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Second-Order Slip Effect on the Flow of MHD Chemically
Reacting Fluid Through an Inclined Micro-Annular Channel
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Abstract: This study explores the second-order slip effect on the flow of MHD chemically reacting fluid through
an inclined micro-annular channel. As knowledge in flow and heat transfer is showcased in macro/micro-
channel areas, consistent advancement is essential to familiar with fundamental phenomena associated. The
free convection study encompasses the temperature-dependent viscosity and uniform magnetic field effect. The
dimensionless equations governing the flow are modeled and solved semi-analytically via Akbari-Ganji’s
Method (AGM). The velocity, energy, concentration and physical characteristics of the flow results are obtained
and discussed with the aid of tables and graphs. It is found that a higher value of the slip parameter diminishes
the velocity distribution at the annular gap and surfaces, while, the temperature-dependent exponential
variability model enhances the fluid velocity.
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1 Introduction

In recent times, there has been renewed attention in the investigations of the fully developed flow of
magnetohydrodynamics (MHD), a free convective process through annular micro-channel with slip and jump
conditions. Physical processes in which buoyancy forces emanate from both thermal and spices diffusion play a
significant role in convective mass transfer and heat analysis. This application can be found in electronics power
generation, MHD pumps, and chemical industries (Rajasekhar [32]). Also, the cooling of store grain, geothermal
system usage, oil extraction, groundwater pollution, storage of nuclear wastes, and thermal insulation are
significant applications of heat and mass transfer (Yusuf and Jha [39]). Considering the adherence of the fluid
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particles and the solid boundary, the absence of the slip model is found faulty in many applications such as
micro-channel flow, and the model of thin fluid among others (Liu and Guo [24]). Therefore, it is imperative to
investigate the flow of the second-order slip effect in MHD chemically reacting fluid through an inclined micro-
annular channel considering its application occurrence both in industries and nature.

In view of these applications, motivated researchers such as Ameel et al. [6] gave the effects of heat flux and
slip flow on forced convection in a circular tube. They highlighted that the fully developed heat transfer
coefficient reduces with the Knudsen number at the wall. In the modeling of oscillatory hydro-magnetic flow,
Rajasekhar et al. [32] examined a free convective flow and coupled stress fluid through an inclined rotating
channel. While investigations of vertically double-diffusive natural convective flow through the annular porous
medium is examined by Jha et al. [22], they noticed that the inclusion of thermal diffusion slows down the flow
rate analysis. Jha et al. [20] examined the flow through a vertical annular microchannel subjected to natural
convective and MHD effects. They realized that a rise in curvature radius speeds up the volume flow rate. The
study of slip flow between parallel micro-channel plates was analyzed by Saghafian et al. [34], they reported
that the Nusselt number decreases with an increase in refraction and proved that the perturbation method with
a higher magnitude of Knudsen number predicts the temperature and velocity field accurately. Heat absorption
in vertically concentric annulus channel was presented by Yusuf [38], the study gave an exact solution of the
MHD effect in natural convection. He discovered that the size of maximum fluid velocity is greater in the
isothermal heating case compared to that of the constant heat flux case when the radius of the outer cylinder is
less or equal to the inner cylinder. On the other hand, Reddy et al. [33] analyzed the fluid flow over a rotating
disk coupled with chemically reacting Ag-and Cu-water traveling nanofluid via a porous medium. The
investigation shows that the temperature is elevated with a rise in nanoparticle volume fraction parameters.

Recently, Idowu et al. [18] analyzed the nonlinear convective flow through an Annular channel, Akolade et
al. [5] investigated MHD flow through a squeezed channel, and Idowu et al. [19] presented the numerical
solutions to dissipative Casson nanofluid through the annular medium, Oyekunle and Agunbiade [31] combined
the effect of viscosity and thermal radiation in MHD fluid flow examination through an irregular channel.
Atashafrooz and Asadi [7] gave the irreversibility analysis of buoyancy force through an inclined Duct. While
Okedayo and Salawu [29] investigated the MHD flow of Newtonian fluid with variable viscosity and thermal
conductivity influences. The flow of reactive species in an oscillatory annular channel is discussed by Debnath
et al. [10] where the radii ratio is seen to give a mixed behavior of the dispersion coefficient. Oni and Jha [30]
experimented the heat absorption/generation with time-periodic boundary conditions on free convection flow
through a vertical annulus. They observed that, at the surface of the cylinders, the heat absorption/generation
parameter decreases/increases periodic temperature distribution and velocity profile respectively.

All things been equal, the study of slip and jump conditions has not been left out due to its physical
phenomenon. Therein, the modeling of dissipative fluid through a micro-tube encompassing the viscous heating
within the medium and jump condition at the wall is investigated by Tunc and Bayazitoglu [36]. Makinde and
Osalusi [25] presented the wall velocity slip and MHD effects through a uniform channel width. The flow through
a long isoflux and isothermal force convection heated/cooled planner micro-channel in the presence of second-
order slip and jump condition is presented by Huel [14]. He observed that the thermal creep becomes more
significant and a higher magnitude of second-order slip increases the flow velocity and decreases the heat flux
accordingly, while Hui and Chien-Hung [15] show that a rise in Knudsen number pronounces the second-order
slip effect in an isothermal condition.

Zhu et al. [40] investigated the influences of second-order slip and jump conditions on third-grade
nanofluids over a coaxial tube. They reported that the thermophoresis movement and Brownian motion resulted
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in a rise in temperature distribution. Adesanya [1] presented a slip flow and jump condition through a porous
vertical medium of heat-generating fluid. He realized that a rise in slip and jump conditions speeds up the rate
of flow velocity and temperature accordingly. Khan et al. [23] enumerated the combined effects of slip and
variable viscosity in an inclined asymmetric channel. In an analytical study of asymmetric mini/micro-channel
filled with microfoam, Xu et al. [37] considered the thermal and velocity slip among other quantities, hence, the
solution procedure was seen to predict the flow distributions accurately while a decrease in slip flow region is
pronounced to a higher magnitude of Knudsen number. Recently, two different boundary conditions were
imposed on the flow of non-linear radiative vertical channels containing MHD nanofluid by Ibanez et al. [16].
Avramenko et al. [8] presented the analytical solution of second-order slip flow in a microconfusor. They noticed
that all fluid characteristics were affected while varying the second-order slip parameter except the heat
transfer coefficient.

Solving non-linear systems of ODEs and PDEs becomes more imperative due to their real-life modeling
instances, hence, to overcome these challenges, several semi-analytical and numerical methods over the years
have been developed among which: Differential Transformation Method (DTM), Adomian Decomposition
Method (ADM), Homotopy Analysis Method (HAM), Variational Iteration Method (VIM), Lyapunov’s small
parameter method among others had proven their effectiveness, convergent, and efficiency in problem-solving.
However, to solve non-linear differential equations, Akbari et al. [3] proposed an innovative algebraic approach
called Akbari-Ganji's Method (AGM). While Ahmadi et al. [2] presented a detailed analysis of this method for
solving integro-differential, non-linear, vibrational, and non-vibrational equations. Chakraverty et al. [9]
demonstrated several numerical examples applying this recent semi-analytical approach to initial value
problems. Investigations on heat transfer analysis using AGM were studied in (Mirgolbabaee et al. [26], [27],
[28], Sheikholeslami and Ganji [35]). AGM was as well employed by Ghadikolaei et al. [13] to investigate the
squeezing stretching channel flow of an unsteady MHD Eyring-Powell fluid. Recently, Dharmalingam and
Veeramuni [11] employed this method to determine the substrate concentration in an electroactive polymer
film. On this note, AGM is found satisfactorily good for solving channel problems.

In view of this literature, to our best knowledge, no attention has been paid to the second-order slip effect
on MHD chemically reacting fluid flow through an inclined micro-annular channel. Therefore, this has drawn
the attention of the authors to carry out the present study. The impact of some embedded parameters such as
the Buoyancy ratio, radii ratio, inclined angle, and slip parameter among others on the flow characteristics was
discussed vividly. The dimensionless equations governing the fluid flow were solved using AGM with MAPLE 18
symbolic package.

2 Mathematical model formulation

An electrically conducting, incompressible, two-dimensional, steady, free convective fully developed flow of
viscous fluid through an infinite micro-annular channel inclined atan angle & is considered. The annular region

is made up of the inner and outer cylinders of radius I} and I, respectively. The Y —axis is taken parallel to
the flow direction while @ — axis is perpendicular to Y — axis as shown in Fig. 1.
The inner and outer cylinders are at constant temperature T1 and T2 , concentration ¢1 and ¢2 respectively.

All fluid properties were presumed constant except the viscosity (assumed temperature-dependent) and the
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density in the buoyancy force represented by po(1— Sy (T —To) = B, (# — #y)) . The magnetic field induced is

considered small and thus neglected. Hence, the equations governing the fluid flow based on the usual
Boussinesq approximation are as follows (See Idowu et al [17], [18], [19]).

Fig. 1. The physical coordinate system of the model.

. d{ (T)—}_UBSU”LQPOCosa[ﬂm(T_To)Jrﬂn((Z_(ﬁo)}:0, @1
wdo

kg d Q
pca)dw{wda)} ,Dp(T Ty) =0, (2.2)
Dg. dg

- da){ do } Kr(¢ —¢p) =0, (2.3)

The appropriate boundary conditions encompassing the effects of first and second-order slips, temperature
jump, and constant concentration are; (Huel [14], Jha, et al. [22], and [20])

du(o) dT(a))

do

/12 d’u (50)

u(w) = B, A , T(@)-Ty = Ay — d(0) =g ato =1,

2.4
dT(a)) @4

, d? U(O))

U(w) = -S4 + 74 , T(@) =T, = ~fiAg P@)=pato=r,

The temperature-dependent viscosity variation is presented accordingly (Akolade et al. [4], Jha et al. [21], and
Gbadeyan et al. [12]),

u(T) = o exp[-b(T —To)], (2.5)
M, represent the viscosity at T_, and strength dependency between T and M depends on the coefficient b.

Introducing the following dimensionless variables, along with equation (2.5), into (2.1) - (2.4)
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Z:w_rl,n:rz_rllu:L,y:iyr_lPr'Q: T_TO ,¢:¢_¢0,é‘5:r_1,
Un 4z, T-To -t I
«/ﬂF_{TIZ,u T, -T,
Po Ho
Thus, the governing equations (2.1) - (2.4) are reduced to;
1 d [ du 2
—| (yZ+¢&)exp(-BO)— |—M“u +cos 0+Brg¢|=0, 2.6
77 az| (e )dz} (@)[0+Br ] (26)
1 df do
— | (xZ+&)— |+H,0=0, 2.7
7L dZ_(Z g)dZ} 0 (2.7)
1 df d¢
— | (yZ+&)—= |-Sc 1 ¢ =0, 2.
s wzea | -seas @8
Subject to the boundary conditions
2
u(z) = g,Kn d“(zz) yand“—(ZZ), 0(2) =1+ kP 39D 47y =1atz=0,
du(Z d?u(z do(z *2)
u(z) = -B,Kn “() yKn? “() 0@ = -pxnp 39D 4y Reatz =1,
Where,
Bob(T,—T,), p=2-0t 2 L 5 2700 g, [ g-ralh-th)
oy e+1Pr Om LoV B (T =Tp)
_ c
Re=f2=% Q0,2 5 Kr(l O se= ¥ p=Pikn=t pr= S
- K DB ﬂv n K

The characteristics of the convective flow, Sherwood number, Nusselt number, volumetric flow rate, and skin
friction were analyzed.

The volumetric flow rate;

ol (2.10
Q=2r J'OZu(Z)dZ. :

The Sherwood number (Sh ), Nusselt number (NU ), and Skin-friction (T*) at the annulus surfaces are

obtained as follows:

do d 211
—exp( 59) |z 01 NUg, :d—|z 01 Shm:d—§|z 01 )(
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3 Semi-Analytical Solution

Subject to the boundary conditions (2.9), the governing problems (2.6) - (2.8) were solved semi-analytically
using AGM fully documented in (Akbari et al. [3], Ahmadi et al. [2], Chakraverty et al. [9], Mirgolbabaee et al.
[26], [27], [28], Sheikholeslami and Ganji [35] Ghadikolaei et al. [13], Dharmalingam and Veeramuni [11]) of
which found satisfactorily good for solving channel problems.

Representing the left-hand side of equations (2.6) - (2.8) in the following order:

=1 df Boy 3| w2

u(2):= 7z _(;(Z+§)exp( BO) dz} M?u +cos(a)[6+Br ¢], (3.1)
1 dJ do

0(2):= ;(Z+§E_(ZZ+§)E}LHO o, (3.2)
=1 df dg ]

®(2) = 714z _(;(Z+§) dz} ScAg, (3.3)

Thus, utilizing the basic idea of AGM, the assumed trial solutions polynomials of degree with constant
coefficients are given by:

N .
u(2)=>az =a,+a,Z+a,2° +az2°...,
i=0
N .
0(2)= Y 0,Z' =by +b,Z+b,Z* +b3Z° ..., 3.4)
i=0
N .
#(2) =Dz =cy+cZ+C2% +¢c20 ..,
i=0

Illustrating for N = 9, equation (3.4) is computed to obtain the constants coefficients a,, bN and Cy

accordingly, by employing the boundary conditions we have (Mirgolbabaee et al. [28]).

(i) Applying equation (3.4) on (2.9) generates the following systems accordingly:
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u(0) = a, = B, Knya, + yKn?4?2a,,
u(l)=ag+a, +a, +az+a, +as +ag+a; +ag+ag = —L,Kny(a; +2a, +
3a, +4a, +5a; + 6ag + 7a; +8ag +9agy) + yKn? y%(2a, + 6a; +
12a, + 20ag + 30ag + 42a, +56ag + 72ay),
6(0) = by, =1+ B, y KnPb; (3.5)
(1) = by +by+b, +bs+b, +bg +bg+b; +bg +9 =
- B, KnyP(b; +2b, +3b; +4b, +5bg + 6bg + 7b, +8bg +9by),
#(0) =c, =1,
#(1)=>cy+C +Cy +C3+Cy +C5+Cq+Cy +Cqg+Cqg = RC.

(i) inequation (3.5) we have 6 equations with 36 unknown coefficients. To generate additional 30 equations,
we employed the AGM approach presented in equation (3.6) on main equations (3.1) - (3.3),

U(u(2)) = U(u(0)) =0, U'(u(0)) =0,...
U(u(2)) = Uu(1)) =0, U'(u(1)) =0,...
0(4(2)) = ©(6(0)) = 0, ®'(4(0)) =0, ...
0(8(2)) = ©(6(1)) = 0, ©'(6(1)) =0, ...
O (4(2)) = ©(4(0)) =0, @'(4(0)) =0,...
O (4(2)) = @(4(1)) =0, @'(4(1)) =0,...

Thirty (30) additional equations were generated from the procedure (ii), in addition to the six (6) presented in
procedure (i), summing up to thirty-six (36) equations. These equations were solved simultaneously to obtain

(3.6)

the required constants coefficients a,; , bN and Cy accordingly, hence, substituted back into the assumed trial

solutions in equation (3.4), to obtain the approximate solutions for U(Z), 8(Z) and ¢(Z) accordingly.

4 Results and Discussion

The goal of this study is to examine the second-order slip effect on the flow of chemically reacting MHD fluid
through an inclined micro-annular channel, by employing AGM, a semi-analytical approach. To get a clear
understanding of the physical problem, the flow distribution together with some flow characteristics such as
Skin friction, Nusselt number, and Sherwood number are analyzed. Following Jha et al. [22] and Jha et al. [21],

we took Pr=0.71 g, =1 M=2, Br=1.0,H, =0.1 ¥ =0.5,Sc=0.7, A=0.1 P=1.64,
a=7x/3,Rc=0.2, B=0.5 £=05 Kn=0.05. which are kept constant throughout the study unless

otherwise stated in the respective tables and figures. The results are presented both in graphical and tabular
form, thus, the conclusions were drawn from the flow distributions and other interesting physical quantities.
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A comparison of the present result with the previous work of Jha et al. [20] where an exact approach was
utilized in solving the formulated flow problem is presented in Table 1, this was carried out by setting the
embedded parameters to zero, thus, an excellent agreement is obtained.

Table 1 Comparison of the velocity (u) and Temperature (§), by taken, £=0.8, M =05, Pr=0.71, pP=164,
a=B=Br=H;=y=0,

Velocity profile Temperature profile
SKn Z Jha et al. [20] Present study Jha etal. [20] Present study
0.00 0.2 0.0460 0.045975 0.7814 0.781351
0.5 0.0576 0.057580 0.4722 0.472165
0.7 0.0409 0.040942 0.2773 0.277289
0.9 0.0145 0.014528 0.0905 0.090537
0.01 0.2 0.0484 0.048440 0.7706 0.770565
0.5 0.0597 0.059712 0.4713 0.471277
0.7 0.0430 0.042984 0.2826 0.282640
0.9 0.0136 0.016294 0.1019 0.101866
0.1 0.2 0.0690 0.069037 0.6976 0.697619
0.5 0.0786 0.078550 0.4653 0.465275
0.7 0.0616 0.061591 0.3188 0.318833
0.9 0.0334 0.033442 0.1785 0.178494

Figures 2 and 3 highlight the convergence analysis of the AGM in the present study. An increase in steps (N)

of the assumed trial functions results in a more accurate solution as seen in the respective figures, validating the
method used. Figure 4 presents the comparison between the numerical results (R-K 4th order) and AGM results
for different values of the radii ratio parameter (¢) on the velocity profile. It is evident that both methods

preserve enough accuracy and efficiency in solving coupled nonlinear differential equations. Meanwhile, it is

realized that a rise in f enhanced the velocity significantly in the annular gap.
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Fig. 2. Increase in steps of the assumed trial functions on u(z) Fig. 3: Increase in steps of the assumed trial functions on §(z)

Several second-order slip models (Hsia and Domoto, Deissler, Maxwell-Burnett, Kamiadakis) proposed in
the literature were presented in Fig. 5, it is seen that a higher second-order slip model reduces the flow velocity
both at the annular gap and surfaces. On this note, it is worth mentioning that the slip parameter contributes

significantly to the flow distributions as perceived.

<

AGM(E)=0.3
Num (&= 0.9

+ Num.(&= 0.6

AGM(2)= 0.9

o Num.&F= 0.3
AGME)= 0.6

0035

0.04

u(Z) 0.034

00247

0.014

04

0%

0.8 1

Distance (Z)

Fig. 4. Comparison between R-K 4th order and AGM results for different values of Radii ratio.
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----- Hsia and Domoto (y = - 0.5) [---- P=00—-—P=30 — -P=7.0 — P=10.0]
—-— Deissler (y=-1.125) —

—— = Maxwell-Burnett model (y = - 0.145)
—— Karniadakis model (y =0.35)

0.04-

0.03-
u(Z)
0.02
0.01-
0 02 04 06 08 i 0 02 04 0’6 0’8 i
Distance (£} Distance (Z)
Fig. 5. Effects of Second-order Slip models on u(z). Fig. 6. Effect of Fluid wall interaction on u(z).

Figures 6 and 7 depict the variation of fluid wall interaction on velocity and temperature profile respectively.
A rise in P pronounced a decrease in fluid velocity and temperature respectively. While a decrease in slip
velocity and temperature near the inner surface of the outer cylinder is observed, the outer surface of the inner
cylinder gave an opposing behavior.

[ P=00—-—P=30 — -P=7.0 —— P=10.0 [ B=00—"—B=02 — B=04——B=04]

0.06
0.05
0.044

0.03

04 T T T T "‘. 0.014 T T T T T
0 0.2 0.4 0.6 0.3 1 0 02 0.4 0.6 03 1
Distance (Z) Distance (Z)
Fig. 7. Effect of Fluid wall interaction on g(z). Fig. 8. Variation of variable viscosity on u(z).

The variable viscosity (B) is varied on the velocity profile as shown in Fig. 8. Arise in B appreciates both the

fluid velocity and slip velocity at the outer surface of the inner cylinder as a result of an exponential variability
model that produces higher velocity. Figures 9 and 10 present the variations of magnetic field parameter (M)

and inclined angle («) on velocity distributions respectively. Both figures gave a declining behavior of velocity
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distribution to a higher magnitude of M and & respectively. Physically, the magnetic field exhibits a resistance
force known as Lorentz force which is capable of resisting the fluid velocity when the magnetic field is been
strengthened, and due to forces acting upon the fluid particles, & reduces the flow field. The presence of slip
gives room for the fluid to become more viscous, thus resulting in retardation in fluid velocity and reducing the
momentum distributions.

M= 3.0] |

0.12

0.10-
u(zy 008
0.064 >
D.O—l—-:‘
0.02-
0 02 04 0.6 08 1 0 02 04 06 08 1
Distance (Z) Distance (Z)
Figure 9: Influence of Magnetic field on the velocity profile. Fig. 10. Influence of Inclined angle on the velocity profile.

Figures 11 and 12 reveal the variation of buoyancy ratio (Br) and wall concentration ratio (Rc) on velocity

distribution respectively. With the presence of slip, it is noticed that Br and Rc speed up the velocity profiles
at the annular gap and surfaces.

| """ Br=00 —-— Br=0.5 — - Br=1.0 —Br=2_[}| | ----- R=00—+—Re=02? — -Rec=04 RC=0_6|
0.05
0.034
0.04
0.04 -
0.034
u(Z) u(Z) .03
0.02
0.02
0.01

0.014

0 02 04 06 0.8 1 0 02 04 06 0.8 1
Distance (Z) Distance (Z)
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Fig. 11. Variation of Buoyancy ratio on u(z) Fig. 12.Variation of Wall concentration ratio on u(z)

For Br =0, Fig. 11 shows the least velocity profile, as a result of dominance in solute buoyancy forces in
the flow distribution, thus, Br > 0, the thermal and solute buoyancy forces tend to act in the same direction,
and the flow thus assisted.

----- Kn=0.00 = = KEn=0.01 — - Kn=0.05 s K= 000 —-— Kn=001 —-Kno=0.05
— Kn=10.1

0.07+

0.06

0.034

0.04+

0 02 04 0’6 08 1 0 02 04 06 0% 1
Distance (Z) Distance (Z)
Fig. 13. Effect of Knudsen number on velocity field Fig. 14. Effect of Knudsen number on temperature field

The effect of the Knudsen number on temperature and velocity distribution is shown in Figs. 13 and 14
accordingly. From Fig.13 increase in Kn correspond to a significant rise in both the fluid velocity and the slip

velocity at the surfaces. While the effect KN depreciates the temperature gradients at the outer surface of the
inner cylinder and produces a significant increase in the fluid velocity near the inner surface of the outer
cylinder. Meanwhile, a rise in temperature jump and reduction in the rate of heat transfer at the inner surface

of the outer cylinder emanate when KN increases, as a result of a reduction in buoyancy effect (see Fig. 14).
Figures 15 and 16, present the behavior of H, on velocity and temperature distributions for both heat

absorption (H, <0) and generation (H[J > (). For both cases, a higher magnitude of H, enhances the fluid

velocity and temperature distributions respectively. Figures 17 and 18 account for the variation in magnitude
of the Chemical reaction parameter (1) which decelerates both the fluid velocity and concentration respectively.

Table 2. presents the volumetric flow analysis of heat and mass transfer in chemically reacting MHD flow

through an inclined micro-annular channel, for which the effects of various parameters Kn, M , B, @ and ¥
were shown. Interestingly, the volumetric flow rate (Q) is a decreasing function of M, B , & ,and )/, except
for KN that produces an increase in Q as the magnitude rise. While the results of the Cf, Nu,and Sh were

displayed in Tables 3-5, for various flow parameters at both surfaces. Skin friction in Table 3 reduces with a
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higher magnitude of M , B, Kn,and a at the surface Z'g and increases accordingly at the surface Tl* .In

Table 4, KN and P increases the heat transfer coefficient (Nu) both at the NUO and NUl , while, a rise in H,

increase Nu at Nu0 and decrease at NU1 . Table 5, shows that SC and A decreases Sherwood number (Sh)

at Sh0 and increase at Sh1 , while an increase is observed at both surfaces for an increase in RC.

----- HF-05—-— H=-03 — -H=-01
— H701 — H=03

----- H=-05—-— H=-03 —-H=-0.1
— H~0.1 —— H703

0.04 4

0.03 4

0.02

0.014

0 02 04 0.6 0.8
Distance (Z)

Fig. 15. Variation of Heat generation on the velocity profile
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0.024
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Fig. 17. Effect of chemical reaction on velocity profile

0.5

0 02 04 06 08 i
Distance (Z)

Fig. 16. Variation of Heat generation temperature profile.

— A=035 —-i=10 A=1.3

0 02 04 06 08 1
Distance (Z)

Fig. 18. Effect of chemical reaction on the concentration profile
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Table 2 Volumetric flow rate (Q) analysis for different values of M , B , /1 a and ]/
Kn| M Q |[B Q [« Q [A] 0o [7] qQ
0.0 1.0 0.086197 0.5 0.072081 0 0.144163 0.2 0.071660 | 0.2 | 0.072082
1.5 0.079845 1.0 0.039962 7;/6 0.124848 | 0.5 0.070433 0.5 | 0.072082
2.0 0.072081 1.5 -0.072622 ;;/3 0.072081 | 0.7 0.069642 0.7 | 0.072082

0.05 1.0 0.089457 | 0.5 0.074897 0 0.149794 | 0.2 | 0.074467 | 0.2 | 0.074897
1.5 0.082890 | 1.0 0.047522 x/6 | 0129725 | 05| 0073213 | 0.5 | 0.084827

2.0 0.074896 | 1.5 -0.065704 7r/3 0.074897 | 0.7 0.07240 0.7 | 0.851444

0.1 1.0 0.111812 0.5 0.093237 0 0.186473 | 0.2 0.092749 0.2 | 0.093237
1.5 0.103314 1.0 0.085732 7[/6 0.161491 | 0.5 0.091329 0.5 | 0.094461

2.0 0.093237 | 1.5 0.054105 z/3 | 0.093237 | 07| 0090414 |0.7| 0952127

Table 3 Skin friction coefficient (€, for different values of Kn, M , B and o

* * * * a * *
Kni M Ty 7 B Ty 7 Ty 7

0.00 1.0 0.28084 -0.10992 | 0.5 | 0.25558  -0.09408 0 0.51116 -0.18817
1.5 0.26953 -0.10276 | 1.0 | 0.19054  -0.05792 71-/6 0.44268 -0.16296

2.0 0.25558 -0.09408 | 1.5 | 0.11674 0.06096 | z/3 | 0.25558 -0.09408

0.05 1.0 0.26786 -0.10817 | 0.5 | 0.24256  -0.09240 0 0.39923 -0.17040
1.5 0.256515 -0.10102 | 1.0 | 0.18133  -0.06206 | /6 | 0.34574 -0.14757

2.0 0.242561 -0.024075 | 1.5 | 0.11456 0.03462 ”/3 0.19961 -0.08520

0.1 1.0 0.18368 -0.09156 | 0.5 | 0.16037  -0.07653 0 0.32075 -0.15307
1.5 0.1731137 -0.08416 | 1.0 | 0.119641 -0.06615 7[/6 0.277779  -0.132568

2.0 0.1603758  -0.076538 | 1.5 | 0.083395 -0.04448 7[/3 0.160376  -0.076538

Table 4 Heat transfer coefficient for different values of Kn, P , H o and QZ

Kn| P Nu, Nu, | H, Nu, Ny |¢& Nu, Nu,
0.01 | 0.00 -1.373464 -0.746407 0.1 -1.359644 -0.709506 |0.2| -1.034059 -1.021943
5.0 -1.237875 -0.678066 0.2 -1.325922 -0.722438 |0.5| -1.325922 -0.722438
10.0 -1.126046 -0.621749 0.3 -1.291667 -0.735706 [0.8| -1.018001 -0.899204
0.05 | 0.00 -1.373464 -0.746407 0.1 -1.194784 -0.626639 |0.2| -0.907769 -0.903274
5.0 -0.883611 -0.499899 0.2 -1.163974 -0.640844 |0.5| -1.163974 -0.640844
10.0 -0.645786 -0.380981 0.3 -1.132471 -0.655514 [ 0.8 | -0.898705 -0.803966
0.1 | 0.00 -1.373464 -0.746407 0.1 -1.036975 -0.547343 |0.2| -0.786710 -0.789572
5.0 -0.645786 -0.380981 0.2 -1.008606 -0.562673 |0.5| -1.008606 -0.562673
10.0 -0.411712 -0.265618 0.3 -0.979355 -0.578639 |0.8| -0.782429 -0.711301
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Table 5 Sherwood number (Sh) for different values of é:, SC , /1 and Rc

&1 Sc Sh, Sh, A Sh, Sh, Rc Sh, Sh,
02] 02 | -0.885627  -0.844625 |0.1| -0.894728  -0.842369 | 1.0 | -0.020126 0.015968
05 | -0.89109 -0.843271 |0.5| -0945228  -0.829895 | 2.0 | 1.073127  1.088891
08 | -0896545  -0.841919 |1.0| -1.007280  -0.814662 | 2.5 | 1.619754  1.625352
05| 02 | -1.161570  -0.573541 |0.1| -1.180833  -0.564199 | 1.0 | -0.040468  0.031933
05 | -1.173145  -0567925 |05| -1.286158  -0.513550 | 2.0 | 1.384988  0.777099
08 | -1.184669  -0.562342 |1.0| -1.412108  -0.453952 | 2.5 | 2097716  1.149683
08] 02 | -0903699  -0.712710 |0.2| -0.922145  -0.701995 | 1.0 | -0.036241  0.033642

0.5 -0.914782 -0.070626 |0.5| -1.023077 -0.643922 2.0 1.071138 0.953187
0.8 -0.925818 -0.699864 |1.0| -1.143951 -0.575649 2.5 1.624828 1.412959

5 Conclusion

In this study, the combined effect of second-order slip and jump in chemically reacting MHD flow through an
inclined micro-annular channel is considered, and AGM has been employed to approximate the dimensionless
governing fully developed model semi-analytically. The results are presented in tables and graphs. Below are
the main findings of the study;

i

Vi.

The velocity profile depreciates with an increase in the second-order slip, inclination angle, fluid wall
interaction, and chemical reaction parameters while the reverse is the case with a rise in viscosity,
Radii ratio, Buoyancy ratio, wall concentration ratio, Knudsen number, and heat source/sink
parameters.

The temperature is enhanced with a hike in the heat source/sink parameter and diminished for greater
values of fluid wall interaction and Knudsen number accordingly.

AGM results preserve enough accuracy and efficiency compared to the existing literature.

Increases in the chemical reaction parameter slow down the concentration profile.

Flow rate is elevated with increasing values of Knudsen number and depreciated with higher values of
the magnetic field, viscosity, inclination angle, and second-order slip parameters.

At T ,, the skin friction increases with an increase in M, B, Kn and @ , while a decrease is observed

at 7 . While Kn and P increases Nusset number at Nu, - An increase in SC and A increases

Sherwood's number ShO while the reverse is the case at Sh1 .

Abbreviations
MHD - magnetohydrodynamics ODEs - Ordinary differential equations
AGM - Akbari-Ganji's method PDEs - Partial differential equations
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Nomenclature

o -Inclination angle

B -Variable viscosity parameter
Bo -Magnetic flux density

Br -Boyancy ratio

c p -Specific heat at constant pressure
DB -Mass diffusivity

g -Acceleration due gravity

H 0 -Generation/absorption

Kn -Knudsen number

M -Magnetic field parameter

N -Degree of polynomial

Nu -Heat transfer coefficient

P -Wall fluid interaction

Pr -Prandtl number

=

N <

-Flow rate

-Concentration at the inlet

-Inner and outer cylinders radius
-Wall concentration ratio
-Schmidt number

-Sherwood number

-Fluid temperature

-Inner-outer surface temperature
-Outer-inner surface temperature

-Dimensional axial velocity

-Dimensionless radial coordinate

lBt' ﬁv

P

B

> I

*

~

NN

o
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-Temperature at the inlet
-Dimensionless parameter

-Thermal expansion coefficient
-Concentration expansion coefficient
-Second-order slip parameter

-Ratio of specific heat

-Dimensionless gap between the cylinders

-Dimensionless temperature

-Skin friction coefficient
-Thermal conductivity

-Chemical reaction parameter

-Molecular mean free path

- fluid mixture density

-Kinematic viscosity

-Radii ratio parameter

-Fluid density

-Thermal accommodation
-Tangential momentum accommodation
-Outer-inner surface concentration
-Dimensionless concentration
-Inner-outer surface concentration
-Fluid concentration

-Dimensionless axial velocity

-Dimensional radial coordinates
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