395

TECHNICAL UNIVERSITY OF CLUJ-NAPOCA

‘ ' ACTA TECHNICA NAPOCENSIS

Series: Applied Mathematics, Mechanics, and Engineering
Vol. 63, Issue IV, November, 2020

CoFe;04 NANOFLUID FLOW OVER A ROTATING AND MOVING DISK

Anupam BHANDARI

Abstract: The present model aims to investigate the unsteady flow of CoFe;04 nanofluid over a rotating and moving disk
under the influence of the magnetic field. The magnetic body force is directed normal to the disk. The similarity
transformation is employed to transform the governing equations into a set of nonlinear coupled differential equations.
In the absence of a magnetic field and vertical movement of the disk, the problem reduces into Von Karman swirling flow
problem. The nonlinear coupled differential equations in the present model are solved by the finite element method using
the element size as 0.0001. In this numerical simulation, results for radial, tangential and axial velocity distributions are
obtained for different values of physical parameters used in the model. A comparative study of different types of nanofluid
is presented in the study and compared with CoFe>04 nanofluid.
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1. INTRODUCTION

The steady flow of magnetic fluid in a
rotating system is important in the applications
of rotating machinery systems. Nowadays flow
in a rotating system might be helpful in medical
and space applications[1-3]. The flow in a
rotating system was originated from the Von
Karman swirling problem[4]. Cochran and
Benton presented the analytic solution for
swirling flow[5,6]. Ram et al. developed the
rotating disk problem for ferrohydrodynamic
flow and provided the analytic solution through
power series approximations [7].

Using the Shliomis model, the concept of
negative viscosity of magnetic fluid was
introduced[8]. Due to the importance of rotating
flow, several aspects have been presented by the
researchers available in the literature[9—11]. The
available literature shows that the viscosity of
magnetic fluid plays an important role in the
flow characteristics[12—-16].

Recently, different types of nanofluid flow
in a rotating system have been studied by
researchers[17-20]. The models for rotating
fluid can be practically used if they are solved
without sacrificing the relevant physical

phenomena. Therefore, several numerical
approaches and mathematical modeling have
been developed for nanofluid flow[21-26]. The
flow due to rotating disk is an ideal problem that
has a limited number of applications.

Therefore, researchers extended the
problem of rotating disk with time-dependent
vertical movement[27]. The unsteady flow of
nanofluid between two rotating disks has also
been investigated by researchers[28-30].

The above literature review motivates the
investigation of the unsteady flow in the
presence of a disk. In the current study, the
unsteady flow of water-based CoFexO4
nanofluid over a rotating disk is presented. It is
assumed that the disk rotates about z axis and
moves vertically upward direction.

Similarity transformation is used to obtain a
set of nonlinear coupled differential equations.
The solution of the nonlinear coupled
differential equations is obtained using the finite
element method. The finite element simulation
of the problem has been completed with the help
of COMSOL Multiphysics.

The impact of Lorentz force, vertical
movement of the disk, and rotation speed of the
disk are studied on the velocity distributions.
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The velocity distribution of CoFe>O4 nanofluid
is compared with different nanofluids.
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Figure 1: Flow configuration of nanofluid flow.

2. MATHEMATICAL FORMULATION

Figure 1 represents the flow configuration of
the nanofluid flow over a rotating disk. The disk
rotates about z axis and moves in the vertical
direction. The components of velocity
distributions are u,v,w in the directions of
1,0, z, respectively. The magnetic field is
applied normal to the surface of the disk. The
present flow is considered incompressible and
axisymmetric. Therefore, the Navier-Stokes
Equation for the present model in the cylindrical
form is as follows‘
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The boundary conditions for the rotational flow
with a vertical moving disk are as follows:

z=b(t); u=0, v=rQ(), = Adb(t)

z—>o; u=0, v=20 “4)

In the above equations, u,v,w denotes the
radial, tangential, and axial velocity
distributions in the 1,08,z directions,
respectively. p denotes the pressure, v, s denotes

the kinematic viscosity of nanofluid, ppy

denotes the density of nanofluid, o denotes the
electric conductivity, B denotes the magnetic
field, b(t) denotes the position of the disk at
time t, Q(t) denotes the angular velocity of the
disk, 4 denotes the strength of wall permeability.
Physical properties of the nanofluid can be used

as:

u
o O

¢ denotes the volume concentration of the
nanoparticle, pr denotes the density of carrier
liquid, ps; denotes the density of nanoparticles,
Uny denotes the dynamic viscosity of nanofluid,
Uy denotes dynamic viscosity of carrier liquid.
The similarity transformation for the

unsteady flow over a rotating and moving disk
are as follows
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E(m), F(n), G(m) and P(n) represent the

dimensionless radial velocity, tangential
velocity, axial velocity, and pressure
distribution.

Using Eq. (6), the governing equations of the
model can be transformed into nonlinear
coupled differential equations as:
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The dimensionless quantiles and parameters

used in the above equations are as follows:
db(t)
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In the above equations, h denotes the initial
position of the disk at ¢ =0, S denotes the
expansion parameter for the disk movement and
M denotes the magnetic interaction number.

3. NUMERICAL SOLUTION

The numerical solution of the nonlinear
coupled differential equations is obtained
through the finite element method. The
equations are highly nonlinear therefore the
normal mesh in COMSOL does not present a
valid solution. For the grid-free solution, the
element size is selected as 0.0001. Under the
solution configuration, automatic highly
Newton is selected and the maximum number of
iterations is 25. The error in the solution is of the
order 107°. If the solution is not still grid-free,
the element size can be reduced until the
accurate solution.

4.RESULTS AND DISCUSSION

Presents results show the distribution of
radial, tangential, and axial velocity
distributions for different values of physical
parameters. The present problem represents the
unsteady flow of nanofluid due to the vertical
movement of the disk. At § = 0, the present
problem reduces to an axisymmetric steady
flow. The parameter S in the present flow
measures the unsteadiness of the problem.
However, at w = 0, the present problem
represents only the vertical movement of the
disk without any rotation of the disk. This case
reduces the present flow into the two-
dimensional flow. In the absence of the
parameters S, ¢, and M the present problem
reduces to the original Von Karman swirling
flow[5,6].
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Figure 2: Radial velocity distribution for
different values of S at
©=0100M =2, w = 1.
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Figure 3: Tangential velocity distribution for
different values of S at
=0100M=2,w=1
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Figure 4: Axial velocity distribution for
different values of S at
=0100M=2,w=1

Figures 2-4 show the radial, tangential, and
axial velocity profiles for different values of S.
Higher values of S represent the deceleration of
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rotation of the disk. Therefore, the radial and
tangential velocities are reduced for higher
values of S. The similarity solution is not shown
for the negative values of S. The present results
show that the similarity solution is valid in a
local range not for all values of S. These results
indicate that unsteady flow can be measured in a
local region. Figures 5-7 represent the radial,
tangential, and axial velocity distribution for
different values of magnetic interaction
numbers. At M = 0, the velocity distributions
are shown without any influence of Lorentz
force. However, escalating the values of M
diminishes the radial, tangential, and axial
velocity distributions. These results are evidence
that the magnetic field in Navier-Stokes
equations is directed in the opposite directions of
the flow.
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Figure 5: Radial velocity distribution for
different values of M at
¢ =010,S=2,w=1.
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Figure 6: Tangential velocity distribution for
different values of M at
¢ =010,S=2,w=1.
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Figure 7: Axial velocity distribution for different
values of M at
=010, =2,w = 1.

Figures 8-10 depicts the radial, tangential and
axial velocity distributions for the different
rotation speed of the disk. In the absence of the
rotation, the three-dimensional boundary later
flow reduces into two-dimensional boundary
layer flow. Increasing the rotation speed
enhances the impact of centrifugal force. This
force creates a significant impact on the velocity
distributions.
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Figure 8: Radial velocity distribution for different
values of wat¢@ =0.10,S =2,M = 2.
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Figure 9: Tangential velocity distribution for
different values of w at¢ = 0.10,S =2,M = 2.
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Figure 10: Axial velocity distribution for
different values of w at
¢ =010,S=2,M = 2.

Figures 11-13 shows the comparison of
different nanofluids. In the present study, the
base fluid is considered as water. The carrier
liquids are mixed with CoFe,0,4, Fe,05, NiO
and Co nano-particles, and the volume
concentration of the nanoparticles are
considered as 10%. The densities of these
particles are 3594 kg/m3, 5170 kg/m3, 6670
kg/m3 and 8860 kg/m3, respectively. The
densities of the carrier liquid are taken as 1024
kg/m3. The present numerical results show that
the nanoparticles having higher density have less
radial, tangential, and axial velocities than the
particles having less density. The density of the
nanoparticles plays a significant role in the
application nanofluid in rotating machinery.
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Figure 11: Radial velocity distribution for
different nanofluids.
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Figure 12: Tangential velocity distribution for
different nanofluids.
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Figure 13: Axial velocity distribution for
different nanofluids.

5. CONCLUSIONS

The flow of CoFe,0, nanofluid over a
rotating and moving disk is studied and the
velocities of CoFe,0, are compared withFe, 05,
NiO, and Co nanofluid. The main findings of the
present investigation are as follows:

-+ Increasing values of S decelerate the rotation

of the disk.

* Lorentz force plays a significant role in
the reduction of velocity distribution
since it is directed in the opposite
direction of the flow.

* Velocities can be increased by increasing
the speed of the rotation of the disk.

* Densities of nanoparticles play a crucial
role in the velocity distributions.

e The practical use of nanofluid in the
rotating system can be optimized



through suitable types of nanoparticle
selection.

6. REFERENCES

[1] Bhandari, A., Husain, A., Optimization
of heat transfer properties on ferrofluid
flow over a stretching sheet in the
presence of static magnetic fieldstatic
magnetic field, Journal of Thermal
Analysis and Calorimetry, 1588-2926,
https://doi.org/10.1007/s10973-020-
09636-5, 2020.

[2] Bhandari, A., Effect of Magnetic Field
Dependent Viscosity on the Unsteady
Ferrofluid Flow Due to a Rotating Disk,
International  Journal of  Applied
Mechanics and Engineering, 2353-9003,
25(2), pp.22-39,2020.

[3] Bhandari, A., Pannala, RP., Optimization
of Heat Transfer Properties of Nanofluid
Flow Over a Shrinking Surface Through
Mathematical Modeling, International
Journal of Applied Mechanics and
Engineering, 2353-9003, 25(2), pp.40-
56 2020.

[4] Von Karman, T., Uber laminare und
turbulente Reibung, 7. Angew. Math.
Mech., 1521-4001, 1, pp.233-252, 1921.

[5] Cochran, W. G., The flow due to a

rotating disc, Mathematical
Proceedings of the  Cambridge
Philosophical ~ Society, 1469-8064,

30(3), pp. 365-375, 1934.

[6] Benton, E.R., Laminar boundary layer
on an impulsively started rotating
sphere, Journal of Fluid Mechanics,
1469-7645, 23(3), pp-611-623, 1965.

[7] Ram, P., Bhandari, A., Sharma, K.,
Effect of magnetic field-dependent
viscosity on revolving ferrofluid, Journal
of Magnetism and Magnetic materials,
0304-8853, 322(21), pp-3476-3480,
2010.

[8] Ram, P., Bhandari, A., Negative
viscosity effects on ferrofluid flow due to
a rotating disk, International Journal of
Applied Electromagnetics and
Mechanics, 1875-8800, 41(4), pp.467-
478, 2013.

[9] Ram, P., Bhandari, A., Flow
characteristics of revolving ferrofluid
with variable viscosity in a porous
medium in the presence of stationary
disk. Fluid Dyn. Mater. Process, 1555-
2578, 8(4), pp.437-452, 2012.

[10] Ram, P., Bhandari, A., Effect of phase
difference between highly oscillating
magnetic field and magnetization on the
unsteady ferrofluid flow due to a rotating
disk, Results in Physics, 2211-3797, 3,
pp-55-60, 2013.

[11] Bhandari, A., Kumar, V., Effect of
magnetization force on ferrofluid flow
due to a rotating disk in the presence of
an external magnetic field, The
European Physical Journal Plus, 2190-
5444, 130(4), p.62, 2015.

[12] Odenbach, S., Thurm, S.,
Magnetoviscous effects in ferrofluids.
Springer, Berlin, Heidelberg, 978-3-540-
45544-8, pp. 185-201, 2002.

[13] Bhandari, A., Study of magnetoviscous
effects on ferrofluid flow. The European
Physical ~ Journal  Plus, 2190-5444,
135(7), pp-1-14, 2020.

[14] Bhandari, A., Study of ferrofluid flow in
a rotating system through mathematical
modeling. Mathematics and Computers
in Simulation, 0378-4754 178, pp.290-
306, 2020.

[15] Bhandari, A., Water-based ferrofluid
flow and heat transfer over a stretchable
rotating disk under the influence of an
alternating magnetic field, Proceedings
of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical
Engineering Science, 2041-2983,



https://doi.org/10.1177/0954406220952
515, 2020.

[16] Bhandari, A., Mishra, P.K., Heat and
radiation absorption effects on Casson

nanofluid flow over a stretching cylinder
in the presence of chemical reaction
through mathematical modeling, Special
Topics & Reviews in Porous Media: An
International Journal, 2151-562X,
11(2), pp- 177-188, 2020.

[17] Hayat, T., Rashid, M., Imtiaz, M.,
Alsaedi, A., Magnetohydrodynamic
(MHD) flow of Cu-water nanofluid due
to a rotating disk with partial slip. AIP
Advances, 2158-3226, 5(6), p.067169,
2015.

[18] Naqvi, S.M.R.S., Kim, HM,,
Muhammad, T., Mallawi, F., Ullah,
M.Z., Numerical study for slip flow of
Reiner-Rivlin nanofluid due to a rotating
disk, International Communications in
Heat and Mass Transfer, 0735-
1933, 116, p.104643, 2020.

[19] Khan, M., Ali, W., Ahmed, J., A hybrid
approach to study the influence of Hall
current in radiative nanofluid flow over
a rotating disk, APPLIED
NANOSCIENCE, 2190-5517,
https://doi.org/10.1007/s13204-020-
01415-w, 2020 .

[20] Xu, H., Modelling unsteady mixed
convection of a nanofluid suspended
with multiple kinds of nanoparticles
between two  rotating  disks by
generalized hybrid model, International
Communications in Heat and Mass
Transfer, 0735-1933, 108, p.10427,
2019.

[21] Mahanthesh, B., Gireesha, B.J.,
Animasaun, IL., Muhammad, T.,
Shashikumar, N.S., MHD flow of
SWCNT and MWCNT nanoliquids past a
rotating stretchable disk with thermal

and exponential space dependent heat

401

source, Physica Scripta, 00318949,
94(8), p.085214, 2019.

[22] Selimefendigil, F., Ismael, M.A.,
Chamkha, A.J., Mixed convection in
superposed nanofluid and porous layers
in square enclosure with inner rotating
cylinder, International Journal of
Mechanical Sciences, 0020-7403, 124,
pp-95-108, 2017.

[23] Artoni, R., Zugliano, A., Primavera, A.,
Canu, P., Santomaso, A., Simulation of
dense granular flows: Comparison with
experiments. Chemical engineering
science, 0009-2509, 66(3), pp.548-557,
2011.

[24] Ghalambaz, M., Doostani, A.,
Izadpanahi, E., Chamkha, A.J...
Conjugate natural convection flow of
Ag-MgO/water hybrid nanofluid in a
square cavity, Journal of Thermal
Analysis and  Calorimetry, 1588-
2926, 139(3), pp-2321-2336, 2020.

[25] Alsabery, A.l, Gedik, E., Chamkha,
A.J., Hashim, 1., Effects of two-phase
nanofluid model and localized heat
source/sink on natural convection in a
square cavity with a solid circular
cylinder, Computer Methods in Applied
Mechanics and Engineering, 0045-7825
, 346, pp.952-981, 2019.

[26] Bhandari, A., Radiation and Chemical
Reaction Effects on Nanofluid Flow
Over a Stretching Sheet, Fluid Dyn.
Mater. Process., 1555-2578 15(5), pp.
557-582, 2019.

[27] Turkyilmazoglu, M., Fluid flow and
heat transfer over a rotating and
vertically moving disk, Physics of Fluids,
1089-7666, 30(6), p.063605, 2018.

[28] Saidi, M.H.,Tamim, H., Heat transfer
and pressure drop characteristics of
nanofluid in unsteady squeezing flow
between
considering the effects of thermophoresis

rotating  porous  disks



402

and Brownian motion, Advanced [30] Srinivasacharya, D.,
Powder Technology, 0921-8831, 27(2), Srinivasacharyulu, N., Odelu, O., Flow
pp-564-574, 2016. and heat transfer of couple stress fluid in

[29] Xinhui, S., Liancun, Z., Xinxin, Z., a porous channel with expanding and
Xinyi, S., Homotopy analysis method for contracting walls, International
the asymmetric laminar flow and heat Communications in heat and mass
transfer of viscous fluid between Transfer, 0735-1933 . 36(2), pp.180-
contracting  rotating  disks, Applied 185, 2009.

Mathematical Modelling, 0307-
904X, 36(4), pp.1806-1820, 2012.

CoFe204 NANOFLUID DEBIT PESTE UN DISC ROTATIV SI iN MISCARE

Rezumat: Modelul actual isi propune sa investigheze fluxul instabil de CoFe;O4 nanofluid peste un disc rotativ si in
migcare sub influenta campului magnetic. Forta magnetica a corpului este directionata normal catre disc. Transformarea
similitudinii este utilizatd pentru a transforma ecuatiile de guvernare intr-un set de ecuatii diferentiale cuplate neliniare.
In absenta unui cimp magnetic si a miscdrii verticale a discului, problema se reduce in von Karman problema fluxului
de vartej. Ecuatiile diferentiale cuplate neliniare din modelul actual sunt rezolvate prin metoda elementului finit folosind
dimensiunea elementului ca 0,0001. In aceastd simulare numericd, rezultatele pentru distribuiile de vitezd radiale,
tangentiale si axiale sunt obtinute pentru diferite valori ale parametrilor fizici utilizati in model. Un studiu comparativ
al diferitelor tipuri de nanofluid este prezentat in studiu si comparativ cu CoFe;04 nanofluid.

Keywords: Ecuatii diferentiale nanofluide, neliniare, debitinstabil, viteza, rotatie.
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