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Abstract In this paper, a numerical analysis of natural convection of a non-Newtonian
nanofluid flow in a finned annulus employing a finite element approach is presented. The
computational domain is affected by an external magnetic field. This study is carried out for
various parameters, including Hartmann number, Rayleigh number, nanoparticles volume
fraction, power-law index, Prandtl number, and fin length ratio. Results show that as the
Hartmann number increases, the magnetic force opposes the buoyancy force and generally
suppresses the convection process. Also, it is shown that the effect of Hartmann number
alteration on the equivalent thermal conductivity (Keq) weakens for smaller Ra numbers.
Besides, the influence of the Hartmann number on decreasing the net convective heat transfer
drop as the power-law index increases, and augmentation of the power-law index causes Keq
to decline. The results reveal that by adding nanoparticles to the base fluid, the enhancement
in total heat transfer is more intensified in low Rayleigh numbers with a reduction in the
difference between Keq values for various volume fractions as the Hartmann number rises.
Furthermore, the effect of the Hartmann number on decreasing the net convective heat transfer
increases for lower power-law index values, i.e., variations of the Hartmann number has a
stronger influence on K4 for power-law fluids with n< 1 in comparison with those withn> 1.

1 Introduction

Natural convection inside concentric cylinders is encountered in various thermal engineer-
ing applications, including food processing, solar collectors, drying technologies, cooling
electronic devices, heat exchangers, solar power collectors, and glass production. Adding
nanoparticles to the fluid has proved as an efficient way to enhance heat transfer [1-4]. In
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the past years, researchers have used different kinds of nanoparticles for this purpose [5—8].
Furthermore, magnetohydrodynamic (MHD) is an important way to control heat transfer
in various engineering fields. Sheikholeslami et al. [9] employed lattice Boltzmann method
(LBM) to explore magnetohydrodynamic (MHD) flow using water-based nanofluid with
copper nanoparticles inside two concentric cylinders. Numerical results for flow and heat
transfer characteristics are reported for different Hartmann number values, nanoparticle vol-
ume fraction, Rayleigh number (Ra = 10*,10° and 10°), and aspect ratio. They observed an
increase in the enhancement ratio due to the Hartmann number augmentation and Rayleigh
number decrease. In another numerical study [10], simulation of natural heat transfer in a
cavity confining nanofluid was carried out. In their study, various obstacles were utilized.
Their results revealed that the obstacles diminish the heat transfer remarkably, and this effect
is much better observable at higher values of the Rayleigh number. Similar conclusions were
made by Malekpour et al. [11] in their investigation corresponding to natural convection of
nanofluids in an I shape compartment under the effect of a magnetic field.

Second law analyses have also been carried out utilizing various measures to compute
the entropy generation. Kefayati [12] employed LBM to examine natural convection heat
transfer of the laminar flow corresponding to the non-Newtonian nanofluids within a square-
shaped cavity under the effect of a magnetic field. They showed that as the volume fraction
and Rayleigh number increase, heat transfer, entropy generation, and friction within the
enclosure increase as well.

Selimefendigil and Chamkha [13] performed a numerical investigation on mixed convec-
tion of CuO-water nanofluid in a three-dimensional cavity under the effect of an external
magnetic field. It was revealed that the recirculation zone is suppressed by the magnetic field
leading to the overall heat transfer improvement.

Alsabery et al. [14] studied MHD mixed convection of nanofluids in a lid-driven cavity
heated by a triangular wall using the finite element method. It was observed that as a result
of the Hartmann augmentation, thermophoresis and Brownian motion increase, which cause
the nanoparticles migrate more easily within the enclosure.

Tayebi and Chamkhah [15] carried out a numerical study of entropy generation and natural
convection of Cu -Al203/water hybrid nanofluid within a square enclosure in the presence
of a wavy circular conductive cylinder under the effect of a magnetic field. It was shown
that increasing buoyancy forces leads to the entropy generation augmentation and decreasing
Bejan number.

Karimipour et al. [16] explored the heat transfer of nanofluid flow in a long microchannel
in the presence of an external magnetic field using the finite volume method. Their results
revealed that a higher slip coefficient is associated with a smaller Nu number and larger
slip velocity, particularly at larger Hartmann numbers. Alizadeh et al. [17] examined the
thermodynamics of mixed convection of a nanofluid in a stagnation flow configuration in the
presence of an external magnetic field. In keeping with others, they showed that increases in
Hartmann number improve the thermodynamic irreversibility.

In another numerical study [18], the heat transfer within a cavity composed of nanofluid
was investigated. It was shown that when the Grashof number rises, the temperature gradient
increases, as well. The effects of Lorentz forces on nanofluid flow patterns were simulated
by Kandelousi [19]. It was shown that as the Kelvin forces get strong, the natural convection
inside the enclosure weakens. In another research [20], the effect of asymmetric heating
on the Nusselt number enhancement through a microchannel was explored. It was shown
that Lorentz forces could improve the heat transfer by approximately 42%. The effects of
radiation heat transfer on the concentration of nanoparticles have been investigated by Hayat
etal. [21]. It was revealed that variations of the temperature inside the channel decrease with
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the rise of thermal radiation. The effect of the magnetic field’s direction on the flow style
was studied by Malvandi [22]. It was shown that the anisotropic characteristic of thermal
conductivity can be altered by Lorentz forces. Most recently, Saeed et al. [23] examined the
impacts of magnetic forces upon the flow characteristic of a non-Newtonian fluid inside a
microchannel. Among other results, these authors showed that the extent of the magnetic
effect on the heat transfer and thermodynamics of the system depends heavily upon the wall
thickness of the microchannel.

Natural heat transfer of a nanofluid in a tilted wavy enclosure was examined in ref. [24].
Their outputs illustrated that changing the angle of inclination leads to convective heat transfer
augmentation. Sheikholeslami and Ganji [25] considered Marangoni convection to explore
CuO-H 0 nanofluid convective heat transfer in the presence of magnetic field utilizing simi-
larity solution. Their results indicated that the rate of heat transfer is an augmenting function
of CuO volume fraction. CuO-H;O nanofluid convection heat transfer in a lid-driven porous
cavity was studied under the effect of the magnetic field by Sheikholeslami [26]. He investi-
gated the shape influence of nanoparticles and the Brownian motion effect on the properties of
nanofluids. The outputs showed that the heat transfer is enhanced due to the increase in Darcy
and Reynolds number, while it diminishes with increases in Lorentz forces. Sheikholeslami
and Shamlooei [27] investigated Fe3O4-H> O nanofluid hydrothermal features under the effect
of an external magnetic field and thermal radiation. Results revealed that at higher buoyancy
forces, thermal radiation leads to a more remarkable effect on the convection heat transfer.

It can be understood from the preceding review of literature that although there are numer-
ous works considering MHD free heat transfer of nanofluids, so far, there has been no study
of an annulus containing non-Newtonian nanofluid in the presence of an external magnetic
field, to the best of our knowledge. Given the practical importance of these enclosures, the
current lack of thermal analysis reflects an important shortcoming. To address this, in this
paper, natural convection of a non-Newtonian nanofluid under the effect of a magnetic field
inside a finned annulus is simulated by a finite element approach. The effects of numer-
ous parameters, including Hartmann number, volume fraction, power-law index, fin length,
Rayleigh number, and Prandtl number, are examined.

2 Problem definition

The computational domain investigated in this work is illustrated in Fig. 1a. It is composed
of an infinitely long horizontal annulus confining non-Newtonian carbon nanotube (CNT)-
water nanofluid in the presence of a vertical magnetic field with the intensity of B,. Table
1 contains the thermophysical properties of nanoparticles and base fluid. The inner cylinder
has a higher temperature (7;) than the outer cylinder (7). The fins have the same temperature
as that of the inner cylinder (7;), and their temperature has been kept constant during the
simulations. In this study, the fluid flow is considered to be incompressible, steady, 2D,
and laminar. Constant physical properties have been assumed for the fluid, except the body
force, where the Boussinesq approximation is employed for the variations of the density.
Furthermore, due to the axisymmetric nature of the flow configuration, a two-dimensional
analysis is conducted.

2.1 Governing equations

According to the assumptions mentioned previously, the governing equations are given as
follows [31]:
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Fig. 1 a Schematic view of the annulus with two internal fins. b The structured mesh of the computational
domain

Table 1 Thermophysical and Cp (J/ke K K (W/m K ke/m3 o (S/m
electrical properties of CNT p kg K) ( ) phem? (S/m)
nanoparticles and base fluid Water 4179 3000 997.2 30,000

CNT 765 [30] 0.612 [29] 3970 5.5x 1070 [28]

Continuity of mass:

ﬁ
V.V =0 (€))
Momentum equation:
—— — - —
V(s VIV ) = =V(p)+VE+ (0Pl T (T =T+ [ @
Energy equation:
V(VT) = .00, 97) 3)

in which, 7, p. T, pand g represent velocity, pressure, temperature, density, and gravita-
tional acceleration, respectively. T indicates the stress tensor. The last term in Eq. (2) indicates
the magnetic body force, which for the vertical uniform magnetic force in this study, it has
only one nonzero component as oy, 337 [16, 32], in which 7" represents the velocity com-
ponents in the x-direction. Considering the direction of the body force, it is convenient to
write the governing equations in a 2D Cartesian coordinate system. Consequently, the gov-
erning equations of continuity, momentum, and energy will have the following forms [12,
16, 32]:
du Jv

—+—=0 4
8x+8y @
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where u and v represent the velocity components along x and y directions.
Moreover, A,y indicate the nanofluid’s thermal diffusivity and can be given by:

an
Mnf = ———
(PCp)yys
in which, K,y represents the nanofluid’s thermal conductivity. The density,p, s, the heat

capacity, (pCp), o and the thermal expansion coefficient corresponding to the nanofluid
(pﬂ)nf are computed by [16]:

®)

onf =1 —w)ps + wps 9)
(PCp),y = (L= @)(pCp) ; + 0 (pCp), (10)
(PB)ny = (1 —@)(pB) s + (pP); (11)

where o represents the volume fraction of the nanoparticles. Subscripts f, s, and nf indicate
base fluid, solid, and nanofluid, respectively.

The shear stress tensor (7) in a non-Newtonian nanofluid that obeys the power-law model
can be obtained by:

T = sy (12)
where ; and (¢ can be written as follows, respectively [33, 34]:

= - — 1

y=VV+(VV) (13)
K
= — 14
N 222

pr =m0 Ill= == (15)

—t —
in which (V V') indicates the transpose of V V. Moreover, n and m represent power-law
index consistency coefficients, respectively, and u ¢ as the base fluid’s viscosity is given by

[12]:
(n=1)
I N VAR P EEUAY B 16)
= (ax) +<ay> +<ax+ay>

In a 2D Cartesian coordinate system, the shear stress tensor is obtained by [12]:

M u; Odu;j
W=“W%=aﬂwimfwm an

where Dj; represents the strain-rate tensor for the 2D Cartesian coordinate.
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The boundary conditions are as follows [35, 36]:
e For the inner cylinder (hot wall):
u=v=0 T=T;
e For the outer cylinder (cold wall):
u=v=0 T=T, (18)

Besides, the thermal conductivity (K, s) and the electrical conductivity (oy,f) associated
with the nanofluid can be obtained by the following equations, respectively [16]:
Ku  Kg+2Kp+20(Ky — K;)
Ky Ky+2K;—20(K; —Ky)
3(n—1
LT (n — Do
of n+2)— (- Do

19)

(20)

__ o
where n = ﬁ
2.2 Non-dimensional form of governing equations

To obtain the non-dimensionalized form Eqns. (4)-(7), the following non-dimensional vari-
ables have been introduced:

X y u v
x*:—y*:—u*: ,U*:
L L (%)Ra‘” (%)Rao.s
pF= P = -1 Xi = x — Ri) @D
pnf(kif)zRa, Ii—To o (Ro — Ri)
L

By using these dimensionless parameters, Eqns. (4)-(7) are converted to the following
dimensionless forms:
ou™  ov*

=0 22
dx* * ay* @2)

qu* vt 9p* Pr py 1

dx* v Ayt ox* * m%(l —w)??
i 2 )
ax* \ m ox* ay* \ m \dy* 0x*
of 1 Onf PrHa? "
Ty -0 of JRa (23)

du* v* ap*  Pr py 1

u +v = +
ax* | oyt 9y* * /Ra paf (1 — @)*?
B av* ad ou*  ov*
< |2 My dv . ny (0u + v +Pr(pﬂ)nf9

dy* \ m dy* ax* \ m \9y* Ox* onfBr  (24)

0 6 1 29 29
u* Y +v* 90 _ y"—f< 9 + 9 )

ox* 0y*  /Ra vf ax*>  gy*?

(25)
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The Prandtl and Rayleigh numbers have the following forms, respectively [37]:

Hr

Pr= (26)
Py
ATL3
Ra — P8Py ATL” Q7
Ly
where L is the characteristics length (L = Ry-R;), and AT is defined as: AT=T;-T,.
Hartmann number is defined as [16]:
of 0.5
Ha = ByL| -~ (28)
nr
The average equivalent thermal conductivity (K, ) is defined as [38]:
K Nu (29)
“ Nucond
where
15 15,1/15
Nu = [(Nueong) ™ + (Niteony) "1 (30)
N _| ! + L 31
Uconv = Nu; T Nu,
2
Nucondg = —— (32)
In(2)

in which, R represents the radius of the cylinder, and subscripts i and o indicate the inner and
outer cylinder, respectively.

3 Numerical procedure

To discretize the governing equations, a finite element scheme (FEM) on a structure grid
has been employed. Approximation of the convective fluxes has been carried out with the
second-order upwind scheme. The convergence criteria for solving Egs. (1) — (3) have been
chosen as 1070, Details on the grids used for the computations and validation tests are given
in the following sections.

3.1 Grid independence study

As illustrated in Fig. 1b, structural grids with 20 elements on each of the concentric cylinders
are used. To ensure our numerical study’s accuracy, a grid independence investigation was
performed. Figure 2 depicts dimensionless temperature 6 for various mesh number for ¢=90°,
a = 0° n = 0.6, and Ra=10*. In this figure, x1* indicates the dimensionless length defined
as: x1* = 1’;;_121_ . As shown, a negligible difference exists between 4941 and 8181 grids.
Therefore, the mesh with 4941 grids was chosen for the following investigations.

3.2 The numerical method validation

Validation tests have been performed to make sure of the present simulation accuracy. First,
the results of our numerical study were validated by those of an experimental study [39] and
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Fig. 2 Changes of 6, along x1* inside the annulus for various mesh numbers, at Ra = 104, ¢ = 900, Pr=
100, and n = 0.6

1.0
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log (Ra) x/L

Fig. 3 a The results of the present study are compared with those of Kuehn and Goldstein [39], and Matin and
Khan [35] for Newtonian flow (R¢/R; = 2.6 and Pr = 0.7). b Comparison of 6 variations between our results
and those of ref. [35] for Ra=10* for two kinds of non-Newtonian fluid withn = 0.6 and n = 1.4

a numerical simulation [35]. The geometry in these studies was an annulus with the radius
ratio of Ry/Rj = 2.6. Besides, the fluid has been considered as Newtonian with Pr = 0.706.
Figure 3a depicts the average equivalent thermal conductivity (keq) computed from different
studies. It is observable that the numerical results are compatible with the experimental ones.

Besides, the computed dimensionless temperature from simulation of power-law fluids in
our work is validated with that reported in ref. [35] (as shown in Fig. 3b). As can be seen,
our results are compatible with those of ref. [35]. Besides, Fig. 4 shows further validation
illustrating changes of Nusselt number corresponding to the Ag-water nanofluid flow within
two isothermally heated parallel plates under the effect of a magnetic field with the intensity
of By. As can be seen, the present results match with the results of Karimipour et al. [16] by
R-square [40, 41] of 98%.
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® Ha=0, Karimipour et al.
—— Ha=0, Present work
Ha=20, Karimipour et al.
Ha=20, Present work
A Ha=40, Karimipour et al.
—— Ha=40, Present work

Fig. 4 Variation of Nuy associated with the water-Ag nanofluid flowing within a microchannel at different
values of Ha for w = 0.04, Re = 10, and B = 0.05

4 Result and discussion
4.1 Impacts of Rayleigh number and Hartmann number on heat transfer and fluid flow

Figure 5 illustrates isotherms and streamlines for nanofluid (w = 0.02) for various Hartmann
numbers at Ra = 10%, n = 0.6, Pr = 100, Ro/Rj = 2.5,0=0° and Ly = 0.5 where Ly =
b
Ro—R; "

When there is no magnetic field, two large loops due to buoyancy forces can be observed
in streamline lines. By applying the magnetic field, the two loops break into smaller vortices
due to the introduction of a magnetic volumetric force along a horizontal direction orthogonal
to the buoyancy force (according to Eqs. 2 and 3). As the Hartmann number increases, the
symmetry between the upper and lower regions of the cylinder increases. Among the studied
Hartmann numbers, the streamlines at Ha = 50 show the maximum symmetry. This means
that the fluid movement from the bottom to the top of the cylinder is diminished because
the strong vortices that circulate the fluid at these two regions of the cylinder are weakened
remarkably and have turned into smaller vortices which can be seen at the cylinder sides.

Besides, increasing the Hartmann number reduces the density of the nanofluid isotherms on
the hot cylinder. Besides, the thickness of the boundary layer on the fins and the inner surface
of the cylinder increases. It clarifies that augmentation of the Hartmann number declines the
convection process generally. These observations are further confirmed by Fig. 6, illustrating
the variation of Keq as a function of Ra number at various values of Hartmann number. It
can be observed that by increasing the Ra number, K¢q enhances the absence and presence
of the magnetic field. While a reduction in the average equivalent thermal conductivity (K,)
is observable by rising the Hartmann number at Ra numbers of 10* and 10°. The magnetic
force opposes the force of gravity and leads to a reduction of the net convective heat transfer.
Besides, it is revealed that the impact of Hartmann number variations diminishes for smaller
Ra numbers, such that for Ra = 102, Hartmann number exhibits almost no influence on the
net convective heat transfer.
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(@) Ha=0

(b) Ha=10
(¢) Ha=20
(d) Ha=30
(e) Ha=40
(f) Ha=50

Fig. 5 The streamlines and isothermal lines are illustrated on the left and right sides of the figure, respectively,
for different Hartmann numbers (Ly= 0.5,n= 0.6, Ro/R; = 2.5, Ra = 104, a=0°, Pr = 100 and w = 0.02)

Figure 7a displays changes in the temperature profile with the Hartmann number across the
annulus. According to this figure, it is obvious that as the Hartmann number rises, the curved
shape of the temperature profiles alters to linear ones across the annulus, which demonstrates
that conduction becomes the dominant form of heat transfer. Figure 7b provides comparisons
of the vertical velocity profiles for various Hartmann numbers. It emerges that the vertical
velocity falls as the Hartmann number rises. As can be observed, when the Hartmann number
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2.0 25 3.0 35 4.0 45 5.0
log (Ra)

Fig. 6 Impact of Hartmann number on Keq (L f = 0.5, n = 0.6, Pr = 100, Ro/Rj = 2.5, «=0° and » = 0.02)
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Fig. 7 a Dimensionless temperature distribution across the annulus for different Hartmann numbers (L =

0.5, Pr=100,Ro/Rj =2.5,n = 0.6, » = 0.02 and Ra = 104). b Variations of the vertical velocity across the
annulus for different Hartmann numbers (Ro/R; = 2.5, Ra = 104, Lf =0.5,Pr=100, and n = 0.6)

has a small value, the velocity variations across the annulus are sinusoidal. However, by
augmentation of Hartmann number, the sinusoidal variations of velocity vanish gradually,
and an approximately linear form is reached at values greater than Ha = 30, indicating that
the conduction mechanism dominates the fluid flow

4.2 Effects of fins length on fluid flow and heat transfer

Figure 8 illustrates the effects of the fin length on the rate of free convection in the annulus
with Ha = 20. For the case without any fin, six circulation loops can be observed. By adding
horizontal fins to the inner cylinder surface, lateral vortices find more symmetry in the upper
and lower parts. As far as the length of the fins increases, smaller vortices appear in the
upper part of the cylinder. As the fin’s length increases, fluid movement from the bottom
to the upper region of the cylinder decreases. This is because more resistance against fluid
circulation due to the buoyancy force is induced. Furthermore, it is observed that as the fins
get longer, the density of the fluid isotherms on the hot cylinder decreases. It indicates that the
elongation of fins suppresses the convection process between two cylinders. Figure 9 exhibits
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(@ Ly =0
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(© Ly=05 §Ye
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Fig. 8 The streamlines and isothermal lines are illustrated on the left and right sides of the figure, respectively,
for different fin lengths (n = 0.6, Ro/Rj =2.5, Ra = 104, Ha =20, ® = 0.02, Pr = 100 and «=0°)

these observations more quantitatively. According to this figure, the total heat transfer inside
the annulus diminishes by increasing the fin length ratio L¢, which also was reported in our
previous work [36].

4.3 Effects of the power-law index of non-Newtonian fluid on the heat transfer and flow
characteristics

In Fig. 10, the variations of streamlines and isotherms are investigated for the annulus at
various non-Newtonian power-law indices (n). When n increases, the number and the intensity
of the vortices generated in the upper portion of the annulus decrease, and the isotherm lines
in the annulus become more uniform. Besides, increasing the power-law index leads to the
rise of viscosity of the fluid as well, and a stronger shear force is needed to keep the fluid in
motion. Isotherm’s density diminishes adjacent to the cylinders’ wall leading to an increase
in the thermal boundary layer thickness in these zones, which leads to the decrease in the
convection heat transfer. It can be observed from Fig. 11 that increase in the power-law index
results in the reduction of Keq. However, it illustrates that for large values of the Ha number,
the impact of n on the heat transfer inside the enclosure drops. At Hartmann number of Ha
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Ha

Fig. 9 Effects of fins length on total natural convection for different Hartmann numbers (Pr = 100, Ro/Rj =
2.5,n= 0.6, » = 0.02 and Ra = 10%)

= 50, K¢q corresponding to different values of n does not change significantly. Besides, for
every power-law fluid, rising the Hartmann number results in a decrease in the net convective
heat transfer. However, it is evident that when n increases, the influence of the Hartmann
number diminishes, i.e., variations of the Hartmann number have a stronger influence on Kegq
for power-law fluids with n<1 in comparison with the fluids with n>1. In fact, when we
have n< 1, fluid deformation can be carried out with less intensified shear stress, and these
non-Newtonian fluids change more under the environmental changes.

As the Ha number rises, the symmetry between the upper and lower regions of the cylinder
increases. Among the studied Hartmann numbers, the streamlines at Ha = 50 show the maxi-
mum symmetry. This means that the fluid movement from the bottom to the top of the cylinder
is diminished because the strong vortices that circulate the fluid at these two regions of the
cylinder are weakened remarkably and have turned into smaller vortices which is observ-
able at the cylinder sides. Increasing the Hartmann number reduces the isotherms density on
the hot cylinder. Besides, the boundary layer’s thickness of the fins and the inner cylinder
increases. It clarifies that augmentation of the Hartmann number declines the convection
process generally.

Dimensionless temperature profiles are depicted in Fig. 12 (a) forn = 0.6 to 1.4. As shown,
variations of the value of the power-law index alter the temperature profile substantially. As
we move from n = 0.6 to n = 1.4, the temperature profile between two cylinders moves
toward a straight line indicating the dominance of conduction heat transfer for larger power-
law indices. This is because of increasing the shear stress at the fluid layers, which leads to
weaker convection heat transfer within the annulus. Figure 12 (b) illustrates variations of the
vertical velocity with the power-law index "n". As can be seen, magnitudes of vertical velocity
become smaller within the annulus for larger power-law indices. The velocity magnitude of
the shear-thickening non-Newtonian fluid with n = 1.4 is near to zero.

4.4 Variations of solid nanoparticles volume fraction

Figure 13 depicts variations of Keq as a function of Ra number at various volume fractions.
Augmentation of the volume fraction results in thermal conductivity improvement, which
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)

A
(a) n=0.6 \%!
(b) n=0.8

(c) n=1
(d)n=14

Fig. 10 The streamlines and isothermal lines are illustrated on the left and right sides of the figure, respectively,
for different values of n (Pr = 100, Ro/Rj = 2.5, Ha = 20, ® = 0.02, Ly = 0.5, and Ra = 104)

leads to heat transfer enhancement and Keq as well. As can be seen, there is a better enhance-
ment in total heat in low Rayleigh numbers due to the addition of the nanoparticles. Because
in this range of Ra, conduction is the dominant form of heat transfer. For instance, the increase
in the average equivalent thermal conductivity due to nanoparticle addition with & = 0.05 is
substantially larger (~70%) for Ra = 10? and Ha = 20 in comparison with the case of Ra =
10° (~15%).

Average equivalent thermal conductivity (Keq) is plotted in Fig. 14 as a function of Hart-
mann number for various volume fractions. As mentioned in previous sections, Keq increases
gradually as a result of volume fraction augmentation, and it decreases with Hartmann num-
ber. Also, this figure shows a remarkable reduction in the difference between average equiv-
alent thermal conductivity values of various volume fractions as the Hartmann number rises.

4.5 Variations of fins inclination angle and Prandtl number

Figure 15a represents the variations of Keq relative to the fins inclination angle («) at different
Hartmann numbers for the non-Newtonian fluids with an index less than one (shear-thinning
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Fig. 11 Effects of n on Keg for different Hartmann numbers (Lf = 0.5, Pr = 100, Ro/Rj = 2.5, w = 0.02,
and Ra = 10%)
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Fig. 12 a Dimensionless temperature distribution across the annulus. b Vertical velocity within the annulus
for various values of n (Ly= 0.5, Pr =100, Ro/R; = 2.5, @ = 0.02, and Ra = 104)

fluids). As can be observed in this figure, when no magnetic field is applied (Ha = 0), a
marginal increase in Keq occurs for augmentation of fins inclination angle larger than about
a =50, However, for a larger Ha number, as the magnetic force dominates, the fin angle
effect on K¢q becomes negligible. Figure 15b shows the changes in the average equivalent
thermal conductivity (Keq) against Pr number at different Ha numbers. At lower values
of Hartmann number, by increasing the Pr number, natural convection inside the cylinders
gets better, and Keq increases as well. However, by augmentation of Hartmann number, the
magnetic body force overcomes the buoyancy force, and the impact of Pr on Keq becomes
almost negligible

5 Conclusion

In the present study, heat transfer of natural convection inside an annulus with two internal
fins, containing non-Newtonian nanofluid, under the influence of vertical magnetic field is
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Fig. 13 Effects of volume fraction on Keq (Lf =0.5,n= 0.6, Pr = 100, Ro/Rj = 2.5, «=0°, ®» = 0.02, and
Ha = 20)

Fig. 14 Effects of the volume fraction on Keq for different Hartmann numbers (L ¢ = 0.5, Pr = 100, Ro/Rj
=25, » =0.02,and Ra = 10%)

investigated. This study has been carried out for various parameters of Hartmann number,
Rayleigh number, volume fraction, power-law index, Prandtl number, fin length ratio, and
fin inclination angle. The most important findings of this study are given in the following
sentences:

e Asthe Hartmann number rises, the magnetic force opposes the force of gravity and declines
the convection process generally.
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Fig. 15 Variations of Keq with a the fins angles for various Hartmann numbers b Pr number at (L y = 0.5,
Ro/Rj = 2.5, w = 0.02, and Ra = 10%)

e Increasing the Rayleigh number leads to the net convective heat transfer improvement
in various Hartmann numbers. The effect of Hartmann number alteration on the average
equivalent thermal conductivity (Keq) weakens for smaller Ra numbers, such that for Ra
= 102, Hartmann number alteration has almost no influence on the net convective heat
transfer.

e When the fins length increases, the fluid isotherms density on the hot cylinder diminishes,
and consequently, the heat transfer between two cylinders drops remarkably.

e For shear-thinning fluids with a power-law index less than 1, the Ha number imposes a
stronger effect on the heat transfer process than the shear-thickening fluids.

e Augmentation of the solid nanoparticles results in thermal conductivity enhancement and,
consequently, heat transfer improvement. This effect was more intensified in low Rayleigh.
Also, a reduction in the difference between Keq values for various volume fractions has
been observed as the Hartmann number rises.

e When no magnetic field is implemented in the annulus (Ha = 0), a marginal increase in
Keq occurs with augmentation of fins inclination angle. However, for large Ha numbers,
the fin angle effect on Keq becomes negligible.
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