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Abstract:

This study aims to investigate the comparison of steady and unsteady MHD mixed convective nanofluid
flow over a cylinder, taking into account various factors, including slip conditions, heat and mass
transfer, heat generation, stretching ratio, thermal radiation, curvature, viscous dissipation, and
chemical reactions. The analogous transformation technique is employed to transform nonlinear PDEs
into a system of coupled ODEs, which are then solved using the Runge-Kutta fourth-order approach.
The influences of numerous relevant parameters on the velocity, thermal, and concentration boundary
layers (BLs) are illustrated graphically. Furthermore, the shear stress coefficient, Nusselt number, and
Sherwood number are calculated for steady and unsteady flow conditions. The findings reveal that
unsteady flow substantially influences the skin friction coefficient and the rate of mass transfer.
Notably, the slip effect enhances these processes compared to steady flow; conversely, a contrary
movement is observed in the heat transfer rate. It is observed that in unsteady flow conditions, the skin
friction coefficient increases by 0.34%, and 0.04%, respectively due to the increase of power-law index
and curvature; the Nusselt number decreases by approximately 0.2%, and 0.02% for increasing values
of thermophoresis, and Brownian motion; as well as the Sherwood number decreases about 0.08%,
and 0.05%, respectively for rising values of Schmidt number, and chemical reaction compared to steady
flow. This research presents significant new insights into the thermal behavior of viscoelastic fluids,
which have the potential to enhance heat transfer methodologies in industrial coating systems, chemical
reactors, and polymer extrusion processes.

Keywords: Boundary layer, slip condition, MHD, Brownian motion, thermophoresis, chemical reaction, shear
stress, unsteadiness

NOMENCLATURE:
Dimensional q, Radiative heat flux [Wm?]
a Stretching constant - d, Heat flux [Is]
b Free stream rate constant - d, Mass flux [molm]
B, Transverse magnetic field strength  [kgs?A?'] T Dimensional temperature [K]
C Dimensional concentration [kgm¥] T, Wall temperature [K]
Cp Specific heat [JkgiK1] T, Free stream temperature [K]
C, Wall concentration [kgm3] u Velocity in the z-direction [ms?]
C, Free stream concentration [kgm3] U, Stretching velocity [ms?]
Dy Brownian diffusion coefficient [cm?s?] U Free stream velocity [ms?]
D, Thermophoresis diffusion coefficient [m?s] % Velocity in r-direction [ms?]
g Acceleration due to gravity [ms?] Dimensionless
hf Convective heat transfer [Wm2K?1 A Stretching ratio parameter -
K Chemical reaction [molL s A Unsteadiness parameter -
k Thermal conductivity [WmiK?1  Bj Biot number -
m, Velocity slip [ms?] C, Skin friction coefficient -
m, Thermal slip [K] Ec Eckert number -
m, Concentration slip [kgm¥] f(n) Dime_nsionless stream -
function
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Q, Heat source coefficient [J] f'(n) Dimensionless velocity f'(n)
t"(7) Dimensionless velocity gradient - ,3* Volumetric coefficient of [mollL]
¢ concentration expansion
Gr  Thermal Grashof number - U Dynamic viscosity [kgms?]
Gm  Mass Grashof number - 1% Base fluid’s kinematic [kgm]
viscosity
K*  Chemical reaction - o Base fluid’s density [kgm3]
M Magnetic strength parameter - o Electrical conductivity [Sm™]
n Power-law index - T Wall shear stress [Nm?]
w
Nb  Brownian motion parameter - 4 Stream function [m2s1]
Nt  Thermophoresis parameter - 5, Thermal slip parameter -
Nu Nusselt number - J, Concentration slip parameter -
Q* Heat generation parameter - n Similarity variable -
Rd Radiation parameter - 9(77) Dimensionless temperature -
Re  Reynold’s number - 0'(n) Rate of temperature change -
Sc Schmidt number - K Curvature parameter -
Sh Sherwood number - T Ratio of nanoparticle effective heat
capacity and base fluid heat capacity
Greek Symbols é(n) Dimensionless concentration -
a Base fluid’s thermal diffusivity [m2sY] ¢’(77) Rate of concentration -

Volumetric coefficient of thermal [K?]
expansion

1. Introduction

In recent years, mixed convection flow, heat, and mass transference over cylindrical bodies has become an
essential field with an extensive range of applications, such as heat exchangers, electronic cooling, chemical
engineering, heat loss from piping, thermal energy storage devices, boilers, nuclear process systems, and more.
Much theoretical and experimental research focuses on transportation processes' flow and heat transfer properties
over cylindrical objects, widely using base fluids, such as oil, ethylene glycol, and water.

The study of nanofluids has garnered much attention lately since including nanoparticles would significantly
improve the fluids' thermal conductivity during heat transfer. A nanofluid is a fluid with tiny volumetric amounts
of nanoparticles (particles smaller than 100 nm). Nanofluids are innovative composites made of solid particles as
small as nanometers mixed with traditional heat transfer fluids like motor oil, water, toluene, and ethylene glycol.
The improvement of thermal conductivity by nanofluids has become more significant than the restricted heat
transfer capabilities of the general fluids. While researching new coolants and cooling technologies, Choi (1995)
was the first to introduce a novel fluid type known as nanofluid. A model for convective transfer in nanofluids
was created by Buongiorno (2006), who concluded that there are seven potential mechanisms (particle
accumulation, nanoparticle size, inertia, nanoparticle’s volume fraction, Magnus effect, Brownian motion, and
thermophoresis) linking the convection of nanofluids to the current state of nanoparticles in the base fluid. Among
those seven mechanisms, thermophoresis and Brownian motion are revealed to be crucial. Ali (2020) studied heat
transfer analysis in nanofluids containing nanoparticles due to their high thermal conductivity and has
demonstrated the properties of particles such as shape, size, temperature, etc.

The boundary layer (BL) is of great interest to researchers due to its importance in different fluid flow fields.
Ludwig Prandtl first proposed the BL idea in (Tulapurkara, 2005). The BL theory shows that a stationary body's
surface velocity is zero because of the no-slip requirement. Nevertheless, the BL is a thin layer containing the
velocity that the non-viscous flow theory anticipated. Jarwal et al. (2023) categorized the impact of MHD mixed
convection BL nanofluid (Ag/Cu with H,0) flow through a permeable stretched cylinder in thermal radiation.
Ahmed et al. (2014) determined how the impermeable stretching tube affects the flow in the BL and heat
transmission properties because of the uncertainties in thermal conductivity and the dynamic viscosity of the
nanofluid containing a heat source or sink. Jalili et al. (2023) examined the flow of BL nanofluid through the
portable plate, considering the effects of internal heat generation, viscous dissipation, and radiation.
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Assuming steady flow in BL flow and heat transmission studies is standard practice. However, unsteadiness
became crucial in many engineering applications when the flow became time-dependent (Bachok et al. 2012).
Mansur and Ishak (2016) investigated the unsteady nanofluid flow through a stretching/shrinking sheet. Tulu et
al. (2024) looked at the influence of viscous dissipation on the MHD unsteady MWCNTSs and FesO4 hybrid
nanoparticles based on water flow through a rotating disk, considering the Cattaneo-Christov heat flux model.
Investigation of the unsteady flow of nanofluid, made of silicon dioxide based on water, through a stretching
cylinder, taking into account the effects of Joule heating and magnetic field, was carried out by Alia et al. (2024).
Saranya et al. (2024) researched the dynamic behavior of unsteady flow of nanofluid (FesO4 with ester) over a
contracting cylinder, considering the existence of heat generation, magnetic field, and homogeneous-
heterogeneous reaction within a specific range of the unsteadiness parameter. The unsteady flow in the BL through
a stretched/shrunk cylinder submerged in a nanofluid (Cu-water), considering suction impact, was examined by
Dzulkifli et al. (2021). The main convective effects (permeability, uniform suction, and Joule heating) affecting
heat transmission properties in Newtonian nanofluid (Al,O3 with water) MHD flow on a spinning disk were
investigated by Bilal et al. (2024). Taking into account activation energy, which is observed in chemical processes,
Choudhary et al. (2024) provided a numerical evaluation of unsteady flow, heat, and mass transport of conformist
hybrid nanofluid (nanoparticles such as Cu and Al;O3 in the base fluid H»O). Additionally, bioconvection flow
with first-order slip and nonlinear radiation was considered.

The flow in the BL and heat transmission through a cylindrical stretched surface have been the focus of many
researchers due to the many applications of cylindrical surfaces in engineering, contemporary technology, and
industry. Reddy et al. (2018) investigated the impact of Prandtl number on the flow of fluid along a vertical
cylinder that was uniformly heated using Bejan's heat function idea. The manner of a natural, unsteady convection
BL nanofluid flow encircling a vertical cylinder was examined by Chamkha et al. (2013). The implicit finite-
difference method was used to solve the equations regulating this flow. The incompressible viscous nanofluid
passed into an upright circular cylinder was studied by Gholinia et al. (2018) while considering electric
conductivity. This analysis has been deemed homogeneous and heterogeneous reactions, avoiding the effects of
an inductive and electromagnetic field. A numerical comparison of unsteady nanofluid (TiO2/H20) and hybrid
nanofluid (Ag+TiO2/H,0) flows passing through a porous linear stretched cylinder in a porous medium with an
oblique Lorentz force has been provided by Nandi and Barman (2024). Abbas et al. (2021) examined the flow at
a hybrid nanofluid stagnation point over a rotating cylinder with a converging magnetic field. Umeshaiah et al.
(2022) described the flow of a dusty nanofluid via a permeable stretched cylinder by considering the importance
of the melting heat transfer event. They discovered that lowering the porosity parameter can lead to lower fluid-
and dust-phase velocities.

Abbas et al. (2023) examined the impacts of thermal slip, thermal radiation, and viscous dissipation in the unsteady
incompressible Sutterby fluid flow by comparing stretching cylinder and sheet with an induced magnetic field.
To compare the steady and unsteady flow across a wedge surface, Reddy and Reddy (2020) conducted the impacts
of multiple slip, chemical reaction, thermal radiation, thermophoresis, and Brownian motion in Buongiorno's
Williamson nanofluid flow. Waqas et al. (2021) studied how heat radiation and viscosity dissipation affected the
flow of a nanofluid over a permeable stretched cylinder, using engine oil as the base fluid and MoS; and Ag as
nanoparticles. The consequences of heat generation and/or absorption on the movement of gyrotactic
microorganisms carrying nanofluids along an inclined stretched cylinder that transfers mass and heat were
investigated mathematically by Elbashbeshy et al. (2022). In the presence of three hybrid nanofluidic models
(Xue, Yamada-Ota, and Tiwari Das), Shatnawi et al. (2022) analyzed the incompressible hybrid Casson nanofluid
flow along an upright porous exponential stretched sheet, taking into account the effects of nonlinear radiation,
heat production, and the induced magnetic field on slip effects. Under the influence of thermal radiation, Brownian
motion, thermophoresis, and activation energy, Basit et al. (2024) assessed the heat and mass transfer rate of
Maxwell nanofluid flow over a stretched medium.

Poornima et al. (2016) presented a mathematical model for an optically thick fluid that conducts a chemical
reaction over an isothermal circular cylinder. In the existence of viscous dissipation, chemical reaction, and
thermal radiation, Revathi and Poornima (2024) examined the Stefan blowing and convective boundary
circumstances on the time-independent flow of an MHD nanofluid through a stretching sheet. Poornima et al.
(2022) used the dimensionless master Prandtl equations to study the steady incompressible hybrid nanofluid (CuO
and MgO) and an ordinary nanofluid stagnation-point flows along a stretched/shrunk cylinder. The investigation
by Bhargavi et al. (2024) focused on three-dimensional, MHD carbon nanotubes floating in motor oil that create
a nanofluid that flows through a stretched permeable surface with thermal slip.

Khan et al. (2025) presented a numerical study on a stretched sheet to explore the impacts of thermal radiation,
Lorentz force, velocity, and thermal slips on Williamson nanofluid. They identified two distinct branches (dual
solutions) due to the shrinking phenomenon and found that the upper branch was the most reliable following a
stability analysis. Similarly, Zeeshan et al. (2025) analyzed the energy transition in thermal Casson hybrid

Slip-driven MHD nanofluid flow over a cylinder: a comparative study of steady and unsteady boundary layers 143



U. Hani, M. Ali, and R. Nasrin / Journal of Naval Architecture and Marine Engineering, 22(2025) 141-163

nanofluid flow, considering the melting heat effect in a rocket engine nozzle. They detected a decline in the
thermal field with increased thermal relaxation and melting factors.

From the above exploration, it should be noted that the comparison between steady and unsteady flow of boundary
layer axisymmetric flow on a stretched cylinder under the combined impact of velocity slip, thermal slip,
concentration slip, chemical reaction, viscous dissipation, mixed convection, magnetic field, and heat generation
have not yet been endeavored to be examined. Thus, this investigation aims to observe how the shear stress
coefficient, heat, and mass transfer rate vary for steady and unsteady flow, in addition to how heat production,
velocity slip, thermal slip, concentration slip, and chemical reactions influence flow and heat transfer phenomena
on cylindrical geometry with a magnetic field. The assumptions above are taken into consideration when assigning
the convective conditions on boundaries. The governing flow equations are converted into a collection of non-
dimensional forms using an appropriate similarity transform. A more suitable numerical technique was used in
this analysis to get the results on the boundary value problem.

The novelty of this investigation is the comparison of steady and unsteady flow in the case of nanofluid flow along
a cylinder using Buongiorno's model, which examines the consequences of thermal radiation, viscous dissipation,
multiple slips, chemical reactions, and heat generation with a magnetic field on fluid flow, temperature and
concentration phenomena within the BL region.

One of the many artificial methods created specially to control the boundary layer's nature is applying the MHD
principle to the comparison of steady and unsteady flow. This technique transforms the boundary layer's structure
and influences the flow field in the desired direction. Much attention has been focused on comparing steady and
erratic flow in heat transfer over extending cylinders due to its industrial applications and substantial impact on
numerous technological processes.

The current examination focuses on the subsequent research questions;

«»What parameters improve velocity, temperature, and concentration profiles within the boundary layer?

s there a flow separation for the impacts of the relevant parameters?

«»What effects do the relevant parameters have on the shear stress coefficient, Nusselt number, and Sherwood
number?

«»From the table of numerical values, which flow is suitable between steady and unsteady flow?

2. Mathematical Model

Considering a magnetic field, this study examines BL nanofluid flow on a cylindrical surface with the impacts of
heat generation, viscous dissipation, and chemical reactions. The cylindrical coordinate system is assumed under
the axisymmetric flow assumption for the mathematical representation. It is determined that the fluid velocities u
and v are measured along the axial and radial directions of cylindrical coordinates, respectively.

A r
B v
>
TT,, Concentration boundary Iayet
C>C. Thermal boundary layer ]
Momentum boundary la ;V
FLOW ylayer
U 'Z
bror _ . 9C

aT aT ac
—k;— hf(TW_T)+m2;’DB;+TDOar —m3;

Fig. 1: Fluid flow configuration
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Fig. 1 illustrates how the strength of the magnetic field is applied along the radial direction of the cylinder while
the nanofluid flow is considered along the z-axis. |, _ az" s the stretching velocity of the cylinder, where a0
Yo l-wt
is the stretching constant and U b’ is the free stream velocity. Moreover, convective boundary conditions
1—wt

consider temperature, concentration, and velocity slip effects.
The study is predicated on the following assumptions:

«»Two-dimensional unsteady laminar mixed convective flow.

«»Fluid is incompressible, viscous, and electrically conducting.

«» Axisymmetric cylindrical coordinate system.

Given the presumptions above, the model's momentum, temperature, and concentration equations can be
transcribed as Rajput et al. (2022):

ou Vv ov
—+—+—=0, 1
oz r or
ou ou ou . duU ou 1lou) oB? .
—+U—+V—=U—+vy| —+-— |-——2(u-U)+ T-T, )+ C-C,), 2
ot or or dz (8r2 rarj pf( )+ 9(T-T.)+ A0 <) @
2 2
8—T+U6—T+V6—T=af 8—T2+18—T +7 DB@8_T+&[8_T] 4 a(rqr)+ 9 (T-T,)
ot o or or® ror oror T \or pCyrr o pC, @)
v(@ujz
_|___
C,\or
2 2
XLy, %8 _p [0C 10 DIIT L] (o ¢ ©
ot 0z or o° ror| T, |or" ror

Where and Vv are the velocity ingredients along Z and I directions, t denotes the time, U is the free stream
velocity, T and T,, are the dimensional and the free stream temperature, C and C_ and the dimensional and
the free stream concentration, ¢ is the acceleration due to gravity, v is the base fluid’s kinematic viscosity, o

is the electrical conductivity, p; is the base fluid’s density, B, denotes the transverse magnetic field strength,
S and ,B: are the volumetric coefficient of thermal expansion and concentration expansion, «; is the base
fluid’s thermal diffusivity, 7 is the ratio of nanoparticle effective heat capacity and base fluid heat capacity, Dy
and D; are the Brownian and the thermophoresis diffusion coefficient, q, is the radiative heat flux, Cp is the

specific heat, ,DCp is the nanofluid heat capacity, Q, is the heat source coefficient, and K is the chemical
reaction.

The thermal radiative heat flux (Rosseland, 1931) is given by

4" O (T4)
P T o T ©)
3k or
Where o is the Stefan-Boltzmann constant and K~ is the mean absorption coefficient. Assume the fluid's
temperature is proportional to the absolute temperature raised to the fourth power.

The following T*can be expanded approximately while ignoring higher-order terms using the Taylor series
expansion:

T*=4TT 31, ©)
Inserting Eq. (6) into Eq. (5), then (, becomes
46" 0 3
=—————(417T), 7
Q=5 (4T.T) ™)

As a result, Eq. (3) can be expressed as
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For the governing equations (2), (4), and (8), the foIIowmg boundary conditions are given according to Narender
etal. (2021):

oT oT oT [aZT 1aT] { oc oT D(@TH 160°T? {GZT 1@1
o + +7| Dy ——+
8

u=UW+mla—u, v=0,-kZ = n(T, -T) + m, Z, DB@JFD—g_m L ar=r

or or or or T_or or
u—-U, T->T,,C—>C, atr—oo. ©)
Where m, , m, , and M,are the velocity slip parameter, thermal slip parameter, and concentration slip parameter,
respectively. k is the thermal conductivity, hf is the convective heat transfer. In the absence of slip flow, m,,
m, , and M, become zero.

Transforming the collection of dimensional PDEs into dimensionless ODEs requires applying similarity
transformations in Egs. (2), (4), (8), and the boundary conditions shown in Eq. (9):

19y 10y _ Ya s 22 b \/2 n-1
=¥ v=—2% y= () /2Rf(n), n= (v(l wt)) z"h,
T=T,+T, (—2 . wt)z)e(n) and C =C, +C, (2 = M)z)¢(n) (10)

Here, T,,, and C,, represent the cylinder wall temperature and concentration, respectively.
Using Eqg. (10) in Egs. (2), (4), (8), and (9), one can calculate the following ODEs:

(1+2xn) t"+2kcf"—nf ' + n+l —ff"—(A+M)f'+M —%77f”+Gr6+Gm¢+n:O, (11)
£1+ﬂRd][(1+ zm)auzxe']— Pr
3 BN CF
A1 ’ [ n+1 ’ 1 12 * "2
S0 +2A0+nf'0——=10'~(L+ 2i77)(NbO'g’ + Nt6"? ) Q"0 — Ec (1+2xn) £ 2 | =0
(1+ 2K;7)¢"+2K¢'+IE'—;[(1+ 2m7)9"+2z<9’]+5c(“_” f ¢ —nf '¢——2Al¢—%77¢’— K*¢j:0 (13)
With boundary conditions:
f'=A+o,f", (1+52)6"=—Bi(1—¢9), Nb(1—§3)¢'+ Nt6'=0 at =0
f'">1,0-50,¢>0 atn—o. (14)
v s, . . o B?
Where k = (—2) is the curvature parameter, A, = ——— is the unsteadiness parameter, M = —2
UR U(1-wt) psU
magnetic strength parameter Gr = W is the thermal Grashof number, Gm = W is the mass
Grashof number, Pr = - is the Prandtl number, Rd = b T%ay is the radiation parameter, Nb = TZDBC‘” is the
ar 2v2(1-wt)
Brownian motion, Nt = UPTTw s the thermophoresis, Ec = 2% s the Eckert number, Q* = —%_ s the

2V2Teo (1-wt) CpTw prCpU
heat generation parameter, Sc = DLIS the Schmidt number, K* = s the chemical reaction parameter, A = % is
B

the Stretching ratio parameter, §; = ':—; is the velocity slip parameter, Bi = @ is the Biot number, §, = % is

the thermal slip parameter, and 65 = ? is the concentration slip parameter, n is the power-law index.
B

The physical quantities, particularly the skin friction coefficient (Cf ), Nusselt number (Nu), Sherwood number

(Sh), are stated as follows for engineering purposes by Mabood and Shateyi (2019):
u=—_and Sh=—m__ (15)

_ _w
F 7 ppug k(Ty—Teo) Dp(Cw—Cwo)
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Here, 7,,, (,,, and 0, represent the wall shear stress, heat flux, and mass flux, respectively. According to (Ali
etal. 2021, Ali et al. 2023, Hossain et al. 2025) , three quantities are defined as follows:

* 4
or ) _g or ) 3k \or) . or ) g

Here 44 is the base fluid’s dynamic viscosity.

Substituting Eqgs. (10) and (16) into Eq. (15) to obtain the non-dimensional form of skin friction coefficient,
Nusselt number, and Sherwood number:

Nu Sh
ReC, =-f"(0), —— =—(1+Rd)&'(0), and =—¢'(0), (17)
JReC, ©). g =~(1+RA)I©0) 2t —===—4'0)
u,az
where, Re = Wb3 is the Reynolds number.
1%

3. Solution Procedure

Equations (11) through (13) present reduced ODEs, whereas Equation (14) presents boundary conditions. The
Runge-Kutta fourth-order approach is used in MATLAB software code to solve these ODEs numerically. This
method, particularly the fourth-order variant, is known for its superior accuracy in solving ODEs compared to
other numerical methods. Its versatility allows it to handle both first-order and higher-order equations effectively.
Additionally, it exhibits stability properties that keep numerical solutions bounded and prevent significant
divergence, ensuring reliable results across various integration steps. These are the first-order ODEs that were
obtained with the presumptive set of new variables:

(Yo Yor Yo Yo Yo Yoo ¥) ' = (F, £, 17,0,0',6,4) (18)
, n+1
y, = @ zen) [2Ky, —ny,? RRER AL -(A+M)y,+M —%ny3 +Gry, +Gmy, +n], (19)
, Pr 4\ n+1
Y Z—[]-'F_Rdj [ﬁﬂys+2A1y4——y1y5+ny2y4—(1+2’<77)
1+ 2xn) 3 2 2
, (20)
(Nbysy, + Ntyg) -Qy, — Ec(l+2x17) y31- Tz 2
, 1 n+1 *
Y7 = —(1+—2K77)[2Ky7+ SC(T Yi¥7 —NY,Ye ——2AY; —%77% -K y6j
PreNt(, 4_\" n+1 .
ND (1+§RdJ {(%Uy5+2'6&y4_7 y1y5+ny2y4_Q y4) , (21)

~(1+2x7){(Nbysy, + Nty,*) — Ec(L+ 2x77) y; }}]
With boundary conditions

Y,=0,Y,=A+6Y,,Y,=0,(1+5,)y; =-Bi(l-y,), Nb(1-6,)y, + Nty, =0 at =0
y,>1,y,20,y>0 atn—>owo.

4. Results and Discussion

The effect of developing physical parameters on numerically determined momentum, thermal, and concentration
profiles is examined in this section. It investigates how various embedding variables, including magnetic strength

M(0.0<M <9.0)slip factors (0.0<¢8,<0.3, 1.0<5,<7.0, 0.0<5,<0.6), Eckert number Ec
(0.0 <Ec S1.5), curvature K (0.0 <K< 0.6), thermal Grashof number Gr (O.3£ Gr< 3.3), mass
Grashof number Gm(O.3£Gm£9.3), Prandtl number Pr (0.153 PFSO.45), heat generation Q*
(0.0 <Q'< 0.9) , Brownian motion Nb(O.lS Nb < 0.4) , thermophoresis Nt(0.0 <Nt< 0.9) , Schmidt
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number Sc(1.0 < Sc<4.0), chemical reaction K* (1.0 <K< 7.0), radiation Rd(0.8<Rd <2.6),
stretching ratio A (0.0 < A<1.0), Power-law index n(1.0 <n <4.0), Biot number Bi (0.1<Bi<0.4),

and unsteadiness A (0.0< A <0.6) affect dimensionless velocity, —temperature, and concentration

distributions. The selection of ranges for physical parameters relies on physical relevance, existing literature,
mathematical stability, and sensitivity analysis. These ranges aim to reflect real-world systems while avoiding
singularities, enabling meaningful comparisons between steady and unsteady regimes and different transport
mechanisms. The study analyses how these factors affect the system's flow, thermal, and mass behaviour. It also
examines how these values affect the shear stress coefficient, heat transfer, and mass transfer rate. The information
is presented in graphs and tables, which provide the results in a visual representation for simpler comprehension
and interpretation.

1.2 . . . . 0.9
——M=0.0
) M = 3.0
_ ——M=6.0] |
——M=0.0 ——M=9.0
0.8 M =3.0| | |
——M=6.0

_ ——M=9.0] | — -

Los {

S < -
0.4 - -
0.2 -

0 . .
0 1 2 3 4 5 4 5
7
(@) (b)

——mM =0.0| |

M=3.0
— M = 6.0 1

M=9.0
= 1
BSS -

-0.4 -

o 1 2 3 4 5

(©
Fig. 2: (@) ', (b) €,and (c) ¢ profiles for the impact of magnetic strength with n = 1.0, Gr = 0.3, Gm =
0.3, k =0.1, Ec = 0.01, Rd = 0.01, Pr =1.0, Nt =0.2, Q* =1.0, Sc =1.0, K*=1.0, Nb =02, A =
0.01, 8, = 0.01, §, = 0.01, §; = 0.01, 4; = 0.01.

4.1 Influence of magnetic strength (M)

The impact of magnetic strength on the ', €, and ¢ profiles in the BL are portrayed in Fig. 2. It is seen from
Figs. 2(a) and 2(b) that the momentum BL thickness decelerates while the thermal BL thickness accelerates with

a development in the values of M. On the other hand, the concentration BL thickness enhances near the cylindrical
surface. It decreases far from the surface within the BL depicted in Fig. 2(c). With increasing levels of M, a weak
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Lorentz force is produced when the free stream velocity exceeds the stretching velocity. According to the research,
a weak Lorentz force is produced as the free stream velocity dominates the BL as the magnetic parameter rises.
As a result, the fluid's velocity increases, and the fluid particles' resistance falls, which lowers the temperature
profile. Also, the concentration profile grows considerably close to the cylinder surface as the magnetic strength
increases.

4.2 Influence of curvature («)

The impact of the curvature parameter on the velocity, temperature, and concentration profiles in the BL is
depicted in Fig. 3. In Figs. 3(a), 3(b), and 3(c), it is observed that momentum, thermal, and concentration BL
thickness diminish with values of the curvature parameter. From a physical viewpoint of the curvature parameter,
it has been noted that the fluid velocity has an instigating nature for high x values. The converse association
between a fluid's curvature and speed means that the fluid's velocity decreases when the curvature parameter
increases. The momentum, thermal, and concentration BL thicknesses all decrease close to the cylindrical surface
as a result, which is significant.

x =0.0
k =0.2
k=04
k =0.6

1.4

k =0.0
k =0.2
k =0.4] -
xk =0.6

0(n)

(b)

(©

Fig. 3: (@) f',(b) €, and (c) ¢ profiles for impact of curvature with M = 1.0, Gr = 0.3, Gm = 0.3, k = 0.1,
Ec=10.01,Rd =0.01, Pr=1.0,Nt =0.2,Q*=1.0,Sc =1.0,K*=1.0,Nb =02,A=0.01,n= 1.0, §; =
0.01, §, = 0.01, §; = 0.01, 4; = 0.01.
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4.3 Influence of Brownian motion (Nb)

Fig. 4 describes the consequences of the Brownian motion parameter on the concentration profile. It shows that
the concentration profile and BL thickness increase near the cylindrical surface and decline far away from the
surface. The random movement of adjourned nanoparticles in a base fluid is called Brownian motion, and it is
mainly driven by the base fluid's rapidly moving molecules. Brownian motion is correlated with nanoparticle size
and frequently manifests as aggregates. Consequently, the thickness of concentration BL increases near the
cylindrical surface for increasing values of the Brownian motion parameter. As Nb increases, the concentration
difference at the free stream decreases more rapidly, and the concentration boundary layer at the boundary drops
with Nb. This is because Nb increases the Brownian motion coefficient and strengthens the Brownian motion of
the nanoparticles.

(] 1 2 3 4 5
7

Fig. 4: ¢ profile for impact of Brownian motion with M = 1.0, n = 1.0, Gr = 0.3, Gm = 0.3,k = 0.1, Ec =

0.01, Rd = 0.01, Pr = 1.0, Nt = 0.2, Q* = 1.0, Sc = 1.0, K* = 1.0, A = 0.01, §, = 0.01, 6, = 0.01, &5 =

0.01, A; = 0.01.
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(©
Fig. 5: (@) f', (b) €, and (c) ¢ profiles for impact of thermophoresis with M = 1.0, n = 1.0, Gr = 0.3,
Gm =03, k =0.1, Ec =0.01, Rd = 0.01, Pr =1.0, Q* = 1.0, Sc = 1.0, K* = 1.0, Nb = 0.2, A = 0.01,
6, =0.01, 6, = 0.01, 65 = 0.01, A, = 0.01.

4.4 Influence of thermophoresis (Nt)

The consequences of thermophoresis on the velocity, temperature, and concentration profile are depicted in Fig.
5. Figs. 5(a) and 5(b) show that velocity and temperature profiles decrease in the BL region for higher values of
the thermophoresis. However, in Fig. 5(c), the concentration profile (concentration BL thickness) declines near
the cylindrical surface and surges far from the surface. The mechanics behind this phenomenon is that the
temperature differential creates a thermophoretic force close to the stretching surface. When the temperature
gradient is less, this force results in a very slow flow. As Nt increases, this force—which aids in transferring heat
from the heated wall to the bulk fluid becomes stronger, thickening the concentration boundary layers far from
the surface. The fluid is brought closer to the stretched sheet and is less heated. Consequently, as the values of

thermophoresis increase, the BL thickness of @ and ¢ drops near the surface.

4.5 Influence of heat generation (Q*)

Fig. 6 exemplifies the impacts of the heat generation parameter on temperature and concentration profiles. In Fig.
6(a), @ and thermal BL thickness are improved for higher values of the heat generation parameter. However, the
concentration profile and BL thickness diminish near the cylindrical surface and increase with distance from the
surface, as illustrated in Fig. 6(b). Heat is produced when the heat generation parameter is positive; when it is not,
heat is absorbed. A heat absorption coefficient physically lowers the fluid's temperature. This is significant
because energy from other sources is converted to thermal energy when heat is created in a fluid. The temperature
and the thermal BL thickness may increase due to heat generation. When there is a magnetic parameter present,
because of the resistive force, a specific quantity of heat energy is simultaneously stored in the thermal and
concentration boundary layers far away from the surface, together with the heat-generating parameter. The internal
heat generation significantly affects the concentration profile due to the interplay between thermal and solutal
transport mechanisms in nanofluid flow over a cylinder by raising local temperatures, strengthening
thermophoretic and Brownian diffusion, leading to wider and possibly flattened concentration boundary layers,
and producing marked differences in behavior between steady and unsteady flow regimes.

4.6 Influence of chemical reaction (K*)

The effects of chemical reaction on the concentration profile are portrayed in Fig. 7. It shows that the concentration
profile and the concentration BL thickness rise near the cylindrical surface and drop in distance from the surface.
According to the physics of chemical reactions, the temperature on the surface decreases for larger values of
chemical reaction parameters because there is less diffusivity in the flow field. However, more interaction in
species concentration is implied by lower diffusivity. Chemical reactions are essential in manufacturing, medicine,
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and other fields. Note that K essentially represents the isothermal rate of a chemical reaction. The reaction rate
can be accelerated by increasing R to promote molecular mass transfer.
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Fig. 6: (a) @, and (b) ¢ profiles for impact of heat generation with M = 1.0, n = 1.0, Gr = 0.3, Gm = 0.3,

k =0.1, Ec = 0.01, Rd = 0.01, Pr = 1.0, Nt = 0.2, Sc = 1.0, K* = 1.0, Nb = 0.2, A = 0.01, §, = 0.01,
5, = 0.01, 55 = 0.01, 4, = 0.01.
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Fig. 7: ¢ profile for impact of chemical reaction with M = 1.0,n = 1.0, Gr = 0.3,Gm = 0.3,k = 0.1, Ec =

0.01,Rd = 0.01,Pr =1.0,Nt =0.2,5¢ =1.0,Q* = 1.0, Nb = 0.2,4 = 0.01, 6, = 0.01,5, = 0.01,6; =

0.01, A, = 0.01.

4.7 Influence of radiation (Rd)

Fig. 8 designates the impacts of the radiation parameter on the @ and ¢ profiles. In Fig. 8(a), the temperature

(thermal BL thickness) profile increases for higher effects of the radiation parameter within the BL region.
Furthermore, in Fig. 8(b), the concentration profile (concentration BL thickness) upsurges near the cylindrical
surface and drops in distance from the surface within the BL region. These results can be explained by the fact
that a decrease in the Rosseland radiation absorptivity is correlated with an increase in the radiation parameter.
Consequently, the radiative heat flux divergence increases as Rosseland radiation absorptivity decreases. As a
result, the fluid's temperature increases and its radiative heat transfer rate improves. A concentration gradient in
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the boundary layer brought on by intense external radiation moves the nanoparticles to the outer free stream
region.

0.9 r 0.05
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Fig. 8: (a) @,and (b) ¢ profiles for the impact of radiation M = 1.0, n = 1.0, Gr = 0.3, Gm = 0.3, k = 0.1,
Ec =0.01, Pr =1.0, Nt = 0.2, Sc = 1.0, Q* = 1.0, Nb = 0.2, A = 0.01, §; = 0.01, §, = 0.01, 63 = 0.01,
A, =0.01.

4.8 Influence of stretching ratio (A)

Fig. 9 illustrates the influences of the stretching ratioon f’, €, and ¢ profiles. Fig. 9(a) displays that f' rise

for higher stretching ratio parameter values. Fig. 9(b) exemplifies that € and thermal BL thickness decline for
more significant impacts of the stretching ratio parameter. However, in Fig. 9(c), the concentration profile and
concentration BL thickness increase close to the cylindrical surface and decline far away from the surface for
higher values of the stretching parameter. From a physical point of view, boosting the stretching ratio parameter
alters the fluid particle location, which improves the velocity field and increases the particle's mobility. On the
other hand, a lower temperature results in a higher stretching ratio value. Free stream velocity is less than
stretching velocity when A is small. A high stretching ratio parameter effectively raises the free stream velocity,
which accelerates the rate at which heat moves from the wall to the free stream. The fluid concentration also drops
with A due to the high free stream velocity.
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Fig. 9: (a) f', (b) €, and (c) ¢ profiles for the impact of stretching ratio with M = 1.0, Gr = 0.3, Gm =
0.3,k =0.1,Ec =0.01,Rd =0.01,Pr =1.0,Nt =0.2,Q* = 1.0,S¢c =1.0,K* =1.0,Nb = 0.2, Bi = 2.0,
n = 1.0, 8, = 0.01, 5, = 0.01, §; = 0.01, 4; = 0.01..

4.9 Influence of Biot number (Bi)

Fig. 10 portrays the behavior of the Biot number on @, and ¢ profiles. Also, in Fig. 10(a), the temperature profile

increases for higher values of the Biot number. However, in Fig. 10(b), the concentration profile and BL thickness
drop near the cylinder and rise with increasing distance from the surface with increasing values of the Biot number.
From a physical perspective, the Biot number illustrates the relationship between convective resistance at an
object's surface and interior conductive resistance. To improve thermal energy expandability, buoyant force causes
temperature, density, and fluid flow to increase. Because the strengthening of convection results in a decrease in
the heat resistance of the cylindrical surface, the temperature of the cylindrical surface increases with more
pronounced impacts of the Biot number.

0.5 T T T T 0.05
Bi=0.1
Bi= 0.2
Bi=0.3] -
Bi=0.4

(b)
Fig. 10: (a) €, and (b) ¢ profiles for the impact of the Biot number with M = 1.0, Gr = 0.3, Gm = 0.3, k =

0.1, Ec = 0.01,Rd = 0.01, Pr = 1.0, Nt = 0.2, Q* = 1.0, Sc = 1.0,K* = 1.0, Nb = 0.2, A = 0.01,n = 1.0,
8, =0.01, 8, = 0.01, 55 = 0.01, A, = 0.01.
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4.10 Influence of Power-law index (n)

The impacts of the Power-law indexon f', & ,and ¢ profiles are portrayed in Fig. 11. In Fig. 11(a), the velocity

profile surges within the BL region for wider effects of n. Conversely, in Fig. 11(b), @ decays within the BL
region occur for higher values of n. However, in Fig. 11(c), the concentration profile increases near the cylindrical
surface and declines with distance from the surface for increasing values of n. The stretched velocity is linear and
constant for n = 0 and n = 1, respectively. Nevertheless, the stretched velocity is nonlinear for any value of n > 1.
According to the relationship, the stretched velocity's nonlinearity improves and, conversely, its velocity increases
with bigger effects of n. However, for temperature, the opposite pattern is seen. The concentration approaches
the distance from the surface due to the stretched surface; as a result, the thickness of the concentration boundary
layer is lowered.
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Fig. 11: (@) ', (b) @, and (c) ¢ profiles against the Power-law index (n) with M = 1.0, Gr = 0.3, Gm =

0.3,k = 0.1, Ec = 0.01,Rd = 0.01, Pr = 1.0, Nt = 0.2, Q* = 1.0, Sc = 1.0, K* = 1.0, Nb = 0.2,Bi = 2.0,
A=0.01,6 =0.01,65, =001, 55 = 0.01, 4, = 0.01.

4.11 Influence of velocity slip (9,)
Fig. 12 signifies the consequences of the velocity slip parameter on velocity, temperature, and concentration
profiles. Fig. 12(a) shows that the velocity profile enhances near the cylindrical surface for higher values of o, .
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On the other hand, temperature profile and thermal BL thickness decline within BL region which is exemplified
in Fig. 12(b) for growing values of the velocity slip parameter However, in Fig. 12(c), concentration profile and
BL thickness enhances near the cylindrical surface and diminishes distance away from the surface within BL
region for higher effects of velocity slip parameter. Physically, it is clear that during a slip, the fluid velocity near
the sheet does not remain constant with the rate of surface stretching. In this instance, the slip component enhances
the fluid's speed since it only partially draws the stretched surface. The fluid temperature decreases close to the
BL when the velocity slip parameter is increased with a thermal jump and a magnetic field. There is more
momentum transfer from the stretching sheet to the free stream, which results in a decrease in temperature and
concentration. By doing this, the heat energy and nanoparticles are prevented from entering the free stream.
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Fig. 12: (@) ', (b) @,and (c) ¢ profiles for the velocity slip with M = 1.0, Gr = 0.3, Gm = 0.3, k = 0.1,
Ec =0.01, Rd =0.01, Pr =10, Nt =0.2,Q* = 1.0, Sc =1.0, K*=1.0, Nb = 0.2, Bi = 2.0, A = 0.01,
n =10, 8, =0.01, 85 = 0.01, 4, = 0.01.

4.12 Influence of thermal slip (J,)

Fig. 13 shows the effects of the thermal slip on temperature and concentration profiles. In Fig. 13(a), the
temperature profile and thermal BL thickness decline for higher values of the thermal slip. However, in Fig. 13(b),
the concentration profile and BL thickness increase near the cylindrical surface and decrease far away from the
surface for a higher value of the thermal slip parameter. From a physical perspective, the temperature within the
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flow can be resisted by the thermal slip parameter. The thermal BL thickness declines as the thermal slip increases,
even with very little heat transfer from the fluid surface. Physically, temperature fields and the concentration
profile exhibit a drop further from the surface because the highest thermal slip parameter strength reduces surface
drag, which in turn reduces the amount of heat generated.
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Fig. 13: (a) @, and (b) ¢ profiles for the impact of thermal slip with M = 1.0, Gr = 0.3, Gm = 0.3, k = 0.1,

Ec =0.01, Rd = 0.01, Pr = 1.0, Nt = 0.2, Q* = 1.0, Sc = 1.0, K* = 1.0, Nb = 0.2, Bi = 2.0, A = 0.01,
n=10,8, =0.01,8; =0.01, A, = 0.01.

4.13 Influence of concentration slip (J,)

Fig. 14 portrays the influences of the concentration slip on the concentration profile. The concentration profile
and BL thickness decrease for higher values of the concentration slip, as depicted in Fig. 14. Slip reduces fluid
mobility, which in turn lowers net molecular movement. Consequently, the mass fraction fields decrease as
molecular mobility decreases. A concentration slip in chemical kinetics is a reaction rate that is precisely
proportional to the concentration of a single component. This implies that the half-life of the reaction is constant
and that the rate of reaction also rises proportionately as the reactant concentration does. Concentration slips are
crucial to many natural and man-made processes, including radioactive decay and certain chemical breakdowns.
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Fig. 14: ¢ profile for impact of concentration slip with M = 1.0, Gr = 0.3, Gm = 0.3, k = 0.1, Ec = 0.01,

Rd =0.01, Pr =10, Nt =0.2, Q" = 1.0, Sc = 1.0, K* =1.0, Nb = 0.2, Bi = 2.0, A =0.01, n = 1.0,

6, =0.01,6, = 0.01, 4, = 0.01.

Slip-driven MHD nanofluid flow over a cylinder: a comparative study of steady and unsteady boundary layers 157



U. Hani, M. Ali, and R. Nasrin / Journal of Naval Architecture and Marine Engineering, 22(2025) 141-163

4.14 Influence of unsteadiness ( A))

Fig. 15 illustrates the impacts of unsteadiness on f', @, and ¢ profiles. Fig. 15(a) displays that velocity

decreases, and the momentum BL thickness & skin friction coefficient increase. In contrast, the opposite behavior
is observed for the temperature and concentration profiles, shown in Figs. 15(b) and 15(c). From a physical point
of view, due to the stretching sheet, the instability parameter reduces the flow rate, which reduces the fluid's
velocity, temperature, and density.

1.2
——A, =00
1 A, =02]
——A, =04
0.8 ——A_ =06
—
Zoe S
Y B
0.4
0.2 1
(] . .
0 1 2 3 4 5 4 5
7
(@) (b)
0.1 T 7

(c)
Fig. 15:(a) f', (b) @,and (c) ¢ profiles for different values of unsteadiness with M = 1.0, Gr = 0.3, Gm =
0.3,k =0.1, Ec =0.01,Rd = 0.01, Pr = 1.0, Nt = 0.2,Q* = 1.0,Sc = 1.0, K* = 1.0, Nb = 0.2, Bi = 2.0,
A =0.01,n=1.0,6, =0.01, 5, = 0.01, 53 = 0.01.

In Table 1, it is observed that the decreasing rate of skin friction coefficient is higher in unsteady flow than steady
flow for the effects of M, n, x and lower for Gr. Furthermore, the increasing rate of skin friction coefficient is

higher in unsteady flow than steady flow for the effects of Gm, A, and lower for &, .
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Table 1: Values of skin friction coefficient in steady and unsteady flow due to M, n, Gr, Gm, k', A, &, variations
with Ec = 0.01,Rd = 0.01, Pr = 1.0, Nt = 0.2,Q* = 1.0,S¢ = 1.0,K* = 1.0,Nb = 0.2, Bi = 2.0, 5, = 0.01,

55 =0.01.

M n Gr Gm K A ) f"(0) f"(0)
(Steady flow) (Unsteady flow)

0.0 1.0 0.3 0.3 0.1 0.01 0.01 -1.3538 -1.3462

3.0 -2.1170 -2.1125

6.0 -2.6561 -2.6525

9.0 -3.0945 -3.0913

1.0 1.0 0.3 0.3 0.1 0.01 0.01 -1.6513 -1.6453

2.0 -1.9885 -1.9840

3.0 -2.2811 -2.2772

4.0 -2.5395 -2.5359

1.0 1.0 0.3 0.3 0.1 0.01 0.01 -1.6513 -1.6453

1.3 -1.9687 -1.9608

2.3 -2.2539 -2.2447

3.3 -2.5167 -2.5065

1.0 1.0 0.3 0.3 0.1 0.01 0.01 -1.6513 -1.6453

3.3 -1.3195 -1.3123

6.3 -0.9431 -0.9344

9.3 -0.4737 -0.4627

1.0 1.0 0.3 0.3 0.0 0.01 0.01 -1.6394 -1.6333

0.2 -1.6633 -1.6574

0.4 -1.6864 -1.6805

0.6 -1.7073 -1.7015

1.0 1.0 0.3 0.3 0.1 0.1 0.01 -1.5282 -1.5222

0.3 -1.2376 -1.2315

0.5 -0.9246 -0.9183

0.7 -0.5901 -0.5838

1.0 1.0 0.3 0.3 0.1 0.1 0.0 -1.6737 -1.6676

0.1 -1.4689 -1.4635

0.2 -1.3016 -1.2968

0.3 -1.1648 -1.1606

Table 2: Values of Nusselt number in steady and unsteady flow due to n, &, Ec, Rd, Pr, Nt, Nb, Q*, Bi, A, J,
variationswithM = 1.0,n = 1.0, Gr =0.3,6m =03,k =0.1,Sc =1.0,K* = 1.0,Nb = 0.2, Bi = 2.0,6, =

0.01, §; = 0.01.

n K Ec Rd Pr Nt Nb | Q* | Bi A 52 9’(0) 9’(0)
(Steady (Unsteady
flow) flow)

1.0 |01 001 |001 |1 02 |02 |1 2 0.01 |0.01 | 0.3624 0.3685

2.0 0.6039 0.6064

3.0 0.7288 0.7303

4.0 0.8134 0.8145

00 |001 |001 |1 02 |02 |1 2 0.01 | 0.01 | 0.2802 0.2878
0.2 0.4295 0.4345
0.4 0.5310 0.5346
0.6 0.6034 0.6061
0.1 |00 001 |1 02 |02 |1 2 0.01 | 0.01 | 0.3567 0.6009
0.5 0.6333 0.8566

1.0 0.8926 1.1031

1.5 1.1349 1.3396

0.1 |001 |08 1 02 |02 |1 2 0.01 | 0.01 | 0.3442 0.3481
1.4 0.3313 0.3345

2.0 0.3214 0.3242

2.6 0.3138 0.3163
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n K Ec Rd Pr Nt |[Nb | Q* [Bi |A 5, 0'(0) 0'(0)
(Steady (Unsteady
flow) flow)

01 [001 |001 |0415 |02 |02 |1 2 0.01 | 0.01 | 0.2999 0.3018
0.25 0.3176 0.3202

0.35 0.3311 0.3343

0.45 0.3411 0.3448

0.1 [001 |0.01 1 01 |02 |1 2 0.01 | 0.01 | 0.3576 0.3638
0.2 0.3624 0.3685

0.3 0.3669 0.3728

0.4 0.3710 0.3767

0.1 [001 |0.01 1 02 |01 |1 2 0.01 | 0.01 | 0.3595 0.3656
0.2 0.3624 0.3685

0.3 0.3634 0.3694

0.4 0.3638 0.3699

0.1 [001 |0.01 1 02 |02 |00 |2 0.01 | 0.01 | 0.6470 0.6496
0.3 0.5835 0.5867

0.6 0.5049 0.5090

0.9 0.4034 0.4089

0.1 | 001 |0.01 1 02 |02 |1 0.1 |0.01 |0.01 |0.0810 0.0813
0.2 0.1360 0.1369

0.3 0.1762 0.1777

0.4 0.2070 0.2092

0.1 | 001 |0.01 1 02 |02 |1 2 0.1 0.01 | 0.3941 0.3998
0.3 0.4569 0.4617

0.5 0.5110 0.5152

0.7 0.5585 0.5622

0.1 | 001 |0.01 1 02 |02 |10 |2 0.1 1 0.3053 0.3097
3 0.2326 0.2353

5 0.1884 0.1902

7 0.1585 0.1598

From Table 2, it is seen that the increasing rate of Nusselt number is lower in unsteady flow than in steady flow
for the effects of n, Ec, k', Nb, Nt, A, and higher for Pr, Bi. Additionally, the decreasing rate of Nusselt number

is higher in unsteady flow than steady flow for the different values of Rd, Q*, and 0,

Table 3: Values of Sherwood number in steady and unsteady flow due to n, &k, Nt, Nb, Sc, K*, and J, variations

withM = 1.0, Gr = 0.3, Gm = 0.3, Ec = 0.01, Rd = 0.01, Pr = 1.0, Nt = 0.2, Q* = 1.0, Bi = 2.0, A = 0.01,
51 = 001, 52 = 001

n K Nt Nb Sc K* 53 ¢'(0) ¢’(0)
(Steady flow) (Unsteady flow)

1.0 0.1 0.2 0.2 1.0 1.0 0.01 |-0.3661 -0.3722
2.0 - 0.6100 -0.6125
3.0 -0.7361 -0.7377
4.0 -0.8216 - 0.8227
1.0 0.0 0.2 0.2 1.0 1.0 0.01 |-0.2831 - 0.2907
0.2 - 0.4338 - 0.4389
0.4 - 0.5364 - 0.5400
0.6 - 0.6095 -0.6122
1.0 0.1 0.1 0.2 1.0 1.0 0.01 | -0.1806 - 0.1837
0.2 - 0.3661 -0.3722
0.3 - 0.5559 - 0.5648
0.4 -0.7494 -0.7611
1.0 0.1 0.2 0.1 1.0 1.0 0.01 |-0.7262 -0.7386
0.2 - 0.3661 -0.3722
0.3 - 0.2447 -0.2488
0.4 -0.1838 - 0.1868
1.0 0.1 0.2 0.2 1.0 1.0 0.01 |-0.3661 -0.3722
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n K Nt Nb Sc K* 5, #'(0) #'(0)
(Steady flow) (Unsteady flow)
2.0 -0.3718 -0.3778
3.0 -0.3749 - 0.3809
4.0 -0.3769 - 0.3829
1.0 0.1 0.2 0.2 1.0 1.0 0.01 |-0.3661 -0.3722
3.0 -0.3729 -0.3791
5.0 -0.3764 - 0.3825
7.0 -0.3786 - 0.3847
1.0 0.1 0.2 0.2 1.0 1.0 0.0 - 0.3626 - 0.3687
0.2 - 0.4480 - 0.4555
0.4 - 0.5860 - 0.5959
0.6 -0.8471 -0.8614

Table 3 shows that the decreasing rate of Sherwood number is lower in unsteady flow than in steady flow for the
different values of n, &, Nt, Sc, and higher for d,. Conversely, the increasing rate of Sherwood number is lower
in unsteady flow than in steady flow for the different values of Nb, and K*.

5. Concluding Remarks

The study compares the behavior of nanofluid flow under steady flow conditions with that under time-varying
(unsteady) flow conditions. The study considers how different slip effects, such as velocity and thermal slips,
affect flow and heat transmission with thermal radiation, chemical reaction, and magnetic effects. The following
summarizes the noteworthy findings of the analysis above:

e The skin friction coefficient in unsteady flow increases by 1.05%, 0.34%, 0.04%, 0.57%, and 0.26%
respectively due to the upsurge of magnetic strength, power-law index, curvature, mass Grashof number, and
stretching ratio compared to steady flow; as well as decreases by 0.07%, and 0.01% respectively due to the
enhance of thermal Grashof number, and velocity slip.

e Compared to steady flow, for increasing values of power-law index, curvature, Eckert number,
thermophoresis, Brownian motion, and stretching ratio, the Nusselt number in unsteady flow decreases by
approximately 3.42%, 4.75%, 95.24%, 0.2%, 0.02%, and 1.1%; as well as increases by 0.3%, 0.51%, 0.6%,
and 0.32% approximately for higher values of radiation, Prandtl number, heat generation, and, thermal slip.

¢ Increasing values of power-law index, curvature, thermophoresis, Brownian motion, Schmidt number, and
chemical reaction decrease the Sherwood number in unsteady flow by about 3.38%, 4.69%, 0.63%, 0.02%,
0.08%, and 0.05%, respectively, compared to steady flow; as well as increase in unsteady flow by 0.01% for
increasing values of concentration slip.

e The power-law index, magnetic strength, and stretching ratio act as controlling factors because the mass
transfer rate declines in the BL region, but the fluid velocity and heat transfer rate increase.

e Brownian motion, thermophoresis, heat generation, radiation, magnetic fields, stretching ratio, power-law
index, velocity slip, thermal slip, Schmidt number, and chemical reaction have an oscillatory relationship
with the concentration profile.

From the perspective of MHD flow, this analysis is essential to comprehending the comparison of steady and
unsteady flows of nanofluid and their uses in thermal engineering systems, including electronics cooling, nuclear
reactors, energy systems, solar thermal systems, biomedical applications, the petroleum industry, and chemical
processing where enhanced thermal behavior is essential.
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