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1. Introduction

ABSTRACT

Natural convection in two-dimensional space created by putting
horizontal flat tube concentrically in cooled horizontal cylinder is
studied numerically. The model solved using the ANSYS CFX
package. The numerical simulations covered a range of power-law
index 0.6<n<lI.4, Prandtl number 10<Pr<10* and Rayleigh number
10°<Ra<10’. The effects of the previous parameters on the flow
pattern, the average Nusselt number and the dimensionless
temperature and velocity profiles have been investigated.

The results showed that the average Nusselt number increases with
increasing Rayleigh number and decreases with increasing the
power-law index. The best case among the range of parameters
considered here is the heat transfer rate of pseudo-plastic fluids
(n=0.6), then the Newtonian fluids (n=1) and finally, the dilatant
fluids (n=1.4). It is shown that the sharpness cooling effect of
pseudo-plastic fluids and the sharpness insulating effect of dilatant
fluids hugely affected by the increasing of Rayleigh number. The
Prandtl number has almost no effects on the heat transfer rate in the
range considered here. The results for the average Nusselt number
and the dimensionless temperature have been compared versus
some previous works and showed good agreement.

© Published at www.ijtf.org

because they found to lessen the resistance to
the cooling fluid.

Heat transfer enhancement is one of the
major engineering applications. It caught a
considerable attention in the last recent years
because of its large uses like solar collectors,
cooling of electronic equipment, nuclear
reactors and heat exchangers where the heat
transfer from tubes of elliptic shapes was the
subject of many researchers in the last few years

The entropy generation due to natural and
mixed convection heat transfer was introduced
by [1-5]. The authors found out that the local
and average heat transfer rates and the entropy
generation increase with increasing the
nanoparticles volume fraction and the porous
medium permeability.
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Nomenclature

C, Specific heat capacity, J kg 'K!

ejj Rate of strain tensor, s™'

g Gravity acceleration, m s

h Heat transfer coefficient, W m? K!

B

Thermal conductivity, W m™ K!

K Consistency index of the power-law
L Characteristic Length, m
n Power-law index

hL
Nuae Average Nusselt number ~
P Pressure
C

Pr Prandt] number —2

) 2gBCyATL?
Ra Rayleigh number pPorp= ™ g/i kpz
R Radius, m
R Dimensionless Radius
T Temperature
Ty Inner flat tube temperature, °K
T, Outer cylinder temperature, °K

u; ith velocity component, m s

u,v Radial and tangential velocities, m 5!

AY Dimensionless radial and tangential
velocities

X,y Cartesian coordinates

XY Dimensionless cartesian coordinates

Xi Coordinate in the ith direction, m

Greek symbols

a Thermal diffusivity, m? s’

b Volume coefficient of expansion, K™!

Tij Stress tensor, Pa

AT Difference between hot and cold
temperatures, 7;—71;

0 Dimensionless temperature

U Dynamic viscosity, N s m™

Ua Appa_rent Visc03sity

o Density, Kg m

po Reference density

¢ Orientation angle, °

The problem of double-diffusive binary
gas mixture convective flow in rectangular and
inclined rectangular enclosures was studied by
Chamkha [6], Chamkha and Al-Naser [7]
respectively. The maps of temperature contours,
streamlines and the concentrations are
presented. Also, the effects of the buoyancy
ratio on the average Nusselt and Sherwood
numbers are discussed.

Ismael et al. [8] and Umavathi et al [9]
studied the effects of viscous and darcy
dissipations on mixed convection. Chamkha et
al. [10] studied the mixed convection of air
inside a square vented cavity. They found out
that the viscous dissipation enhances the flow in
the downward case where it counters the flow
in the upward case. Moreover, they developed
an empirical correlation by using the Nusselt,
Reynolds and Richardson numbers.

Hussain and Hussein [11] conducted a
numerical study on the natural convection heat
transfer of moving heated circular cylinder in
square enclosure in the first time and Hussein

[12] in parallelogrammic cavity in the other
time. Saha et al. [13] took the problem from
another side and studied the effects of the
diameter ratio of the adiabatic cylinder and the
inclination angle of the opened enclosure on the
heat transfer characteristics. Li et al. [14, 15]
added the thermal radiation effects on natural
convection of nanofluid in an inclined square
cavity.

Sakr et al. [16] conducted experimental
and numerical studies on the free convection
heat transfer in a gap between inner elliptic
cylinder and outer one, the effects of Rayleigh
number, hydraulic radius ratio and orientation
angle of the inner cylinder on the heat transfer
were widely discussed. Alawi et al. [17]
developed the same problem numerically in a
horizontal gap formed by constant heat flux flat
tube concentrically located in cooled cylinder
but using SiO, nanofluid.

The study of non-Newtonian power-law
fluids over bodies of different geometries has
caught a great attention in the past few years
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because of their uses in applications such as
compact heat exchangers, food processing,
chemical processing, solar collector systems
and polymer engineering. Therefore, [18-21]
proved that the power law index n and the
Rayleigh number affect the drag coefficient and
the Nusselt number in which the increase in the
shear thinning tendency enhances the rate of
heat transfer by up to three folds and decreases
the apparent viscosity and impede it about 30—
40% in the shear thickening fluids.

Hussain et al. [22], Hussein et al. [23]
Analysed the free convection heat transfer in
tilted sinusoidal corrugated enclosure in the
presence of longitudinal magnetic field, they set
a new correlation for the Nusselt number as a
function of the different parameters and
revealed a new way to enhance the heat transfer
by decreasing the surface length. Uddin et al.
[24] conducted a 2D numerical study of the
convective heat transport of nanofluid filled in
vertical tube of plain and corrugate side walls,
they proved that the heat transfer rate for the
tube of corrugate side walls is higher at low
thermal Rayleigh numbers.

The power-law fluids were used in studies
such as electroosmotic and pressure driven
flows [25] for finding a new correlation for the
average Nusselt number [26]. Hence, the steady
states laminar natural convection [27-31],
Rayleigh-Bénard configuration [32] in a cavity
where it was heated from below and in the case
of differentially heated vertical walls were
studied numerically. The authors used the
power law model to simulate the non-
Newtonian fluid and the difference of
temperature between the horizontal walls can
produce buoyancy driven flow. It was found
that the average Nusselt number in the
differentially heated horizontal walls is smaller
than that of the differentially heated side walls
(vertical walls case).

Hussein et al. [33] analysed the 3D
unsteady natural convection case of cubical
trapezoidal cavity that takes longer time and
adequate conditions in the simulation for the
solution to converge, Alnaqi [34] developed the
same problem but considering active lateral
walls.

Gourari et al. [35] determined the heat
transfer rate in the gap between two concentric
inclined cylinders at 0°, 45° and 90°, they
proved that the heat transfer is the highest at 90°.
Elkhazen et al. [36] studied the
electroconvection of dielectric fluid between
two confocal elliptical cylinders in the polar
coordinates, they coupled the Navier Stokes and
the Maxwell equations in their model to solve
the governing equations.

Mixed convection heat transfer of
nanofluids has been studied numerically in
different body shapes like square enclosure,
circular enclosure and inclined baffled C-
shaped enclosure [37-39]. The authors include
the effects of the different parameters on the
heat transfer characteristics in their analysis.
Bougoul et al. [40] used nanofluids to optimize
the thermal efficiency of a reduced air solar
collector, they presented the flow structure and
the different heat transmission mechanisms in
the gap.

The effect of inserting an adiabatic solid
strip/square enclosure as blocks in the center of
the cavity of triangular roof/square cavity on
natural convection has been done numerically
by Hussein et al. [41, 42], the authors gave
detailed explanations of its impacts on the
thermal performance. Islam et al. [43], Akhter
et al. [44] developed the issue of natural
convection of nanofluid in a right-angled
triangular cavity and in an enclosure of heated
hexagonal block, respectively. Ghoben and
Hussein [45] went further in their analysis and
make it in 3D triangular cavity of heated
cylindrical tube with different arrangements.
Ashraf et al. [46] studied the bioconvection of
nanofluid of irregular thickness across a slender
elastic surface, the velocity and temperature
profiles are drawn and discussed.

Bairi et al. [47] were the first to propose a
correlation between the Nusselt and Rayleigh
numbers for a closed gap between concentric
semi-hemispheres. This correlation is valid for
electronic packaging, buildings and architecture.
Kar et al. [48] analysed the heat transfer
enhancement in square enclosure heated at the
bottom and cooled at the top using four parallel
vertical partitions. Kim et al. [49] studied the
geometrical effect on the thermal behavior and
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heat removal performance in a channel with a
cavity at the turning section. Dong et al. [50]
investigated numerically the natural convection
in the passive containment air-cooling system
where the dome is an essential part from it, the
different effects of natural convection around
the dome were presented and discussed.

According to the previous literature, too
many studies were performed on the natural
convection between two cylinders but few of
them treated the problem when the inner
cylinder is elliptic or flat plate in case the axis
ratio is so small. In this study, we involved the
non-Newtonian power law fluids as working
fluid which is a kind of expansion in the study
of this type of geometries. An effort has been
made to explore the effects of the different
parameters on the flow patterns and the heat
transfer in the numerical domain.

2. Description of the problem

The schema of the physical and numerical
domains is shown in Fig. 1. An annulus is filled
with non-Newtonian power law fluid. The
problem is that the inner horizontal flat tube
heated isothermally at temperature Ty, while the
outer cylinder is cooled under temperature T,
(Tv>T¢). Due to the small temperature
difference between the flat tube and the outer
cylinder a buoyancy induced flow takes place
within the power law and the Boussinesq
assumption is applied on the density forces. The
changes of density with the temperature T may
be written as

p= po (1-B(T-T?))

It is worth mentioning that the angle which
corresponds to ¢=0° is toward the bottom of the
outer cylinder (the same direction as the gravity
force is). The velocity and temperature fields in
the flow domain are governed by equations of
continuity, momentum and thermal energy as

following
ou , 0v
P + e 0 Q)
ou du_ 9P 2u  9%u
pu£+pv5__ax+ﬂ(2xz +6y7) @)

v v _ 9P 2y 9%v
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The temperature when the fluid properties

. Th+T,
are taken is at Ty = %

The Rayleigh and Prandtl numbers are
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Ra
I»lresz ’ k

For viscous non-Newtonian fluid obeys the
power law model, the shear stress tensor can be
written as

_ _ (n-1)/2
Tii=MHa€ij = K (eklekl/Z) €ij (5)

Where e;=(du/ 0xj+ duy/ 0x;) is the shear
rate, K is the consistency index and n is the
power law index and of course the apparent
viscosity is  ua= K (ewen/2)""? (6)

With this form of viscosity, it’s clear that
U decreases/increases with increasing the strain
tensor rate for n<l/n>1 respectively, and thus
two types of fluids are considered here represent
shear thinning fluids with n<l and shear
thickening fluids with n>1. These fluids don’t
obey the rule of Newtonian fluids (the shear
stress is not proportional to the shear strain and
doesn’t have a linear relation with it) and
they’re particular with their apparent viscosity
U in which it decreases with increasing shear
rate (case of pseudo-plastic fluids) and
increases with decreasing the shear rate (case of
dilatant fluids). The apparent viscosity for a
power law fluid in the Cartesian coordinate is

ko= K207 + @) + (2 + 27
7

The Rayleigh and Prandtl numbers after
we introduced u, becoming
2n+1 2-2n
_ pPgBATL . Pr= KL _
aK pa?~m
The local and average Nusselt numbers

Ra

®)

arec
a0

NuL= -—=

_ 1 r2m
5 o Nuae— o Jo Nugdoé (9

The dimensionless quantities are assigned
as follow

L?p _T-T, _ _Lu _ Ly
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The previous governing equations in the
dimensionless form become

g@; (10)
R
ﬁg—;JrﬁZ—;—-— RaPro6
PP GG R e ()

72l 20 20 0°6 (13)

X ay 9Xx? oy?

Fig. 1 Physical (left) and Numerical (right)
Domains of the Problem.

3. Numerical analysis and problem

In our study, the ANSYS CFX package
was used. This package is one of the best
simulation software for the engineering
applications such as computer aided
engineering (CAE), finite element analysis
(FEA), computational fluid dynamic (CFD).....
It is used to give qualitative results and provide
accurate fluid predictions and results. The Finite
Volume Method was used to discritize the
governing equations in the computational
domain, the explicit scheme is used to obtain the
discritized equations, the SIMPLE algorithm
[51] is used for coupling the pressure and
velocity and the second order upwind
discrimination schemes are used, for the
convective terms High Resolution Sheme is
used.

The laminar model was used for all the
simulations for the Rayleigh range considered
here. The no slip wall is set for the inner flat
tube and the outer cylinder while symmetry
boundary condition for the rest, the power-law
model was used for the non-Newtonian fluid. It
is expected that the solution converge when all
the residuals of continuity, momentum and
energy are less than 10,

3.1 Grid study

In order to choose an optimal Mesh for our
study, we conducted a Mesh test for 3 Meshes
with different number of elements each, the
maillage is formed of quadrilateral elements
with different number of nodes in the radial and
tangential directions respectively, as follow:
Mesh 1 (80*120), Mesh 2 (100*160) and Mesh
3 (120*200), the heat transfer rate is measured
for each Mesh and then compared between them
to calculate the errors ratio. The grid system is
uniform in the angular direction but not uniform
in the radial direction, it’s thicker near the inner
and outer surfaces of the cylinders as the Fig. 1
illustrates, this choice of maillage is due to the
fact that strong gradients of temperature and
velocity are located near the cylinders.

In Table 1, the present Mesh test is
conducted for all types of fluids for n=0.6, n=1
and n=1.4 which complies with the smallest and
biggest limits of its variation range in this study
whereas a moderate values for Rayleigh and
Prandt] numbers are taken as Ra=10*, Pr=100.

From the results presented in table 1, the
differences in Nusselt number between Mesh
1/Mesh 2 and Mesh 2/Mesh 3 for pseudoplastic,
Newtonian and dilatant fluid were 0.112 % and
0.022 7, 0.108 7 and 0.0177%, 0.097 % and 0.015
/; respectively. It is clearly seen that the results
between Mesh 2 and Mesh 3 are so close that
the errors are slight thus; the grid size (100*160)
is used in the numerical solution.
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Table 1 Variations of the average Nusselt number for pseudoplastic, Newtonian and dilatant fluids for

different number of elements at Ra=10* and Pr=100.

Mesh 1 Mesh 2 Mesh 3

n Nu errors Nu errors Nu
0.6 10.138 0.112 7% 10.15 0.022 7 10.152
1 5.668 0.108 7 5.675 0.017 % 5.675
1.4 2.962 0.097 % 2.965 0.0157% 2.965

4. Code validation

In order to perform our simulations, a
validation test depends on the measurement of
heat transfer rate was carried out for 3
orientation angles of the flat tube under the
specific conditions of Sakr et al. [16] (n=1,
Pr=0.71 and RR=6.4 for different orientation
angles) and then we compare the obtained
results with theirs, note that the inner tube’s flat
shape is developed from the elliptic shape
which they worked on. The inner -elliptic
cylinder is allowed to be rotated by an angle ¢
from 0° to 90°, to save time we chose only 3
angles (¢=0°, $=45° and $=90°) compared to
Sakr et al. [16] who increases each time the
inclination by 20°. Fig. 2 presents this
comparison and the good concurrence between
our results against theirs was extracted.

65

[ Ra-1,12E-7] A |Current data —A—Sakr et al (161
60 - Ra-1,9E-7 % Current data —®—3Sakr et al [16]
Fa-3,4E-7 ¥ Current data —W—=3Sakr et al [16]
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Orientation angle

Fig. 2 Comparision between the Nusselt
number for the present work and the results of
Sakr et al. [16] for n=1, Pr=0.71 RR=6.4 and
different Rayleigh numbers.

Moving forward in the procedure,
another test was conducted to check the
fluid circulation in the gap. This time the
benchmark case of Matin & Khan [21] was
used to prove the temperature distribution at
different angles (¢=0°, ¢$=90°, $=180°). The
results are illustrated in Fig. 3 and a good
agreement between our data and theirs has been
detected for all the angles.
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X

Fig. 3 Comparision between the dimensionless
temperature for present work and the results of
Matin & Khan [21] for n=1, RR=2.6, Ra=4.7
10* and Pr=0.706.
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5. Results and discussions

5.1 Discussing the isotherms and velocity vectors
n=0.6
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Fig. 4 Isotherms (up) and velocity vectors (down) at Pr=100 for various values of n and Ra; (Ra=10%)
first row, (Ra=10%) second row, (Ra=10°) third row.
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Fig. 5 Isotherms (up) and velocity vectors (down) at Ra=10" for various values of n and Pr; (Pr=10) first
row, (Pr=100) second row, (Pr=10°) third row.
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Fig. 4 represents the isotherms and velocity
vectors for different power-law indices and
Rayleigh numbers at specified Prandtl number.
From the figure, It is evident that when we move
from shear thinning to shear thickening
behavior there is a reduction in the density of
isotherms in the vicinity of the heated flat tube
and this is due to the increasing in thermal
gradient which itself causes the heat transfer
rate to increase for pseudoplastic fluids.
Furthermore, it is clear that the hot fluid
(thermal plume area) is stacked around the flat
tube for low values of Rayleigh number
(Ra<10") which is a sign for the small buoyancy
force here, the flow movement is almost
nonsexist which corresponds with the very
weak velocity in this case; Hence, the heat
transfer regime in this case is purely by
conduction. Then we can see that the increasing
in Rayleigh number causes the thermal plume to
stretch on top of the flat tube and the cold fluid
accumulates at the bottom, the extent of this
stretching is a sign for strengthening the
buoyancy force, the natural convection takes
place within the power law fluid which allows
the hot fluid to rise from the flat tube to the
upper part of the outer cylinder due to the
buoyancy, this can be confirmed from the
importance of velocity magnitude for higher
Rayleigh number values which indicates that
the fluid movement in the gap is rapid.

The effect of the Prandtl number on the
temperature and velocity contours is presented
in Fig. 5. We can see that the Prandtl number
doesn’t affect the flow map like the Rayleigh
number or the flow index does, in other word it
doesn’t have too much impact on the heat
transfer rate, this is due to the fact that for Pr>>1
the hydrodynamic boundary layer thickness is
greater than the thermal boundary layer
thickness and therefore changing the Prandtl
number marginally affects the heat transfer in
the thermal boundary layer.

5.2 Discussing the dimensionless

temperature and velocity

The effects of Rayleigh and Prandtl
numbers on the dimensionless temperature are
represented in Fig. 6. From the figure, one can
see that the power law index n largely affects

the dimensionless temperature in the gap by
making the thermal plume layer bigger and
sharper (the thermal plume region is well seen
and well-drawn as n decreases). Also, the power
law index n affects the dimensionless
temperature in the gap, one can see that when n
increases the temperature profiles become more
linear (flattened) especially at low Rayleigh
number (Ra=10?) and this can help explaining
that the mechanism of heat transfer is by
conduction more than convection (the dominant
heat transfer mechanism is conduction) and the
convection effects become very weak in
comparison to viscous forces for shear
thickening fluids. Finally, one can see that an
increase in the Rayleigh number causes a
decrease in the dimensionless temperature
(especially for shear thinning fluids) and this
means that the buoyancy is large.

Fig. 7 reports the wvariation of the
dimensionless velocity as a function of the
different parameters. Notice that the increase in
the velocity component is correlative related to
the increase in the Rayleigh number when the
flow index n rest constant. The Rayleigh
number effects are clearly seen with the
decrease in the flow index n which is a point that
the buoyancy force becomes stronger in
comparison to the viscous resistance of the flow
for decreasing values of n and this effect is
particularly prevalent for fluids with n<1 due to
fluidization.

On the other hand, the effects of
convection become increasingly  weak
compared to viscous forces with an increase in
n for shear thickening or dilatant fluids. These
effects can be observed in small values of v for
n>1.

For the Prandtl number, its effects are on
hydrodynamic boundary layer more than the
thermal boundary layer, these effects on the
dimensionless velocity are almost negligible
unless for higher values of Rayleigh number
(Ra>10°) when the thermal plume region is
considerable in the gap, this last one is the
biggest for pseudoplastic fluids than the others
and for smaller values of prandtl numbers
(Pr<100) the viscous and thermal diffusion
forces cannot be extremely influenced; Thus,
the fluid movement is slow.
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Fig. 6 Dimensionless temperature profiles along the radial line in the gap at $=90° for various parameters
of Ra, Pr and n.
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of Ra, Pr and n.

10



Oussama et al.

International Journal of Thermofluid Science and Technology (2023), Volume 10, Issue 4, Paper No. 100402

5.3 Discussing the variation of the average Nusselt number

06 L) 10 12 14 06 08
n

10

. T T T
12 14 i
n 06 0s8 10 n 12 14

Fig. 8 Variations of the average Nusselt number with the power lawi n for various parameters of Ra and

Pr numbers.

Fig. 8 illustrates the wvariation of the
average Nusselt number as a function of the
different set of parameters Power law index n,
Rayleigh and Prandtl numbers. The figures
point out to a reduction in the Nusselt number
as the power law augments and this is an
indication to the heat transfer enhancement for
pseudoplastic fluids (the convection transport in
theses fluids is very strong than the others), this
is because the effect of shear thickening
increases the shear stress between neighboring
layers of the fluid and subsequently, minimizing
the deformation rate between them which is
consistent with the scaling analysis of the
viscosity given in equation 7. Notice that this
effect is like when the conduction is the
dominant heat transfer mode. We deduce that
using pseudoplastic fluids can be economical

11

for the efficiency of the heat transfer
enhancement.

Furthermore, the Rayleigh number has
a determinism impact on the buoyancy force in
the gap, it is obvious that the Nusselt number
goes higher for increasing values of Rayleigh
number, this can be explained by the reality of
convection strengthens/weakens with an
increase/a decrease in Rayleigh number and
that’s consistent with the high measures of
temperature 0 and velocity gradients ¥ in Figs 6
and 7, notice that for small Rayleigh number
values (Ra<10%) the convection transport is very
slow that the conduction is the dominant mode
of heat transfer.

On the other hand, Prandtl number varies
the relative balance between buoyancy and
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viscous forces and doesn’t have any influences
on the thermal transport in the thermal boundary
layer; Therefore, it doesn’t seem to have any
effects on the variation of the Nusselt number
except at high values of Rayleigh number put
together with small power law indices, for this
case the thermal boundary layer is thinner than
the hydrodynamic boundary layer and variation
of Prandtl alters the thermal boundary layer
thickness which explains the increasing in
Nusselt number in this case.

Table 2 concludes everything in this study.
As expected, the main parameter which drives
the natural convection is the Rayleigh number,
a slightly marginal effects of the Prandtl number
on the heat transfer, the best case for heat
transfer enhancement is that of pseudoplastic
fluids where it was found an enhancement of
130 7 than Newtonian fluids and diminishment
for those of dilatant fluids by about 39 7 than
the Newtonians. This is fairly complies with the
values of Nusselt number in Fig 8.

Table 2 Comparison between the average Nusselt number for the different fluids and different values.

Ra=10? Ra=10* Ra=10?
Pr=10 Pr=100 Pr=10> Pr=10 Pr=100 Pr=10° Pr=10 Pr=100 Pr=10°
Nu (0.6) 1.65 1.66 1.62 1.66 1.78 1.84 1.75 2.15 2.3
Nu (1)
Nu (1.4) 0.89 0.92 0.88 0.68 0.68 0.69 0.63 0.61 0.62
Nu (1)

6. Conclusion

In the above study, the effect of aiding
buoyancy on natural convection from a heated
horizontal inner flat tube to its outer cylinder
has been studied numerically. The outcomes of
the flow and heat transfer characteristics in the
gap are presented as temperature and velocity
contours, dimensionless temperature and
velocity and average Nusselt number. We may
deduce the following:

1. The Rayleigh number is largely affects
the heat transfer in the gap, it was found that the
Nusselt number is proportionable with the
Rayleigh number and this attributed to the fact
of the Rayleigh number drives the buoyancy
strength in the gap and when it’s very small
(Ra<10%) that cannot creates enough buoyancy
the heat transfer is tiny.

2. The Nussselt number is affected by the
power law index n and is disproportionable with
it, when we decrease n the Nusselt number rises
and this means that the heat transfer for
pseudoplastic fluids is bigger than that of
Newtonian and dilatant fluids. In the best case,
there was found an enhancement of about 138 7
in the heat transfer rate for pseudoplastic fluids
and a reduction of about 40 7 for dilatant fluids.
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3. The Prandtl number marginally affects
the Nusselt number, that’s because its effects
are on the hydrodynamic boundary layer
thicknesses more than the thermal plume layers
so one might deduce that the Nusselt number is
independent of the Prandtl number.
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