IJMVE

Int. J. of Applied Mechanics and Engineering, 2024, vol.29, No.1, pp.1-18
DOI: 10.59441/ijame/181643

CONJUGATE MIXED CONVECTION OF A MICROPOLAR FLUID OVER
A VERTICAL HOLLOW CIRCULAR CYLINDER

Alliche Sid Ahmed, Bennia Ayoub and Bouaziz Amina Manal
Mechanical Engineering, University of Medea, ALGERIA

Bouaziz Mohamed Najib"
Mechanical Engineering, Biomaterials and Transport Phenomena, ALGERIA
E-mail: mn_bouaziz@email.com

This work conducts a numerical examination into the influence of a magnetic field and viscosity dissipation on
the movement of a micropolar fluid over the surface of a vertical, hollow circular cylinder via conjugate mixed
convection. In this investigation, we obtained a numerical solution for a non-linear differential equations-based
modeling system by employing MATLAB and the bvp4c solver, which operates on a two-equation model. We
show graphically how micropolar materials, conjugate heat transfer, viscous energy dissipation, buoyancy factors
and magnetic field affect the temperature at the interface, local skin friction and heat transfer. By contrasting the
acquired results with those found in the published research, which exhibit a high degree of concordance, the validity
of the methodology is proven. The findings indicate that the escalation of the Eckert number correlates with an
increase in both interfacial temperature and skin friction, accompanied by a reduction in local heat transfer.
Furthermore, elevated magnetic and buoyancy values amplify both skin friction and thermal transfer, contributing
to a decrease in dimensionless interfacial temperature distributions.

Key words: micropolar fluid, conjugate heat transfer parameter, viscous dissipation, magnetic field, buoyancy
effect, vertical hollow circular cylinder.

1. Introduction

The topic of conjugate heat transfer involves a comprehensive study of heat transfer during a solid
surface and fluid flow. Heat exchangers, nuclear reactors and cooling systems are merely a few of the numerous
possible applications where this phenomenon finds use in engineering and science [1]. As of now, micropolar
fluids in real-world scenarios have largely been in the research and development phase, and practical
applications are still under exploration (nuclear reactor cooling, lubrification...). Conjugate heat transfer over
vertical cylinders is complex and should considered due to the presence of interacting fluids and the level of
convection, but understanding it can help optimize designs, increase energy efficiency, and guarantee safe,
effective operations across a variety of industries. Jilani et al. [1] conducted a numerical investigation using a
finite-difference scheme to study heat transfer via combined forced convection as well as conduction on a
vertically oriented cylinder with internal heat generation. Rani and Reddy [2] conducted a numerical study of
combined effects of heat transfer and heat generation amid unsteady natural convection boundary layer
movement around a vertically elongated, cylindrical shape with a hollow center. The study involves deriving
and solving a set of non-dimensional governing equations using computational fluid dynamics (CFD)
techniques. The findings indicate that as the parameters related to conjugate conduction or heat generation rise,
the time needed for the system to reach a stable condition similarly increases. This observation highlights the
significant influence of heat transfer and heat generation under the condition of a constant inner surface
temperature. In their study, Kaya [3] examined the impact of wall conduction and a perpendicular uniform
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magnetic field on steady heat transfer in a vertical, thin hollow cylinder, taking into account both convection
and magnetohydrodynamics.

Interest in investigating the behavior of complex fluids with microstructural effects has increased in
the past several years in the field of fluid dynamics. Micropolar fluids are a fascinating type of fluid because,
in addition to their usual translational motion, they also display micro-rotational motions. Micropolar fluids
are complicated fluids that are made up of stiff or random-orientation (spherical) particles floating in a viscous
medium. The model doesn't take into account the deformation of these fluid particles [4]. The study of complex
fluids, including liquid crystals, polymer solutions, and biological fluids, can benefit from micropolar fluid
models because they provide a more nuanced description of the fluids' behavior than traditional Newtonian
fluids. It was Eringen who originally came up with the idea of micropolar fluids [5, 6]. Micropolar fluid has
applications, in engineering systems such as electronic component cooling, thermal energy storage and heat
exchangers. Recently Ariman et al. Conducted an in-depth review on the uses of fluids in engineering and
technology [7, 8]. In another study by Gorla and Takhar [9] the impact of curvature on the fluid flow in a laminar
free convective boundary layer was investigated. Specifically, they examined how micropolar fluids behave inside
a cylinder taking into account the rotational properties of particles within the fluid. The findings suggest that
compared to fluids micropolar fluids exhibit reduced drag and slower surface heat transfer. The study also explored
conditions, like isothermal wall conditions and constant surface heat flow circumstances. The findings indicate that
there is a positive correlation between transverse curvature and heat transfer rate. Additionally, micropolar fluids
exhibit a decrease in both drag and heat transfer surface rates in comparison to Newtonian fluids.

Gorla [10] conducted a numerical study on a micropolar fluid's mixed convection flow around a
vertically translating cylinder. His research demonstrated that increasing the buoyancy force and surface
transverse curvature leads to an escalation in shear stress on the wall and the rate of surface heat transfer.

Chang [11] studied how a micropolar fluid flowed vertically up a narrow hollow circular cylinder
while being subjected to forced convection. The study included taking into account the implications of wall
conduction and buoyancy. The influence of wall conduction on the heat and flow fields is more prominent in
systems with stronger buoyancy effects, or higher Prandtl numbers. In contrast, it is less responsive in systems
with a larger micropolar material parameter. Furthermore, a comparison was conducted with Newtonian fluid.
The current micropolar fluid exhibited a rise in the temperature at the interface, a reduction in the skin friction,
and a decline in the rate of heat transfer.

In their study [12], Siddiga et al. looked at how conjugate free convection behaved on a flat, limited-
vertical surface Immersed in a micropolar fluid and exposed to strong thermal radiation. They found that the
shear stress and couple stress coefficients were reduced by 49.29% and 85.25%, respectively, while the heat
transfer rate increased by about /36% as a result of an increase in the micro-inertia density parameter.

A fascinating area of research is looking into how magnetic fields and micropolar fluid flow over a
vertical cylinder can be used in heat exchangers, chemical processing, and microfluidic devices to make them
work better and more efficiently. In their study, Bhargava and Rana [13] investigate the numerical modeling
of 2D stable boundary layer equations in the context of mixed convective flow of a micropolar fluid along a
vertically moving, slender, hollow circular cylinder, with due consideration to the effects of suction and
variable electric conductivity. For the purpose of resolving the governing differential equations, the finite
element approach is utilized. Their findings reveal that increased fluid injection leads to higher temperatures,
and wall shear stress exhibits direct proportionality to the magnetic field parameter.

Reddy ef al. [14]. conducted a study in which they employed numerical analysis to investigate the
behavior of a square heated cylinder placed within a filled square enclosure with laminar micropolar fluid
subject to the MHD effect. The study explored various dimensionless parameters, including the Rayleigh and
Hartmann numbers (/03 < Ra <106, 0 <Ha < 50). The results revealed that a rise in the magnetic field caused
the boundary thermal layer to disappear, when the vortex viscosity parameter simultaneously enhanced both
the heat transfer rate. Saidoune et al. [15] conducted a numerical analysis to investigate the impact of chemical
reactions and heat generation on the transfer of mass and heat in a laminar mixed convective flow along a thin
vertical hollow cylinder, incorporating magnetohydrodynamics (MHD). Their numerical analyses within the
specified parameter ranges consistently revealed that employing strong conjugate heat transfer had an adverse
impact on both the Sherwood and Nusselt numbers. Similar adverse trends were observed in the behavior of
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the skin friction factor. Alwawi et al. [16] investigate numerically the impact of magnetism on micropolar
nanofluid in a horizontal circular cylinder under a consistent wall temperature. Two different metal oxide
nanoparticles and nanoparticles of nonmetals are submerged in two distinct base fluids: CMC-water and fuel
oil. The findings indicate that increasing the value of the mixed convection parameter leads to an increment in
skin friction, velocity, and Nusselt number.

However, there are a number of contexts where a thorough understanding of heat generation and
dissipation necessitates research into viscous dissipation in micropolar fluids. Heat transfer in cooling systems,
polymer processing, and lubrication systems are just a few examples of where these systems might be put to
use. When processing polymers, viscous energy dissipation is pivotal as an internal energy source that produces
heat. As a result, the solidification process is prolonged, taking more time than necessary [17].

Kaya and Aydin [18] looked at how Joule heating and viscous energy dissipation affect the interaction
between mixed convection and conduction along a vertical, hollow, thin cylinder. Anantha Kumar et al. [19]
presented a numerical investigation of the nonlinear flow with convection of a micropolar fluid that conducts
electricity over a thin, stretched surface. Joule heating, Viscous energy dissipation, non-uniform heat sources
and sinks, thermal conductivity that varies with temperature, and thermal radiation are all factors in the study.
Heat transfer is analyzed using a variant of Fourier's law. Lund et al. [20] presented a numerical investigation
of the MHD flow of a micropolar fluid across a contracting surface. Kataria et al. [21] conducted a
comprehensive analysis of the heat transmission properties and micropolar fluid flow across a stretching
surface. This research explores the interaction between convective boundary conditions, viscous energy
dissipation and thermal radiation.

The movement of a micropolar hydromagnetic fluid across a permeable membrane, which was
undergoing either stretching or contracting, was investigated by Waini et al. [22]. The researchers examined
the impacts of interaction between heat radiation, convective boundary conditions, and viscous energy
dissipation using a sheet containing Al,O3 and Copper nanoparticles.

Existing literature indicates only a little amount of study has been devoted to the topic of how
magnetohydrodynamics and viscous energy dissipation affect micropolar fluids flow around a vertical, thin,
hollow circular cylinder. This research looks into how a magnetic field and viscous dissipation affect the flow
of a micropolar fluid in conjugate mixed convection around a vertical, hollow, slender circular cylinder.
Numerical solutions are found using MATLAB and the bvp4c solver once the equations that govern are
converted into local non-similarity equations.

2. Problem description

A two-dimensional analysis of combined convection flow of a micropolar fluid along a vertical
cylindrical hollow structure cylinder with dimensions L and an outer radius r, (L>>r,) is illustrated in Figure

1. For this issue, we orient the x -axis vertically and the r -axis perpendicular to the cylinder. 7., and U,

represent the temperature and velocity of the micropolar fluid at some point far out of the cylinder. A constant
temperature of 7j, is applied to the inner surface of the cylinder, where 7}, is greater than T, (7T, > T., ). With

the exclusion of density variation within the buoyancy factor, all fluid parameters are assumed to be constant.
The buoyancy force created by a temperature gradient among the cylinder's surface and the surrounding
micropolar fluid drives the flow upwards. A homogeneous magnetic field with strength B, is exerted

perpendicular to the cylinder. The resulting magnetic field is disregarded because the assumed magnetic
Reynolds number is extremely low.

The governing equations, considering the aforementioned assumptions and employing a combination
of boundary layer approximations and Boussinesq, can be denoted below [23].



4 Conjugate mixed convection of a micropolar fluid over a vertical...

Y
1 - T.(x)
S
B
_o, g
ﬁ u
—_—

v

L 4

Micropolar fluid

AMAAMVAYVVAVANV VAN AN
o
AAMAAVA AL VAN

.

T

[

Ucle

;l B

Fig.1. Displays the geometry being examined together with the coordinate and physical system.
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Angular momentum:
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Energy:
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In the equations above, the velocity components in the x and r dimensions are represented by the symbols u
and v, respectively.
In addition, «, j and y discuss the fluid's microinertia density, spin-gradient viscosity, and vortex

viscosity. 7 represent the fluid's temperature, B, stand for the magnetic flux density, N represent the

direction of microrotation in the (x - r) plane, and G represent the fluid's electrical conductivity.

Equation (2.4) gives an energy equation that includes the effects of the Joule heating and viscous energy
dissipation factor.
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Conditions at those edges are:

r=ryu=v=0, N:—ég—u, T=T,(x), (2.5.a)

w
7

r—ooiu=U N=0, T=T,, (2.5.b)

where the index w represents the wall and the index oo represents the edge of boundary layer.

The purpose of this research is to make educated guesses about how hot the cylinder's exterior will
get. To accomplish this, an extra governing equation is necessary, assuming a consistent transfer of heat from
the cylinder's wall to the surrounding micropolar fluid flow. In the heat conduction equation for the cylinder,
the component representing axial conduction may be ignored due to the significant difference between the
outer radius 7, and the length L of the cylinder. As a result of this, Chang [11] has presented the equations

that demonstrate the physical fluctuations of temperature within the cylinder.

ii rai =0, 0<x<L, r,<r<p,. (2.6)
ror\_ or

The following boundary conditions that pertain to the cylinder wall:

At r=nT, =T, (2.7.2)

T o7 (x,
At the interface r =1, :T, =T (x,1), — Saa—S:—Kf y (2.7.b)
r ' r

Both the cylinder and the fluid have a certain thermal conductivity, denoted by K and K. The continuity

of temperature and heat fluxes across the solid-fluid contact is established by the boundary conditions specified
in Equation (2.7b). The interface temperature distribution, denoted as 7, is subsequently calculated using

Equations (2.6) and (2.7b).

T, (x)=T(x.n)=r—L ln(r—ojM+To. 2.8)

or

To facilitate the resolution of the system of Eqgs (2.1)-(2.4), the subsequent dimensionless variables are
established:

] 22
gzi’ n=— Refc/z r—-n , Q=1 V Rei/ZF(i,n),
7 2x 7
(2.9)
rUZ T-T
N=""=Re?G(EM), 6= =
. (&) T T

where Re, is the local Reynolds number;

Re . =U_x/v. (2.10)
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By including the stream function ¢, the conservation equation is satisfied.

y=l00 _ 199 @.11)
ror r ox

By incorporating these supplementary variables, it is possible to represent the velocity components as follows:

JU.
u=U_F’, v:ﬂL[in F'—iF—éaFj (2.12)
rooWx

2 20 Coe

The following set of ordinary differential equations is obtained by substituting equation (2.9) into equations
(2.2) through (2.4).

(1 +A)(1+61‘|)F”’+(1+A)GF”+§FF”+ AG +RiEO—-MnE(F'-1)=

’ (2.13)
= g(F’ai —F”a—Fj,
ok o

1

k(1+0n)G”+§FG’+§F’G—%02G——( ° )FG+1[ ©

1+om

4\ 1+on 4

O ¥, 96 o |
I+on) dg = g o€

jnF'G+
(2.14)

_%GZ (1+c5n)F"=Z{é[

L1+ 0n) 0"+ 06 +LF6 + Ec(1+0n)(F") +MnECF (F'~1)=
Pr Pr 2 (2.15)

= ;{F’@_G’B_F
3

where the prime symbol denoting differentiation with respect to m,
A=x/pv, B=rllj, A=7/ (jpv)., 0=2\/g/\/Re, Re=U_1nl v,

3 * 2 2
T, -T.
_ 8B (,-T..) V=S Bit Vg Us

Ri= Gr/ RS, Gr L , S
v p U, o Cp(T)- T.)

These are the new boundary conditions:

Atn=0:F(5,0)=0, F(§,0)=—2gaa_§ . Glen)-—Lr.
n=0

1
0(&.0)—1=pE& 26'(£0). (2.16.2)
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At oo F(§,00)=1, G(&)=0, B(&)=0, (2.16.b)

K
where p = ?fh{”_oj Re'? .

hi

S
The dimensionless distribution of temperature at the interface, the skin friction coefficient, and Nusselt number

are the fundamental quantities of physical significance, and they are stated as follows:

T, T
0, =0(E,0)="—= 2.17
w=0(&.0) T T (2.17)
C;=2t,/pU., Nu,=xq,/K (T)-T.), (2.18)

where the surface heat flux ¢,, and wall shear stress 1,, are expressed as:

TW:{(pWK)@_’:}m} , qwz—Kf[gJ . (2.19)
r=r r=n

=0

Equation (2.19) is obtained by substituting similarity transformations with Eq.(2.18).
A ” — ’
CrRe)” =2(1+7jF (€,0), Nu,Re;"? =—0'(&,0). (2.20)
2.1. Model for local similarities

For the first truncation or local similarity solution, &a—g terms in the governing Eqs (2.13), (2.14),

and (2.15) are ignored on the assumption that they are minor. This is truer than ever when & < I . Disregarding

these terms yields the collection of equations of ordinary differential type along with their corresponding
boundary conditions (2.16.a) and (2.16.b).

(I+A)(I+cn)F"’+(1+A)0F"+§FF”+AG’+Ric’;G—Mné(F'—I):O, (2.21)
7L(1+(5n)G”+iFG'+iF'G—A—BGZG—i[ ° JFG+
2 2 2 4\ 1+on
(2.22)

] (¢ ’ AB 2 ”
+-— FG—-———0" (I+0on)F" =0,

4[1+(mjn 4 ( n)

1 s 1, 1, "2 ,
P—(I+<5n)e +P—06 +3Fe +Ec(1+0on)(F") + MnEcCF'(F'-1)=0, (2.23)
r r

with the boundary conditions:
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AtN=0:F(£.0)=0, F(&.,0)=0, G(&,O)—éF”

1
0(5.0)—1=p& 26'(5,0). (2.24.2)

At oo 1 F/(E,00)=1, G(&0)=0, 0(&)=0. (2.24.b)
2.2. Models with local non-similarity

By defining the variables H =0F /d&, K =0G /d§ and L = d0/0E and differentiating the Eqs
(2.13)-(2.15) with respect to § and ignoring the terms dH /9, dK /9 and dL/dE , the governing equations
for the two-equation models with local non-similarities can be written as follows:

(1+A)(1+0n)H”'+(1+A)(\/ET\]/R_eF"'J (1+A) (H\/_ TFJ

+§(HF”+FH")+AK’+Ri(6+§L)—Mn(F’+§H’)+Mn = (2.25)

=(F'H'—F"H)+§KH'H'+F’8HVJ (HH+F"8HH
€ PR

7»(1+0n)1<”+7»[ J ](HG +FK')+ ;(H'G+F'K)—ABRi(G+E_,K)—

N

FG+H|—2—|c+kx|—C—|F |+
1+on 1+on

1
" (\/@\/E) I+on)

1

1
4" {(JR—e@)(ch)?

F’G+H’[ ° jG+K( ° JF' 4 (2.26)
1+0on 1+0n

_ABN i é Fre(1von)en |=| L - |cu+ Fx -Gt |+
Re 2\ I+om
] G 4 ’

+E| = 5 GH+K( JH +HK-K'H |,
2 ]+Gr|) I+on

Pr
(1+on)L IF \/_( \fe \/_LJ+7(H9+FL)

+PrEcHﬁ(F”)z}+2((1+on)F”H”)}+ (2.27)

+Pr Mn Ec[((F')2 +2(eFH'))~(F'+ &H’)J =Pr[(FL-O'H)+§(HL-L'H)].
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The boundary conditions now become

, 1,
L g—ﬁe
g

Atn=0:H'(¢,0)=0, H(E.0)=0, K(&,O)z—éH”, L(E.0)-p ~0. (2.28)

At Moo H (&,00)=0, K(&,00)=0, L(&)=0. (2.29)

3. Validation and numerical solution

Using MATLAB and the bvp4c solver, we numerically solve equations that govern (2.25)-(2.27) and
the boundary conditions (2.28)-(2.29). Shampine et al. [24] provide a thorough description of the procedure

for solving the problem. The coefficient of skin-friction F"(§,0) and the Nusselt number —6'(&,0) are
compared to the prior work of Chen and Mucoglu [25] to test the numerical technique accuracy. The values in
Tab.1 are sufficiently similar to prove that the derived equations and the code are both correct.

Table 1. illustrates a comparison between heat transfer and skin friction values found in previously published
literature [25] for the following conditions: Pr=0.7, Ri=0, Mn=0, Ec=0, p=0 and A=B=A=0.

Table 1. Comparison between heat transfer and skin friction values.

4( we )2 | Chenand Mucoglu [25] Present results

fo U°" ” ’ ” ’
0.0 1.3282 0.5854 1.3285 0.5855
1.0 1.9172 0.8669 1.9172 0.8669
2.0 2.3981 1.0968 2.3981 1.0968
3.0 2.8270 1.3021 2.8271 1.3025
4.0 3.2235 1.4921 3.2241 1.4935

4. Discussion and results

This study visually analyzes the results of the combined convection flow conjugate of a micropolar fluid
with conjugate effects over a vertical thin hollow cylinder. The analysis takes into account the impact of a viscous

energy dissipation and magnetic field. (Figs 2-6). Parameters used included: A =35.0, B=1xI 0°, Re=250,
A=0.0-12.0, Pr=10.0, Ri=0.0-20.0, Mn=0.0-2.0, P=0.0—0.3 and Ec=0.0—0.03 (Positive values of

Ec indicate a scenario of wall heating, where heat is conveyed from the walls into the fluid, particularly in
cases where T}, is greater than 7,) [18].

In Fig.2.a, we see how the interfacial temperature varies with £ as a function of the micropolar material
parameter A. The graph distinctly illustrates that the non-dimensional temperature at the interface increases
with the increment of &. Furthermore, due to their distinct microstructural features including micro-rotations
and micro-inertias, micropolar fluids display greater interfacial temperatures compared to Newtonian fluids.
These characteristics cause more fluid motion and mixing close to the contact, which boosts convective heat
transfer and leads to higher temperatures at the interface. In addition, as the micropolar material parameter
increases, the dimensionless interfacial temperature rises.
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As shown in Fig2.b, the skin friction is affected by the micropolar material parameter for both p =0.0
(solid lines) and p =0.2 (dashed lines). It is clear that the microstructural features of micropolar fluids may

cause them to have lower skin friction factors compared to Newtonian fluids. These characteristics encourage
more constant fluid motion, better mixing, and flatter velocity profiles close to the surface. Reduced flow
resistance and lower skin friction factors are the outcomes of these influences. Also, a lower skin friction factor
is associated with a higher value of A. In addition, raising the parameter of conjugate heat transfer boosts heat
transmission between the fluid and the solid surface. The end effect is altered behavior of the flow close to the
surface and lower skin friction.

Figure 2.c shows how the worth of the micropolar material parameter affects the heat transmission at
a specific location. When the micropolar parameter is raised, local heat transport is impaired. It is also
demonstrated that micropolar fluids, in comparison to Newtonian fluids, have a decreased local heat transfer.
This is because micro-rotations and micro-inertias in micropolar fluids create distinctive flow patterns and
mixing behavior. These characteristics modify heat transfer rates by altering velocity and temperature
distributions close to the cylinder's surface. Otherwise, a greater thermal gradient within the solid and different
flow patterns in the fluid would arise from an elevation in the parameter for conjugate heat transfer. These
modifications lessen the heat transfer across the system as a whole, including at the fluid-solid interface.

a 100 - — _— , b
p = 0.0 { isothermal cylinder ) 164 p=0
- = g —e— A=0 Pr=10.0
095 —®—4A<0 ;::;00'0 __O_f =15 Ri=20  ------- p=0.2
—0—A=15 plesgpe 1.4 A=1. Mn=0.5
0.90 —h— A=4 5 Mn=0.5 Ec= 0.1
ol o A=12 Ec= 0.01
1.2
0.85 < =
S 1.0
o 0.80 ar
:  08-
0.75 4 w
0.6 4
0.70 4
0.4,
0.65 i
0.2 4
0.60 T T T T T T T T y . ' . . . . :
01 02 03 04 05 06 07 08 09 10 01 02 03 04 05 06 07 08 09 10
5 g
C 114
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0.9
= 0.8
i J
— 0.7
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1 - —&—P=p2 A=10
044 —#—P=03 Mn=05
¥ m_p=g5 Ec= 001
0'3 T 1 T 1 T 1 T 1

01 02 03 04 05 06 07 08 09 10
13

Fig.2. Impact of A on interface temperature (a), skin friction (b) and thermal transfer (c).
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Figure 3.a shows variation in interfacial temperature based on the coupled heat transfer parameter. The
fluid's surface temperature is shown to increase monotonically with &, indicating a stronger thermal interaction
between the fluid and the solid surfaces as the conjugate heat transfer value rises. Enhanced contact leads to
improved heat transfer from the fluid to the solid, resulting in cooling at the fluid-solid interface. This improved
thermal contact leads to a reduction in interface temperature, demonstrating enhanced heat transfer as the fluid
becomes more effective at transferring heat to the solid surface.

Local skin friction is shown to be affected by the conjugate heat transfer parameter in Fig.3.b. An
escalation in the coupled heat transfer parameter leads to enhanced thermal contact between the micropolar
fluid and the solid wall surface. The skin friction factor diminishes as a result of the changes in fluid flow
patterns and boundary layer properties brought about by the enhanced heat contact near the surface.

Figure 3.c shows how the value of the local transfers of heat is influenced by the coupled heat transfer
parameter p. It can be seen that there is an augmentation of the rate of local transfer with &. It is also observed
that the heat transfer drops off as the value of p rises. Conjugate heat transfer improves heat transmission to a
solid surface, which can reduce the rate at which heat is lost from the fluid to its surroundings. This is due to
the fact that a great deal of the heat is absorbed by the solid and then released as radiation at the solid's surface.

a b s
1.0 e TS TS . |
1.2 4 —e—P=0.0 Pr=10.0
1 s = Ri=20
0.9 1.1 4 —o—P=0.1 A=10
- | —a—pP=02 Mn=0.5
104 —e—P=03 %
0.8 4 . 1 —a— P=0.5
= 0.9-‘ :
0.7 4 w8 4
3 g ]
{as] E
w 0.7
0.6 1
d = —e—P=0.0| Pr=100 v
0.5 - —o—P=0.1 Ri=20 0.5
—h—P=02 A=10 Sl
- ——P=03| Mn=05 0.4
0.4 - —P=05 Ec= 0.01 .
ey | (ER T S [ S O R S L L B s B s R S B St B e
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8 1.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
g 3
c s
1.2 4 —e—Ec=00 | Pr=100 =0
|l—o—Ec=0.01| Ri=20 P
114 —&— Ec=0.02| A=10 =====-=-- p=0.2
1.0 4
~
= 094
wpn
= 08+
@ ]
] ¥y 531-_ =
0.7 22 ®
2=
=%
0.6 4 M;z
fl
0.5 4

Fig.3. Effect of p on three parameters: interface temperature (a), skin friction (b) and thermal transfer (c).
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Figure 4.a depicts how the interfacial temperature parameter fluctuates based on the Eckert number.
An elevation in the Eckert number (where kinetic energy surpasses thermal energy) enhances fluid motion and
mixing in proximity to the surface. This heightened fluid motion results in improved convective heat transfer,
consequently leading to an elevation in the temperature at the interface.

The influence of the Eckert number Ec on the local skin friction is seen in Fig.4.b. A higher Ec
signifies a prevalence of kinetic energy in the fluid flow over thermal energy. Consequently, this can lead to
elevated shear stresses at the solid surface and increased flow velocities near the vertical cylinder's surface. As
a result, skin friction escalates, resulting in increased resistance to flow along the surface. On the other hand,
a non-isothermal cylinder exhibits a temperature gradient across its surface, altering fluid flow patterns and

boundary layer formation. In comparison to a cylinder at constant temperature (p=0), the presence of a

temperature gradient modifies flow characteristics and leads to a decrease in skin friction.

As seen in Fig.4.c, the Eckert number significantly affects the local heat transmission. The thermal
boundary layer is disturbed and the surface temperature gradients are reduced as the Eckert number rises. The
local heat transfer rate drops because thermal convection slows from the fluid to the solid surface. The surface
of a non-isothermal cylinder, on the other hand, experiences a temperature gradient. This temperature
difference impacts convective heat transfer by changing the flow patterns. Local heat transfer rates are lower
than they would be in an isothermal cylinder because of the existence of a temperature difference, which
disturbs fluid flow and reduces thermal convection.
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Fig.4. The influence of Ec on three variables: interface temperature (a), skin friction (b) and thermal transfer (c).
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Figure 5.a shows how the parameter representing the magnetic field affects the change in the interfacial
temperature. The fluid at the surface of the vertical cylinder experiences a force due to the magnetic field,
causing the flow pattern to alter. Suppressing vortices, modifying boundary layer development, and increasing
fluid mixing are all examples of the kinds of changes that can be made to boost thermal convection. As a result
of this increased convective heat transfer, heat is more easily transferred from the fluid to the solid surface,
resulting in a lower temperature at the interface.

Figure 5.b illustrates the impact of the magnetic field parameter on skin friction. As shown, the skin
friction rises alongside the magnetic parameter. A higher magnetic field intensifies the fluid-solid interaction,
which in turn exerts more drag on the surface-flowing fluid. As a result, local skin friction increases and flow
resistance rises. Local skin friction for an isothermal cylinder is typically greater than that for a non-isothermal
cylinder due to the additional fluid resistance caused by the Lorentz force, which acts independently of the
magnetic field and the temperature distribution.

Figure 5.c shows how the magnetic field parameter affects heat transmission at the local level. In
general, the local heat transfer of a micropolar fluid improves as the magnetic parameter is increased. The
presence of a magnetic field generates Lorentz forces, resulting in an impact on thermal conduction and fluid
dynamics. These forces boost the effectiveness of thermal convection by increasing the rate at which fluids are
moving. Also, convective heat transfer rates are higher in an isothermal cylinder than in a non-isothermal
cylinder because of the magnetic field and the lack of a temperature difference. When compared to an
isothermal cylinder, local heat transfer rates may be reduced because of the existence of a magnetic field,
which interacts with the temperature distribution.
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Fig.5. The influence of Mn on three variables: interface temperature (a), skin friction (b) and thermal transfer (c).
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Figures 6.a show how the buoyancy force affects the changes in temperature at the interface. If the
Richardson number is raised, natural convection speeds up. Thermal energy moves more efficiently from the
fluid to the solid surface when buoyant forces, driven by temperature differences, become more pronounced,
causing fluid motion. The temperature at the interface drops because the fluid is being convected and mixed,
which removes heat from the interface.

The effect of the buoyancy force on local skin friction is seen in Fig.6.b. As the buoyancy effect gets
stronger, buoyancy-driven convection takes over and changes how the flow and boundary layer behave close
to the surface of the cylinder. The increased skin friction is a direct outcome of the greater flow velocities
caused by the heightened fluid motion. The increased shear stresses along the surface caused by the higher
fluid motion increase the local skin friction factor and the resistance to flow. When the buoyancy effect and
temperature distribution are both taken into account, the local skin friction for an isothermal cylinder tends to
be bigger. This is because buoyancy-driven convection causes the fluid to move more.

Figure 6.c shows how the buoyancy force affects the local heat transfer. The buoyancy effect is
amplified due to temperature fluctuations, which have a major impact on local heat transfer. Fluid motion is
induced by buoyancy-driven convection, which changes flow patterns close to the surface. Stronger buoyancy
effects cause greater fluid motion, which in turn improves mixing and heat transfer between the fluid and the
solid surface. As a result of the enhanced fluid velocity, local heat transfer rates are improved. In addition to
increasing heat transmission via convective heat transport, the buoyancy effect also affects the growth of the
boundary layer, modifying its thickness and properties. The buoyant forces, on the other hand, boost fluid motion
in an isothermal cylinder, leading to enhanced mixing and enhanced heat transfer from the fluid to the solid
surface. [sothermal cylinders have greater local heat transfer than non-isothermal cylinders because of this.
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Fig.6. The influence of Ri on three variables: interface temperature (a), skin friction (b) and thermal transfer (c).
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5. Conclusion

This investigation delves into the intricate dynamics governing the mixed convection flow of
a micropolar fluid around a vertical, hollow, circular cylinder, with a specific focus on the impact of a magnetic
field and viscous dissipation. Employing a sophisticated two-equation modeling approach, the study rigorously
formulates and solves the nonlinear governing equations that describe the complex fluid behavior.
A meticulous consideration of the pertinent boundary conditions is undertaken to ensure a comprehensive
analysis. The computational aspects of this research involve utilizing MATLAB software to meticulously
calculate and derive the mathematical solution results, shedding light on the nuanced interplay of magnetic
and viscous forces for micropolar fluid flow within this unique configuration.

An examination of the distribution of interfacial temperature between the solid wall and liquid phases
is conducted, encompassing a comprehensive analysis of skin friction and thermal transfer phenomena. This
investigation delves into the intricate dynamics influenced by diverse characteristics such as micropolar
physical properties, conjugate heat transfer processes, the dissipation of viscosity, the influence of a magnetic
field, and the impact of buoyancy. The resultant findings of this study can be succinctly encapsulated in the
following summary:

1. As the micropolar material parameter experiences an augmentation, a notable reduction is discerned in
both skin friction and thermal transfer. It is crucial to underscore that this escalation in the micropolar
material parameter simultaneously gives rise to an elevation in the dimensionless temperature.
Additionally, in the comparative analysis between micropolar fluids and Newtonian fluids, it is evident
that micropolar fluids manifest higher interfacial temperatures while concurrently displaying lower
magnitudes of skin friction and heat transfer. An intriguing observation emerges, indicating that the
augmentation of the heat transfer parameters yields a corresponding reduction in both skin friction and
heat transmission. This suggests a complex interplay of factors influencing the thermal and frictional
characteristics of micropolar fluid flow.

2. When we increase the parameter of conjugate heat transfer, we observe a decrease in the temperature,
skin friction, and thermal transfer rate.

3. An escalation in the Eckert number results in heightened interfacial temperature and increased skin
friction. As the Eckert number rises, there is a corresponding reduction in local heat transfer. Furthermore,
a non-isothermal cylinder exhibits lower skin friction and heat transfer in comparison to an isothermal
cylinder.

4. Interfacial temperature and skin friction both rise when the Eckert number rises. When the Eckert number
increases, however, local heat transmission diminishes. The skin friction and thermal transfer of a non-
isothermal cylinder are also smaller than those of an isothermal cylinder.

5. Elevated magnitudes of magnetic and buoyancy values result in heightened skin friction and thermal
transfer parameters, concurrently reducing dimensionless interfacial temperature distributions.
Additionally, in comparing an isothermal cylinder to a non-isothermal counterpart, the former exhibits
elevated values of skin friction and thermal transfer.

It should be boted that some fluids having a significant micropolarity accompanied by a specific rheology can
be the subject of a similar examination.
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Nomenclature

B

i1

Greek symbols

o 3 b < — R

< > B

Ay

— dimensionless parameter of microinertia density

— magnetic flux density

— skin-friction coefficient

— specific heat at constant pressure
— Eckert number

—reduced stream function

— gravitational acceleration

— dimensionless micro-rotation

— Grashof number

— microinertia density

— thermal conductivity

— length of the cylinder

— magnetic parameter

— angular velocity of micropolar fluid
— local Nusselt number

— conjugate heat transfer parameter

— Prandtl number

— surface heat flux

— inner and outer radius of the cylinder
— Reynolds number

— local Reynolds number

— Richardson number

— temperature

— velocities in x and r directions

— coordinates in axial and radial directions

— thermal diffusivity

— coefficient of thermal expansion

— spin-gradient viscosity

— dimensionless parameter of vortex viscosity

— pseudo-similarity variable

— dimensionless temperature

— vortex viscosity

— dimensionless parameter of spin-gradient viscosity
— kinematic viscosity

— dimensionless stream wise coordinate

— fluid density
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0 —transverse curvature parameter

o* —electrical conductivity of the fluid

T,, — wall shear stress

w

¢ - stream function

Subscripts

w  —wall

o — free stream
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