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in vessel tube, chemical and oil flow in pipelines and others. Therefore, the main
purpose of the present study is to obtain analytical solutions for unsteady flow of
Casson fluid pass through a cylinder with slip velocity effect at the boundary condition.
Dimensional governing equations are converted into dimensionless forms by using the
appropriate dimensionless variables. Dimensionless parameters are obtained through
dimensionless process such as Casson fluid parameters. Then, the dimensionless
equations of velocity with the associated initial and boundary conditions are solved by
using Laplace transform with respect to time variable and finite Hankel transform of
zero order with respect to the radial coordinate. Analytical solutions of velocity profile
are obtained. The obtained analytical result for velocity is plotted graphically by using
Maple software. Based on the obtained result, it can be observed that increasing in
Casson parameter, time and slip velocity will lead to increment in fluid velocity. Lastly,

Keywords: Newtonian fluid velocity is uniform from the boundary to the center of cylinder while
Casson fluid; slip velocity; Laplace Casson fluid velocity is decreased when approaching to the center of cylinder. The
transform; finite Hankel transform; present result is validated when the obtained analytical solution of velocity is
cylinder compared with published result and found in a good agreement.

1. Introduction

Almost everything in the world is covered with fluids even the living of nature. Newtonian fluids
are the fluids that obey the Newtonian law of viscosity. However, fluids which does not obey theory
of Newtonian fluids are known as non-Newtonian fluid and it is attracted many researchers to study
due to its wide applications by Yusof et al., [1]. Casson fluid is a unique non-Newtonian fluid due to
its plasticity behaviour. Casson fluid is defined as a shear-thinning fluid with yield stress which is to
have an infinite viscosity at zero shear rate by Ullah et al., [2]. Casson fluid flow in a cylindrical domain
had been attracted many researchers to study a long time ago since it is more related to the real-life
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applications such as blood flow in vessel, oil flow in chemicals, and others. An example of early
literature as early as 1973 which is studied Casson fluid flow through an infinite cylinder and solved
it numerically by Shul’man [3].

Laplace and Hankel transform method are among the famous tools to solve the problems in
cylindrical domain in order to obtain analytical solutions such as study had been done by Jamil et al.,
[4] to solve the problem for blood flow in cylindrical tube. Recently, researchers have been studied
analytical solutions of Casson fluid flow in cylinder by using Laplace and Hankel transform method.
The earlier studies have been done by Ali et al., [5-8] which are solved problems of Casson fluid flow
in cylinder with the different type of boundary conditions for examples are fixed boundary
conditions, constant velocity, and oscillating boundary conditions. Then, Maiti et al.,, [9-10], and
Imtiaz et al., [11] discussed exact solutions of MHD Casson fluid flow with heat transfer effect in the
cylinder with fixed boundary conditions. None of them solved the Casson fluid flow problem in
cylinder with slip velocity as a boundary condition.

Nubar [12] defined slip as a finite velocity of a fluid at a boundary or surrounded within in that
area. Most of the researchers solved slip problems which occurred on the plate. Nowadays, slip
problems in cylinder attracted researchers and scientists to have further study related with it due to
its applications used widely in the real life. Study towards the slip effects is significant since it is
strongly influenced the flow velocity [13]. Hayat et al., [14] analysed Casson fluid flow through a
vertical stretching cylinder in the region of stagnation point with slip effects and it solved by using
Homotopy Analysis. Then, the similar problem has been solved numerically by El-Aziz and Afify [15]
with the additional effects of MHD and heat transfer by using shooting method with fourth-order
Runge-Kutta. None of them solved slip velocity problem of Casson fluid flow in the cylinder by using
Laplace and Hankel transform techniques.

In order to obtain analytical solutions for the slip velocity problem at the cylinder boundary, some
researchers solved the problems by using Laplace and Hankel transform methods. For example, Jiang
et al., [16] solved Oldroyd-B fluid flow in a circular microchannel with the Navier slip velocity as a
boundary condition. Then, the problem extended by Shah et al., [17] with the additional of time
fractional derivative model. Next, Padma et al., [18-19] discussed the effects of slip velocity and
without slip velocity for the Jeffrey fluid flow. However, researchers not yet solved the problem
related with the Casson fluid model.

To sum up, the literature that had been discussed as above stated that no study has been
reported yet in investigating Casson fluid flow analysis past through cylinder with slip velocity effect.
Thus, the aim of the present work is to study on unsteady Casson fluid flow in a vertical cylinder with
the slip velocity effect at the boundary. The analytical solutions are obtained by using the Laplace
and finite Hankel transform methods. Laplace transform is one of the famous analytical techniques
to solve problems in fluid mechanics which is involved with the time dependent and finite Hankel
transform is one the best tool to solve problem which is related with the radial coordinate associated
with initial and boundary value problems. Unsteady state involves with time dependent of initial and
boundary value problems which is fitted with the proposed method to obtain exact solutions of
governing equation.

2. Problem Formulation
Consider the flow of incompressible Casson fluid in an infinite vertical cylinder of radius, ro. The
z-axis is considered along the axis of cylinder in vertical upward direction and radial coordinate r is

taken normal to it. The Casson fluid flow with slip velocity at the boundary is shown in Figure 1.
Initially at time t"=0, the fluid and cylinder are both at rest. Then, at the time t" > 0, the fluid begins
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to flow due to the slip velocity, us is applied at the boundary of the cylinder and fluid has uniform
flow velocity on the axis. Assume that the velocity are the function or r and t only. Then, under the
usual Boussinesq’s approximation, the corresponding partial differential equation for momentum is
given as [10]

(i) (B2 .

with the associated initial and boundary conditions [18]

u'(r’,0) =0 ;relor], (2)
u(r,,t) =u ;t">0. (3)

where u” is the velocity component along z-axis, u is the dynamic viscosity of fluid, 8 is the non-
Newtonian Casson parameter, p is the density of fluid, vis the kinematic viscosity of fluid. Introducing
the following dimensionless variables [18-20]
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and substitute Eq. (3) into Eq. (1) - (3), obtained dimensionless partial differential equations as
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Fig. 1. Physical geometry of
the fluid flow
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1
where _ 1 and 5, =1+Z are the constant parameters.
0

3. Problem Solution

The joint Laplace and Hankel transforms have been used to find analytical solutions of the Eq. (5).
Apply Laplace transform into Eq. (5) and Eq. (7), and by using the initial condition (6), yields

(8)

s =ﬂ1[8 e S)},

U(]-! S) :u_Ss’ (9)

where U(r,s) is the Laplace transform of the function u(r,t) and s is the transform variable. Then,
apply finite Hankel transform of zero order to Eq. (8) and by using condition (9), give

™ s s+rp2p1

1

where a, (r,,s) :J'ru(r,s)JO(rrn)dr is the finite Hankel transform of the function U(r,s) and ry,
0

with n=0,1,... are the positive roots of the equation J,(x) =0, where Jo is being the Bessel function

of first kind and zero order. Next, the inverse Laplace transform of Eq. (10) is

Uy (rn» t) = ]17(,:1) Us — Niln) Ug exp(_rnzﬁlt)- (11)

™

Lastly, the inverse Hankel transform is applied to Eq. (11) and written as

Jo(rry)

TnJ1("n)

u(r,t) = us — 2Us Xy=q exp(— 1,2 fit). (12)

3. Result and Discussion

The flow information is obtained from numerical result by using a Maple code for the analytical
solution Eqg. (12). In order to verify the accuracy of the present result Eq. (12), the limiting case of the
present result is compared with the published result [20]. This comparison is shown in Figure 2. It is
found that limiting result Eq. (12) is identical to Eq. (29) obtained by Khan et al., [20]. This confirmed
the accuracy of the obtained result.
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Fluid ¥elacity, uir,t)

| Presentresult(12) <  Published result [20]]
Fig. 2. Comparison of the present result Eq.
(12) when 8 — o, us=1.0 with the published
result when Gr =w= 0 [20]

The impact of various fluid parameters on the fluid velocity u(r,t) versus radial coordinate r has
been discussed graphically in Figure 3 to Figure 6. The following parametric values for numerical
computation have been estimated based on the physical values provided in Padma et al., [18-19] as
follows: us=1.0, t=1.0. However, to characterize the results of present study, wide spectrum values of
parameters had been used as 6=0.1,1.0,3.0; t=0.1,2.0,4.0; us=0.1,0.2,0.3. Meanwhile, 8=0.1 is chosen
to show the effect of its viscosity.

The influence of Casson parameter 8 on velocity profile is exhibited in Figure 3. From the
observation, fluid velocity increases as Casson parameter increases. It is due to the fact that when
Casson parameter increases it will cause yield stress to fall and the boundary layer thickness
decreases which is resulting in the enhancement of the velocity.
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Fig. 3. Velocity profiles for different values of

Casson parameters with t=1.0, us=0.1
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Figure 4 displays the velocity profiles with the time changes. It is found that fluid velocity is
increased when the value of time t is increased. Besides, it can be observed that fluid velocity at the
boundary and approaching to the center of cylinder will be same as time t is increased. It is due to
the slip velocity is applied at the boundary of cylinder which results in increasing fluid particle
movement when time is increasing and lead to increase of fluid velocity. Consequently, fluid velocity
will achieve uniform velocity in the cylinder as time t is increased.
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Fig. 4. Velocity profiles for different values of
time with 6=0.1, us=0.1

The diagram of Figure 5 is plotted in order to discuss the influence of slip velocity at the boundary
on fluid velocity. The trend of the graph shows the different of fluid velocity is occurred from the
cylinder wall surface to the center of cylinder. Fluid velocity at the cylinder surface is equal to the
applied slip velocity at the boundary. Meanwhile, fluid velocity is decreased as approaching to the
center of cylinder. It is due to the boundary layer thickness of Casson fluid since Casson parameter
6=0.1is chosen in this graph. In the other word, fluid velocity will decrease as it is approaching to the
center due to the boundary layer thickness of Casson fluid is larger.
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Fig. 5. Velocity profiles for different values
of slip velocity with 6=0.1, t=1.0
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Figure 6 illustrates the effect of slip velocity at the boundary on the fluid velocity between Casson
fluid and Newtonian fluid. When 8-> 00, the yield stress of Casson parameter will approach to zero
and the flow will behave as a Newtonian fluid while when 6->0, the non-Newtonian characteristics
become more effective. It can be observed that fluid velocity of Newtonian fluid is uniform from the
boundary to the center of cylinder meanwhile fluid velocity of Casson fluid decreases as it is
approaching to the center of cylinder. The reason is the velocity boundary layer thickness for Casson
fluid is larger than those for Newtonian fluid due to Casson fluid unique behavior which is its plasticity
behaviour.
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Fig. 6. Velocity profiles of Newtonian fluid (6=o0)
and Casson fluid (6=0.1) with us=0.1, t=1.0

5. Conclusion

The problem of unsteady Casson fluid flow through a vertical cylinder with the slip velocity effect
at the boundary is studied. The Laplace and finite Hankel transform methods had been used to attain
analytical solutions for this problem. Finally, the solutions are satisfactory with related initial and
boundary conditions. The obtained solutions are discussed graphically with the effects of Casson
parameter 8, time parameter t, and slip velocity parameter us. The velocity profiles increase when t,
8, and us increase. Besides that, the fluid velocity for Newtonian fluid is uniform from the boundary
to the center of cylinder while Casson fluid velocity is decreased when approaching to the center of
cylinder.

Acknowledgement

The authors would like to acknowledge the Ministry of Higher Education Malaysia and Research
Management Centre-UTM, University Technology Malaysia (UTM) for financial support through vote
numbers 17J98, FRGS/1/2019/STG06/UTM/02/22 and 08G33.

References

[1]  Yusof, Nur Syamila, Siti Khuzaimah Soid, Mohd Rijal lllias, Ahmad Sukri Abd Aziz, and Nor Ain Azeany Mohd Nasir.
"Radiative Boundary Layer Flow of Casson Fluid Over an Exponentially Permeable Slippery Riga Plate with Viscous
Dissipation." Journal of Advanced Research in Applied Sciences and Engineering Technology 21, no. 1 (2020): 41-51.
https://doi.org/10.37934/araset.21.1.4151

74


https://doi.org/10.37934/araset.21.1.4151

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 87, Issue 1 (2021) 68-75

(2]

3]
(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

[19]

[20]

Ullah, Imran, llyas Khan, and Sharidan Shafie. "Soret and Dufour effects on unsteady mixed convection slip flow of
Casson fluid over a nonlinearly stretching sheet with convective boundary condition." Scientific Reports 7, no. 1
(2017): 1-19. https://doi.org/10.1038/s41598-017-01205-5

Shul'Man, Z. P. "Calculation of a laminar axial flow of a nonlinear viscoplastic medium in an annular channel."
Journal of Engineering Physics 19, no. 4 (1970): 1283-1289. https://doi.org/10.1007/BF00832670

Jamil, Dzuliana Fatin, Salah Uddin, M. Ghazali Kamardan, and Rozaini Roslan. "The Effects of Magnetic Blood Flow
in an Inclined Cylindrical Tube Using Caputo-Fabrizio Fractional Derivatives." CFD Letters 12, no. 1 (2020): 111-122.
Ali, Farhad, Nadeem Ahmad Sheikh, Ilyas Khan, and Muhammad Sagib. "Magnetic field effect on blood flow of
Casson fluid in axisymmetric cylindrical tube: A fractional model." Journal of Magnetism and Magnetic Materials
423 (2017): 327-336. https://doi.org/10.1016/j.immm.2016.09.125

Ali, Farhad, Anees Imtiaz, llyas Khan, and Nadeem Ahmad Sheikh. "Flow of magnetic particles in blood with
isothermal heating: A fractional model for two-phase flow." Journal of Magnetism and Magnetic Materials 456
(2018): 413-422. https://doi.org/10.1016/j.jmmm.2018.02.063

Ali, Farhad, Anees Imtiaz, llyas Khan, Nadeem Ahmad Sheikh, and Dennis Ling Chuan Ching. "Hemodynamic flow in
a vertical cylinder with heat transfer: two-phase Caputo Fabrizio fractional model." Journal of Magnetics 23, no. 2
(2018): 179-191. https://doi.org/10.4283/JMAG.2018.23.2.179

Ali, Farhad, Nabeel Khan, Anees Imtiaz, Ilyas Khan, and Nadeem Ahmad Sheikh. "The impact of
magnetohydrodynamics and heat transfer on the unsteady flow of Casson fluid in an oscillating cylinder via integral
transform: A Caputo-Fabrizio fractional model." Pramana 93, no. 3 (2019): 1-12. https://doi.org/10.1007/s12043-
019-1805-4

Maiti, S., S. Shaw, and G. C. Shit. "Caputo-Fabrizio fractional order model on MHD blood flow with heat and mass
transfer through a porous vessel in the presence of thermal radiation." Physica A: Statistical Mechanics and its
Applications 540 (2020): 123149. https://doi.org/10.1016/j.physa.2019.123149

Maiti, Subrata, Sachin Shaw, and G. C. Shit. "Fractional order model for thermochemical flow of blood with Dufour
and Soret effects under magnetic and vibration environment." Colloids and Surfaces B: Biointerfaces 197 (2021):
111395. https://doi.org/10.1016/j.colsurfb.2020.111395

Imtiaz, Anees, Oi-Mean Foong, Aamina Aamina, Nabeel Khan, Farhad Ali, and llyas Khan. "Generalized Model of
Blood Flow in a Vertical Tube with Suspension of Gold Nanomaterials: Applications in the Cancer Therapy."
Computers Materials & Continua 65, no. 1 (2020): 171-192. https://doi.org/10.32604/cmc.2020.011397

Nubar, Yves. "Blood flow, slip, and viscometry." Biophysical Journal 11, no. 3 (1971): 252-264.
https://doi.org/10.1016/S0006-3495(71)86212-4

Abd Rahman, Nor Hathirah, Norfifah Bachok, and Haliza Rosali. "Boundary-Layer Flow and Heat Transfer of Blasius
and Sakiadis Problems in Nanofluids with Partial Slip and Thermal Convection." CFD Letters 11, no. 12 (2019): 53-
65.

Hayat, Tasawar, Muhammad Farooq, and A. Alsaedi. "Thermally stratified stagnation point flow of Casson fluid with
slip conditions." International Journal of Numerical Methods for Heat & Fluid Flow 25, no. 4 (2015): 724-748.
https://doi.org/10.1108/HFF-05-2014-0145

El-Aziz, Abd, and Ahmed A. Afify. "Influences of slip velocity and induced magnetic field on MHD stagnation-point
flow and heat transfer of Casson fluid over a stretching sheet." Mathematical Problems in Engineering 2018 (2018).
https://doi.org/10.1155/2018/9402836

Jiang, Yuting, Haitao Qi, Huanying Xu, and Xiaoyun Jiang. "Transient electroosmotic slip flow of fractional Oldroyd-
B fluids." Microfluidics and Nanofluidics 21, no. 1 (2017): 7. https://doi.org/10.1007/s10404-016-1843-x

Shah, Nehad Ali, Xiaoping Wang, Haitao Qi, Shaowei Wang, and Ahmad Hajizadeh. "Transient electro-osmotic slip
flow of an oldroyd-B fluid with time-fractional Caputo-Fabrizio derivative." Journal of Applied and Computational
Mechanics 5, no. 4 (2019): 779-790.

Padma, R., R. Tamil Selvi, and R. Ponalagusamy. "Effects of slip and magnetic field on the pulsatile flow of a Jeffrey
fluid with magnetic nanoparticles in a stenosed artery." The European Physical Journal Plus 134, no. 5 (2019): 221.
https://doi.org/10.1140/epijp/i2019-12538-9

Padma, R., R. Ponalagusamy, and R. Tamil Selvi. "Mathematical modeling of electro hydrodynamic non-Newtonian
fluid flow through tapered arterial stenosis with periodic body acceleration and applied magnetic field." Applied
Mathematics and Computation 362 (2019): 124453. https://doi.org/10.1016/j.amc.2019.05.024

Khan, Ilyas, Nehad Ali Shah, Asifa Tassaddiq, Norzieha Mustapha, and Seripah Awang Kechil. "Natural convection
heat transfer in an oscillating vertical cylinder." PloS ONE 13, no. 1 (2018): e0188656.
https://doi.org/10.1371/journal.pone.0188656

75


https://doi.org/10.1038/s41598-017-01205-5
https://doi.org/10.1007/BF00832670
https://doi.org/10.1016/j.jmmm.2016.09.125
https://doi.org/10.1016/j.jmmm.2018.02.063
https://doi.org/10.4283/JMAG.2018.23.2.179
https://doi.org/10.1007/s12043-019-1805-4
https://doi.org/10.1007/s12043-019-1805-4
https://doi.org/10.1016/j.physa.2019.123149
https://doi.org/10.1016/j.colsurfb.2020.111395
https://doi.org/10.32604/cmc.2020.011397
https://doi.org/10.1016/S0006-3495(71)86212-4
https://doi.org/10.1108/HFF-05-2014-0145
https://doi.org/10.1155/2018/9402836
https://doi.org/10.1007/s10404-016-1843-x
https://doi.org/10.1140/epjp/i2019-12538-9
https://doi.org/10.1016/j.amc.2019.05.024
https://doi.org/10.1371/journal.pone.0188656

