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In this study, natural convection of heat transfer in various channel geometries with a
constant surface area under laminar flow condition has been investigated numerically.
Various hot surface temperatures (Th = 35-95<C) have been applied on the surfaces of the
channels to investigate four different geometries of annular channels (Circular (C), Square
(S), Elliptic (E) and Airfoil (F)) on the heat transfer rate. Once the optimum geometry was
exhibited, the effect of three nanofluids (Al2Os/water, CuO/water and SiOz/water) is
investigated in the analysis and compared to pure water to enhance the convective heat
transfer of the base fluid. Moreover, with these nanofluids, analysis has been performed
for three different volume concentrations of nanoparticles of @ = 2%, 4% and 6% along
with 0% (pure water). Porous foams (¢ = 0.9 to 0.99) were used in addition to nanofluids
to see if heat transfer could be improved. Results indicate that the heat transfer rate was
greatly increased when the airfoil geometry was used, with a maximum and minimum
increase in heat transfer coefficient of 60% and 46%, respectively. Also, higher
nanoparticle of Al2Os dispersion to the base fluid enhances the heat transfer rate by 15%

compared to other nanofluids.

1. INTRODUCTION

The design of heat transfer devices to exchange heat
between two or more fluids is one of the most widely used
applications of heat transferring [1-4]. Many researchers have
been focused on applying natural convection in a variety of
industrial applications including heat exchangers, furnaces,
solar collectors, electrical part cooling, and so on. The
character of these studies can be categorized as experimental
[5], theoretical [6], or numerical [7-9]. In the later studies, the
enclosures can be various configurations including rectangular
or cubical [10-12], cylindrical [13], spherical [14], or in the
shape of cylindrical annulus [15] and the solutions can be
steady [16] or unsteady condition [12, 13, 17]. Moreover,
natural convection heat transfer was conducted to investigate
the heat transfer rate between a hot triangular cylinder and its
circular cylindrical enclosure using numerical simulation [18].
The angles of inclination of the inner triangular cylinder were

discovered to have little impact on the average Nusselt number.

Also, the heat transfer rate between a square outer cylinder and
a circular inner cylinder in a horizontal eccentric annulus was
investigated using the differential quadrature process [19].
Furthermore, numerical simulation was used to study the
natural convection and heat transfer rate using five different
geometries of an inner cylinder mounted in a circular
enclosure. The findings revealed that the local heat transfer
rate at the solid surface has a slight geometrical effect [20].
Natural convection from elliptical and circular cylinders has
recently gotten a lot of attention because of their improved
heat transfer properties without a lot of pressure drop [21-24].

However, in addition the geometrical parameters, several
parameters were examined by many researchers to enhance the
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heat transfer rate and these parameters include pipes material,
working fluid and porous media. Nanofluids are anemometric
particle dispersions (typically less than 100 nm in diameter),
called nanoparticles, in a base fluid in order to improve certain
properties [25-28]. The first fluid dispersed by nanoparticles
was prepared by Choi and Eastman in 1995 [25]. A number of
authors have done experimental and theoretical research on
improving heat-transfer with nanofluids [26-31] and their
results have shown that the heat-transfer rate of nanofluids is
higher than that of base fluids (pure water). Much is being
done about the Al,O3 nanofluid, which is being investigated
experimentally by Kim et al. [32] on the effect of the nanofluid
on the heat-transfer through a circular tube using AlOs3
nanoparticles in a turbulent regime. The use of AlOs/water
nanoparticles was shown to increase the n heat-transfer rate.
The rate of improvement was 15% and 20%. In a 3D elliptic
annular passage, Dawood et al. [33] performed a
computational analysis of natural convection heat transfer
flow for various forms of nanofluids (Al,Os—water, CuO—
water, SiO,-water, and ZnO-water). They reported that the
heat transfer rate of SiO,—water nanofluid is the highest,
followed by Al,Os—water, ZnO—-water, CuO-water, and pure
water, in that order. Another three various nanofluids (Al.Os-
water, CuO-water, and Cu-water) was used to enhance the heat
transfer in a square cross section duct using numerical
simulation [34]. Cu-water, CuO-water, and Al,Os-water
nanofluids had Nusselt number improvements of 77%, 68%,
and 59%, respectively at volume of fraction of 4%. The
pressure drop was also investigated by Yin et al. [35] using
Cu-water nanofluid flow in a pipe both experimentally and
numerically, measuring pressure drop. The findings revealed
that nanofluids with a volumetric nanoparticle concentration
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of less than 2.5% improved heat transfer with less pressure
drop.

Based on the literature reviewed, for specific engineering
applications, designing an annular heat channel is not
straightforward since both the operating fluid and geometrical
specifications used should be considered. Therefore, the
present research focusing on three main parts. Initially, four
various geometries of annular channels (Circular (C), Square
(S), Elliptic (E) and Airfoil (F)) were investigated in terms of
heat flux (q), heat transfer coefficient (h) and pressure drop (p)
against surface hot temperature using pure water. Two further
numerical investigations are carried out after the optimal
configuration in terms of desired heat transfer rate has been
defined. A computational investigation of heat transfer rate
and pressure drop using three various nanofluids (Al.Os/water,
CuO/water and SiO»/water) with different volume fractions (@
= 2%, 4% and 6% along with 0% (pure water)) was compared
to pure water to increase the thermal conductivity of the
chosen annular channel. Finally, to see if incorporating porous
media with varying porosities (saturated metal foam with
porosities of £=0.9, 0.95, and 0.99) improves natural
convection heat transfer.

2. NUMERICAL APPROACHES
2.1 Problem description

The concentric annular pipe of four different configurations
is adopted in the current study, as shown in Figure 1, which
have the same contact area of 0.005 m? for all cases. Four
distinct geometric inner walls are set with four different hot
temperatures Th, while the outer walls are set with a constant
cold temperature Tc. With the first letter of each geometry set,
these arrangements are called such that the letters C= Circular,
S= Square, E= Ellipse and A= Airfoil. In addition, once the
optimal configuration in terms of thermal performance was
obtained, three different types of nanofluids named Al,Os,
CuO and SiO, were also compared to pure water to investigate
the effect of these nanofluids on the thermal performance.
Three different fraction volumes of @ = 2%, 4% and 6% along
with 0% (pure water) are also investigated with these
nanofluids. Finally, the effect of saturated porous media
(saturated metal foam with porosity of £ =0.9, 0.95 and 0,99)
on the natural convection heat transfer within the optimum
configuration was determined. Moreover, With the exception
of density, which varies according to the Boussinesq
approximation, the thermophysical properties of the nanofluid
are assumed to be constant. Table 1 summarizes these
properties of the various forms of nanoparticles and the base
fluid used for code validation.

Figure 1. Different geometries of concentric annular pipe; C:
circle, E: ellipse, S: square, A: airfoil

Table 1. Base fluid (Water) and nanoparticles
thermophysical properties used in the current study

p (kg/m3)  Cp(I/kg.K) K(W/m.K) B (1K)

Pure water 997 4180 0.607 2.47 x 107*
Aluminum

oxide 3600 765 36 58x107°

(Al203)

Copper

Oxide 6500 533 17.65 43x10°°

(CuO)

Silicon

dioxide 2220 745 14 5.5x 107°

(Si02)
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2.2 Assumptions and natural convection heat transfer
model

In this analysis, the flow is assumed to be steady state,
laminar and incompressible with single phase nanofluid model
is employed by assuming that the base fluid (pure water) and
(Al0;, CuO and SiO2) nanoparticles are in thermal
equilibrium and no slip between them occurs. In addition, the
Boussinesq approximations are valid study and two-
dimensional natural convection flow in all four different
geometries was applied to maintain the hydraulic thermal
characteristics of working fluid. The Aluminum foam is rigid,
isotropic, homogeneous and fully saturated with liquid. Local-
Thermal-Equilibrium (LTE) applies between solid and liquid
in everywhere (T = Ts = Tf). Also considering Darcy-
Brinkman- Forchheimer equation for flow inside the porous
foam. In view of these assumptions, the model problem can be
described by the conservation of mass, momentum under
Boussinesq approximation, and energy. The partial differential
equations based on the previous assumptions will be
formulated as [36]:

For the nanofluid:

Continuity equation:

Ju + v 0 1)
ox  dy
X-momentum equation:
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For the porous media:
Continuity equation:
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The coefficient of average heat transfer (h) and average
Nusselt number (Nu) are calculated by the following relations:

-
= 10

=TT (10
—

The effective density (o), heat capacitance (oCp)ns, thermal
conductivity (Kn) and dynamic viscosity (un) for the three
different nanofluids that are applied in this study, such as
Al;03-H,0, CuO-H,0 and SiO2-H,O are presented by the
following equations [34]:

pnr = (1= ®)ps + Oppyp (12)
(pCP)nf =1- Q))(pcp)f + ®(pCP)np (13)
knf = kstatic + Kprowain (14)
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Huf _ !

- d
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The particle diameter of nanofluids (dp) is taken 20 nm and
the nanofluid is supposed a suspension and homogeneous in
the base fluid (pure water).

2.3 Computational
conditions

implementation and boundary

The computational domain of concentric annular horizontal
pipe and grid creation is handled by Ansys Fluent-CFD. The
dominated equations were solved using a computational fluid
dynamics (CFD) program with the boundary conditions and
assumptions added. This package has been used to solve heat
transfer equations and laminar fluid flow using finite volume
method (FVM) [35]. For the pressure-velocity coupling, the
SIMPLE algorithm is applied to the convective term of the
second order upwind technique. To approximate the energy,
momentum, and continuity equations, this second order
upwind is applied in the diffusion term. The simulation is
convergent when the residual sum for momentum, continuity
and energy equations was less than 107,

A hot temperature range Th = (35-95)°C was applied along
the inner diameter of the inner pipe, as seen in Figure 2,
whereas the outer surface of the outer pipe is held at Tc = 25°C.
The place between the two pipes is filled with the specified
liquid (pure water or nanofluids) at several of volume fraction
(©=0, 2%, 4% and 6%) and the wall boundary conditions are
assumed to be no-slip condition in two x-y directions (u=v =
Zero).

iquid inside annular gap
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P
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&
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Hot Inner pipe
Th=35, 55, 75 & 95°C
u=v=0

Figure 2. Boundary conditions of a concentric annular pipe
2.4 Model validation and mesh sensitivity

Figures 3 and 4 show the validation between the average
Nusselt number and isotherms of Gholamalipour et al. [37]
and the current numerical study data is conducted using
nanofluid for elliptic at two Rayleigh numbers of 103 and 106
as shown in Figure 3. The streamline of isotherms is simulated
in an elliptical annular pipe filled with porous media using
pure water and the effects are then compared also with the
work carried out by Gholamalipour et al. [37] as seen in Figure
4. Figure 4 clearly showed that at a porosity of € = 0.9, there is
a good agreement found in terms of streamline isotherms at
both Rayleigh numbers. Additionally, the average Nusselt
number of the current numerical simulation were also
compared with data obtained by Gholamalipour et al. [37] ata



porosity of £=0.9 as shown in Figure 3. The figure clearly
revealed that the overall difference between the current study
and previous research is 2.9% at the Rayleigh number of 102,
whereas the maximum discrepancy at the Rayleigh number of
108 was 1.4%. Overall, by considering the results of the two
above studies, the numerical solution method of the present
analysis is validated with enough accuracy.
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= work
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0 g---—-=-===- Ak-------- A
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0 L 1 1 L
0 1 2 3 a 5

Figure 3. The average Nu values of the present work are
compared with results of previous study at zero eccentricity

(£=0) [37]

Present study

Previous study

Ra=103

Figure 4. Validation isotherms contour of previous study of
Gholamalipoura et al. [37] (Right) and present CFD study
(Left)ate=0.9

To save the computational time and memory for the present
numerical analysis, various numbers of grids are used to create
different mesh distributions to approve their mesh
independence. Six various mesh sizes were generated ranged
between M1 = 9x10° to M6 = 30x10° element number as
shown in Figures 5 and 6. In terms of the monitoring variable
of Nusselt number (Nu) at various hot temperature using pure
water, Figure 5 shows the results for assessing mesh sensitivity
on a circular annular pipe. Based on the results, M4 = 22x10°
was considered to be the optimal element for numerical
solutions since the percentage of error beyond this number of
elements is less than 1% for the Nusselt number. The number
of M4 cells was therefore chosen for all cases used in the
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current research at various configurations in order to use the
computational time effectively without losing the accuracy of
the computation.
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Figure 5. Mesh sensitivity for annular circle pipe using pure
water

Figure 6. Computational grid domain for six mesh sizes

3. RESULTS AND DISCUSSION
3.1 Different annular geometry effect

In the present analysis, the natural convection between a
constant cold outer surface (Tc = 25°C) and various applied
hot temperatures (Th = 35°C — 95°C) of the inner surface (Th)
is studied numerically in four different geometries, circle (C),
ellipse (E), square (S) and airfoil (A) using pure water. The
effect of these hot temperatures on the heat transfer coefficient
(h), heat flux (q) and pressure drop (p) is shown in Figures 7-
9. The variations in the coefficient of heat transfer with respect
to four geometries and different hot temperatures are clearly
shown in Figure 7. It can be found that heat transfer coefficient
almost increases linearly with the increase in Th, and however,
when the airfoil channel shape is applied, heat transfer rate was
higher than that in other three shapes. For instance, compared
to the other three channel configurations (circle (C), ellipse (E),
square (S)), the airfoil channel at Th= 35°C has twice heat
transfer coefficient. In general, compared to airfoil pipe,
square (S), circle (C), ellipse (E) have 60%, 50% and 46%
lower heat transfer coefficient, respectively due to that airfoil
channel has no sharp angles and hence higher heat transfer rate.



Itis also worth noting that the effect of hot surface temperature
in the heat transfer enhancement becomes more significant at
low hot temperature.
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Figure 7. Heat transfer coefficient against hot surface
temperature for different concentric annular shapes using

pure water
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Figure 8. Pressure drop inside against hot surface
temperature for different concentric annular shapes using

pure water
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Figure 9. Heat flux against hot surface temperature for
different concentric annular shapes using pure water

The pressure drop at different channel configurations is seen
in Figure 8 as a function of hot surface temperature. Similarly,
the increase in the hot surface temperature would increase the
pressure drop and however, a significant reduction in the
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pressure drop can be seen when airfoil channel has been used.
In accordance with our expectation, when the airfoil channel
was used, due to the reduction of secondary flow, the heat
transfer rate increases, and the pressure drop decreases. In
comparison, Figure 9 clearly showed how the heat flux also
increased when the airfoil channel was used due to the curved
profile as more aerodynamic geometries can be seen in Figure
9. In addition, from these figures mentioned above, it can be
understood that the hot surface temperature within the elliptic
and circular channels is about 2% lower than other geometries
relative to the triangle channel. To conclude, airfoil cross-
sectional channel had a significant pressure drop reduction and
highest Nusselt number compared other cross-sectional
channels, so airfoil cross-sectional channel is more efficient
than others.
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Figure 10. Temperature distribution for different (circle,
ellipse, square and airfoil) and various Th= 95°C

Figure 11. Velocity distribution for different (circle, ellipse,
square and airfoil) and various Th= 95°C
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Figure 12. Pressure distribution for different shape (circle,
ellipse, square and airfoil) and various Th= 95°C



Figures 10-12 show the pressure, velocity, and temperature
distribution contours of cross-sectioned Circular (C), Square
(S), Elliptic (E) and Airfoil (F) at Th = 95°C for the inner
surface. Temperature contours show thermally developing
flow, while velocity contours show hydrodynamically

developing flow as contours move from inlet to outlet portions.

As a result of the no-slip condition, the flow near the edges
slows down, and a greater temperature gradient occurs near the

edges and this phenomenon causes Nusselt number to decrease.

However, the highest temperature is achieved with square
cross-sectioned channel geometry for the same flow
conditions, and the lowest temperature is reached with
elliptical cross-sectioned channel geometry. As shown in
Figure 12, elliptical channel geometry generates the least
pressure drop, while non-circular channel geometry generates
the most pressure drop in square geometry due to higher wall
temperatures at their edges.

3.2 Nanofluids and volume of fraction effect

Based on the above results, the airfoil shape was shown to
have the best thermal performance compared to the other three
geometries. Therefore, variation of heat transfer coefficient,
heat flux and pressure drop related to three different nanofluids
as a function of hot surface temperature with constant volume
fraction of 2% were examined and compared to pure water for
airfoil configuration. It was observed from Figure 13 that the
Al>03-H>0 nanofluid gives the largest heat transfer coefficient
compared to other types of nanofluids since the configuration
of the Al,O3-H,0 nanofluid with airfoil pipe shape gives the
highest fluid mixing and thermal conductivity and thus
increases the heat transfer area greater than other types of
nanofluids which agreed with results showed by Ting and Hou
[31] and Heris et al. [34]. Based on the results shown in
Figures 13-15, Al,O3; nanoparticles suspended in base water
shows a higher heat transfer coefficient, heat flux and pressure
drop than pure water, CuO-H,O and SiO2-H,O nanofluids.
Figure 14 clearly show that as the hot temperature increased,
the heat flux also increased for all nanofluids used. It can be
concluded that the heat transfer coefficient for Al;0s-H,0
nanofluid was thus increased by 8%, 10% and 15% compared
to the other three nanofluids; SiO.-H,0, pure water and CuO-
H-0, respectively. However, greater heat transfer coefficient
means greater thermal performance despite the pressure drop
increase as shown in Figure 15. Moreover, the heat transfer
coefficient of the airfoil cross-sectional channel using CuO-
H20 nanofluid is higher than SiO,-H,O nanofluid and pure
water with very low pressure drop.

Analyses have been also performed for Al,O3-H.0O
nanofluid that gives the best thermal performance for volume
fraction of nanoparticles ranged between 2% and 6% in airfoil
cross-sectioned channel at various hot inner wall temperatures.
Figure 16 shows how the heat flux increase as the hot
temperature increase for the all nanoparticle concentrations.
Moreover, the heat transfer coefficient of the Al,O3-H,O
nanofluid  with  different  volumetric ~ nanoparticle
concentrations enhanced the heat transfer rate and as the
concentration increased, the thermal performance also
increased. Obtained enhancement of the heat transfer
coefficient for 0% (pure water), 2%, 4% and 6% volume of
fractions were 11.7%, 23.8%, 26.1% and 28.5% respectively
(see Figure 17) and similar behavior was seen by Abareshi et
al. [38] which indicates a good mixing can be produced at
higher volume of fraction. Furthermore, the results showed

that greater nanoparticle concentrations mean higher thermal
conductivity and hence greater pressure drop despite the heat
transfer performance increase as shown in Figure 18.
Therefore, lower pressure drop can be seen when the pure
water was applied such that as the nanoparticles are inserted,
the pressure drop increased with increase of the hot surface
temperature.
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Figure 13. Heat transfer coefficient against hot surface
temperature for airfoil channel at different coolant nanofluids

80000
—%—AI2 03 -H20
70000 | | —m—cuo -H20
—&—5i02 -H20
60000 | ——pure H20
A spoo0 |
g
£
540000 L
=
30000 |
20000 |
10000 |
0
35 55 75 95
Tll

Figure 14. Heat flux against hot surface temperature for
airfoil channel at different coolant nanofluids
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Figure 15. Pressure drop against hot surface temperature for
airfoil channel at different coolant nanofluids
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Figure 16. Heat flux against hot surface temperature for
airfoil at different volume fraction of Al,O3-H20
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Figure 17. Heat transfer coefficient against hot surface
temperature for airfoil at different volume fraction of Al,O3-
H,0O
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Figure 18. Pressure drop against hot surface temperature for

airfoil at different volume fraction of Al,O3-H,O

3.3 Porous media amount effect

Once the optimum geometry, nanofluid and volume of
fraction (Al,O3-H,0 at volume fraction of 6%) in terms of the
desirable heat transfer rate were established, the effect of
porous media in term at various porosities (¢= 0.9, 0.95 and
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Figure 19. Heat flux against different applied Ty, at various

porosity amount € = 0.9,0.95 and 0.99
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Figure 20. Heat transfer coefficient against different applied

Th at various porosity amount € = 0.9, 0.95 and 0.99
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Figure 21. Pressure coefficient against different applied Th at
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various porosity amount € = 0.9, 0.95 and 0.99

0.99) is investigated as shown in Figures 19-21. In addition, in
order to improve the hydraulic-thermal properties of the airfoil
channel chosen, the desired responses were determined on the
basis of heat flux, heat transfer coefficient and pressure drop.
As shown in Figures 19-20, as the porosity () values increased
from 0.9 to 0.99, heat flux and the heat transfer coefficient and



hence heat transfer rate decreased. This is because a large
surface area contact can be achieved with the lowest porosity
values, and thus a lower heat transfer rate can be reported. The
optimal operating conditions for porosity in terms of
delivering a maximum thermal efficiency (h) were therefore
calculated at the lowest values of ¢ = 0.9 with a reasonable
improvement in the pressure drop in the specified range as
shown in Figure 21. Furthermore, the pressure drop shows
different behaviour such that the pressure drop is almost
constant for all porous amounts. However, to conclude, from
Figures 19-21, it has been found that the maximum heat
transfer enhancement has been obtained by reaching minimum
porosity for any value of hot surface temperature.

4. CONCLUSION

A numerical investigation of various nanofluids, varying
volumes of fraction flowing within different channel
geometries, exposed to a uniform and different hot surface
temperatures boundary condition, was successfully carried out
in this study using a single-phase approach. The results
showed that for the same hot surface temperature, elliptical
cross-sectioned channel geometry offers up to twice compared
to other type of geometries such that compared to airfoil pipe,
square (S), circle (C), ellipse (E) have 60%, 50% and 46%
lower heat transfer coefficient, respectively. Moreover,
Nanoparticle of Al,O3 dispersion to the base fluid enhances
the heat transfer rate by 15%. Regarding to the fraction
volumes, higher volumetric nanoparticle concentration of
nanofluids have higher heat transfer rate with low pressure
drop. In addition to using nanoparticles, porous foams (¢ = 0.9
to 0.99) were implemented to investigate whether the heat
transfer can be enhanced. The results showed that heat flux and
the heat transfer coefficient and hence heat transfer rate
increased as the porosity decrease. This is because a large
surface area contact can be achieved with the lowest porosity
values, and thus a higher heat transfer rate can be reported.
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NOMENCLATURE

Da
Dp
G
H
K
Nu
Q
Ra
T
u,v

Darcy number

The particle diameter of nanofluids, m
gravitational acceleration, m.s?

heat transfer coefficient, W m3 K1
thermal conductivity, W.m, K!

local Nusselt number along the heat source
heat flux, W. m?

Rayleigh number

Temperature. K

velocity components, m.s*



X,y  Cartesian coordinates

Greek symbols

o thermal diffusivity, m?. s-

B thermal expansion coefficient, K
€ porosity

10} volume fraction

p Density, kg. m3

81

dynamic viscosity, kg. m.s
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& Dimensionless eccentricity
Subscripts
c Cold
h hot
f fluid phase
nf nanofluid
p nanoparticle
S solid phase





