09745 —4..40207 1.15648 0.93127
0.1 1.0 2.0 0.2 0.5 0.5 —0.11054  —4.74511 1.41401 0.89161
0.1 1.0 2.0 0.2 0.5 0.7 —0.12461 —5.09782 1.70068 0.83501
0.1 1.0 2.0 0.2 0.5 0.9 —0.19745 — 5.40207 1.85648 0.73127

Table 3 The sway pf pertinent Parameters A1) <'(1) 9'(1) -s'(1)

parameter entered into the

problem on skin friction Nb Nt A E B Cr

coefficient (f”(l), g’(l)), local

Nusselt number (_9’(1)) 0.2 0.1 0.1 0.5 0.1 0.5 —0.09745 — 4.40207 0.93964 1.06894

and local Sherwood number 0.4 0.1 0.1 0.5 0.1 0.5 —0.09743 — 4.40206 0.86091 1.09593

(—S’(l)). 0.6 0.1 0.1 0.5 0.1 0.5 —0.09732 —4.40196 0.78540 1.10460
0.8 0.1 0.1 0.5 0.1 0.5 —0.09721 —4.40158 0.71349 1.10867
0.1 0.1 0.1 0.5 0.1 0.5 —0.09745 — 4.40207 1.15648 0.93127
0.1 0.3 0.1 0.5 0.1 0.5 —0.09743 — 4.40206 1.07278 0.70977
0.1 0.5 0.1 0.5 0.1 0.5 —0.09625 —4.40125 0.98852 0.64996
0.1 0.7 0.1 0.5 0.1 0.5 —0.09545 - 440114 0.90454 0.45976
0.1 0.1 1.2 0.5 0.1 0.5 —0.62508 — 4.64674 1.35870 0.31048
0.1 0.1 14 0.5 0.1 0.5 — 1.50698 — 4.89494 1.53904 0.90417
0.1 0.1 1.6 0.5 0.1 0.5 —2.57374 —5.10678 1.67762 0.90949
0.1 0.1 1.8 0.5 0.1 0.5 —3.79225 —5.29489 1.79150 0.92125
0.1 0.1 0.1 0.5 0.1 0.5 —0.09745 — 4.40207 1.15648 0.93127
0.1 0.1 0.1 0.7 0.1 0.5 —0.09746 —4.41206 1.10400 0.94726
0.1 0.1 0.1 0.9 0.1 0.5 —0.09825 —4.42205 0.94440 0.96064
0.1 0.1 0.1 1.0 0.1 0.5 —0.09954 —4.44125 0.90273 0.96654
0.1 0.1 0.1 0.5 0.1 0.5 —0.09745 — 4.40207 1.15648 0.93127
0.1 0.1 0.1 0.5 0.3 0.5 —0.09746 —4.40302 1.16671 0.75862
0.1 0.1 0.1 0.5 0.5 0.5 —0.09758 —4.40523 1.17374 0.63997
0.1 0.1 0.1 0.5 0.7 0.5 — 0.09854 — 4.40687 1.17888 0.55341
0.1 0.1 0.1 0.5 0.1 0.5 —0.09745 — 4.40207 1.15648 0.93127
0.1 0.1 0.1 0.5 0.1 0.7 —0.09654 —4.40105 1.15393 1.04678
0.1 0.1 0.1 0.5 0.1 0.9 —0.09524 —4.40104 1.15202 1.14495
0.1 0.1 0.1 0.5 0.1 1.0 —0.09458 — 4.40098 1.15123 1.18916
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Fig.6 The influence of (Re) on g
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Conclusions

The consequence of velocity, thermal, concentration slip
effects and thermal radiation effects on Buongiorno’s math-
ematical model of nanofluid flow over a swirling cylinder
has been considered in this study at the boundary with Cat-
taneo—Christov model. An efficient FEM analysis is applied
to solve the resultant ordinary differential equations and the
scatterings of velocity, temperature and concentration are
illustrated through graphs. The imperative results of the
problem are as follows:

1. Skin friction coefficient, Nusselt number and Sherwood

number diminish in the rising values of (Nt), whereas it
boosted with increment in (Re).

@ Springer

Values of skin friction coefficient and Sherwood number
reduce with thermal relaxation parameter (y). But the
Nusselt number escalates with intensify values of (y).
It is professed that temperature and concentration
sketches depreciate with step up values of velocity slip
temperature (1), however, the swirling velocity sketches
accumulated as values of (A) rises.

It was found that as the values of (V0) develops led
to Swirling velocity, radial velocity and temperature
sketches diminishes.

With optimizing values of (f) and (Cr) concentration
sketches shrinks in the entire fluid regime.
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