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Abstract

A numerical study has been conducted to investigate the transport mechanism of natural
convection in a C-shaped enclosure filled with water-Al,O3 nanofluid for various pertinent
parameters. The effects of the volume fraction of the AIl,O; nanoparticles, Rayleigh
number, and radius of inserted cylindrical pins on the temperature, velocity, heat flux
profiles and average Nusselt number have been investigated. General correlations for the
effective thermal conductivity and viscosity of nanofluids are used for this analysis. The
governing mass, momentum and energy equations are solved numerically with the finite
volume method using the SIMPLER algorithm. The results show that addition of
nanoparticle improves the heat transfer performance. Insertion of cylindrical pins of lower
radius increases the average Nusselt number irrespective of Rayleigh number. But anomaly
has been observed while pins of higher radius are inserted due to enormous disturbance in
the fluid.
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1. Introduction

Natural convection heat transfer plays a preeminent role in the engineering domain for its
unique but immense applications in electronic cooling, heat exchangers, double pane
windows and so on [1]. Enhancing the heat transfer performance and effectiveness in
these systems is a crucial issue from the energy saving as well as cost minimization
contexts which are severely hindered by the ineffectual thermal conduction of
conventional heat transfer fluids. An innovative and new technique to boost up heat
transfer is dispersion of nano sized solid particles into the base fluid (i.e., nanofluid). Due
to the tiny sizes and increased specific surface areas of the nanoparticles, nanofluid may
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achieve improved properties like better thermal conductivity, high level of stability, lower
tendency in flow passages blocking and so forth.

In the past decade, several researchers have investigated natural convection in
enclosures with various shapes, nanofluids and thermal boundary conditions [2-6]. Oztop
and Abu-nada [7] studied numerically free convection of nanofluid in partially heated
rectangular cavities and observed boosting of the heat transfer rate upon increment in
nanoparticles volume fraction as well as height of heater. In another numerical simulation,
Abu-nada and Oztop [8] observed the effect of inclination angle on free convection in a
square cavity containing Cu-water nanofluid. They observed that Rayleigh numbers being
lowered, the effect of varying inclination angle on the rate of heat transfer became
insignificant. Abu-nada et al. [9] numerically investigated that at high Rayleigh numbers,
though the heat transfer rate was sensitive to viscosity model, the thermal conductivity
model did not affect the heat transfer rate. Ogit [10] analytically examined free
convection heat transfer of water-based nanofluids in an inclined square cavity with a
heater of constant heat flux positioned at the mid-point of its left wall and observed
escalation of heat transfer rate at higher Rayleigh number and increased nanoparticles
content.

Ghasemi and Aminossadati [11] studied the influence of Brownian movement of
nanoparticles on natural convection of CuO-water nanofluid enclosed in a right triangular
cavity and found that while considering Brownian movement, the heat transfer rate was
significantly influenced by the volume fraction of nanoparticles, the aspect ratio of cavity,
location of the heat source as well as variation of Rayleigh numbers. Sheikhzadeh et al.
[12] carried out a numerical analysis on free convection of the TiO,-water nanofluid
within rectangular enclosures heated differentially on adjacent walls and concluded that
increasing both the Rayleigh number and volume fraction resulted in enhancement of
average Nusselt number. Mahmoodi [13] investigated numerically free convection in L-
shaped enclosure using Cu-water nanofluid. The obtained results show that at all Rayleigh
numbers considered, the average Nusselt number enhanced upon raising the aspect ratio
of enclosure and nanoparticles content.

Natural convection heat transfer in a C-shaped enclosure having Cu-water nanofluid
had been studied as well by Mahmoodi and Hashemi [14] to analyze the effect of variable
aspect ratio of cavity, Rayleigh number and volume fraction of the nanoparticles on
average Nusselt number. Mansour et al. [15] numerically examined the effect of localized
heat source on natural convection inside a C-shaped enclosure having Cu-water nanofluid.
Makulati et al. [16] investigated the effect of magnetic field on natural convection heat
transfer in an inclined C-shaped cavity containing alumina-water nanofluid and concluded
that Hartmann number being increased, the influence of nanofluid on average Nusselt
number was lessened. Chamkha et al. [17] numerically studied the natural heat transfer
process in C-shaped cavity in presence of magnetic field and determined a threshold value
of Hartman number for the most efficient heat transfer in that cavity. Mohebbi et al. [18]
numerically explored the effect of heat source location along with varying Rayleigh
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number, yielding most suitable Nusselt number for natural convection in a C-shaped
enclosure.

Being chemically very stable and almost insoluble in water, acids, and bases Al,O3
nanoparticles have received a great attention in past few years [19]. Sheikholeslami et al.
[20] simulated the effect of horizontal magnetic field on free convection heat transfer in a
concentric annulus filled with Al,Os-water nanofluid to show that the enhancement in heat
transfer is an increasing function of Hartmann number. Ahmed et al. [21] observed a high
gradient in wall temperatures when the water is replaced by Al,Os-water nanofluid
particularly at higher volume fraction. In an experiment concerning nanofluids, Sinha et
al. [22] revealed a consistent rise in the heat transfer with increasing volumetric
concentration of Al,O3 nanoparticles at any given Reynolds number. Sheremet et al. [23]
studied the unsteady natural convection in an inclined square cavity filled with Al,O3-
water nanofluid and found that temperature-varying wall affects the heat transfer as well
as fluid flow with time. It was also observed that the shape of nanoparticles had a
significant effect on natural convection heat transfer of Al,O5-water nanofluid [24,25].

The objective of this paper is to investigate numerically the transport mechanism of
natural convection in a C-shaped enclosure filled with water-Al,O5 nanofluid. As the total
heat flux distribution and consequences of cylindrical pin insertion in a C-shaped
enclosure have not been studied yet, special attention has been paid to inspect the effects
of the volume fraction of the nanoparticles, Rayleigh number and insertion of cylindrical
pins on the temperature, velocity and heat flux profile in the enclosure for a fixed aspect
ratio. Moreover, the impact of cylindrical pin radii on average Nusselt number has also
been demonstrated.

2. Mathematical Modeling

A schematic view of the C-shaped enclosure considered in this study is shown in Fig. 1.
The top, left and bottom walls of the enclosure are maintained at elevated temperature,
whereas the inner horizontal and vertical walls are kept cold. The right most vertical walls
are well insulated shown by dark lines. The height and the thickness of the enclosure are
represented by H and W respectively. The aspect ratio of the enclosure is thus defined as
AR = W/H. Since the length of the cavity is considered to be much longer compared to its
height and thickness, the problem can be considered as two dimensional. The whole
cavity is assumed to be replete with homogeneous Al,Os-water nanofluid. Thermal
equilibrium and no slip conditions are taken into account for the nanoparticles and the
base fluid. The constant thermo-physical properties of Al,O; nanoparticles and water
(base fluid) are adopted from Oztop et al. [26] and listed in Table 1. The nanofluid is
considered to be incompressible and Newtonian while the nanofluid flow is assumed to be
laminar. Density variation of the nanofluid follows Boussinesq approximation [27].
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Fig. 1. Schematic diagram of the C-shaped enclosure under consideration.

Table 1. Thermo-physical properties of water and Al,O3 nanoparticles [26].

Physical properties Water Al,O3

C, (I-kg™* k™) 4179 765

p (kg -m?3) 997.1 3970

k (W-mt-k?) 0.613 40

a(m?-s) 1.47 x 107 131.7 x 107
BKY 21 x10° 0.85 x 10°°

The continuity, momentum and energy equations which govern two-dimensional laminar

free convection along with the Boussinesq approximation are as follows
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where the effective density, thermal expansion coefficient, heat capacity and thermal
diffusivity of the nanofluid are stated as follows
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The nanofluid effective thermal conductivity, k. is calculated using Maxwell equation
[28].

kny _ (ks + 2ks) — 20(ks — ks) 9
ke (ks + 2ks) + @(kp — k)

The use of this equation is restricted to spherical nanoparticles and this model is found to
be appropriate for studying heat transfer enhancement using nanofluids [29,30].

The Brinkman model [31] is employed to estimate effective dynamic viscosity of
nanofluid

__ K
Unf = (1 _ (P)Z'S (10)

The following dimensionless parameters are used to convert the governing equations to
dimensionless form

x=X y=2 potHoyou P, T-T 11
_H’ _H’ _af' _af' _pnfafz' _Th_TC ( )
Thus the governing equations in non-dimensional form are stated as follows
ou N v 1
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where the Rayleigh number, Prandtl number and kinematic viscosity are defined as
follows
T, — T.)H?
Ra = 9B (Ty c) (16)
arVy
Vs
Pr =— a7n
ar
Hr
v, =L (18)
f Py
Assuming no slip, the boundary conditions for Egs. (12) - (15) are
on walls og,0a,0b: U=V =0,0 =1
onwallsog,0a,0b:U =V =0,0=1 (19)

onwallscd,de,ef: U=V =0, =0
onwallsbc,fg: U=V =0,00/0n =0

Where n denotes normal direction to the wall.
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The local Nusselt number and average Nusselt number can be expressed as

ks 00
Nuypeqr = —k—fﬁon wall oa (20)
00
Nuypea: = — k—fﬁon wall og and ab (21)
1 ¢ ; !
Nu = g fNulocaldX |Y:0 + f NulomldY |X=O + j NulomldX y=1 (22)
0 0 0

3. Numerical Procedure and Validation

The governing equations are discretized using finite volume method and the diffusion
terms in the equations are discretized by a second order differential equation. Coupling
between pressure and velocity fields is committed using SIMPLER algorithm. A grid
independence check has been performed on the C-shaped enclosure at AR = 0.4, Ra = 10°,
¢ = 0.1 and without pins under variable number of mesh elements and the outcomes are
presented in Table 2. From the results it is observed that the there is no significant
changes in average Nusselt number for the mesh elements in between 32832 and 131328.
Hence, the mesh with 32832 elements has been chosen to conduct the numerical analysis.
In order to validate the numerical approach, a C-shaped enclosure filled with Cu
nanoparticles has been considered and the average Nusselt number at AR = 0.4, ¢ = 0.1
for Ra = 10 and Ra = 10° have been compared with the reported data [14] as shown in
Table 3.

Table 2. Grid independence check on the C-shaped enclosure at AR = 0.4, Ra=10°, ¢ =
0.1 and without pins.

Mesh Elements 513 2052 8208 32832 131328

Nu 2.827  3.675 4.256 4.501 4.503

Table 3. Comparison of the average Nusselt number between Cu-water nanofluid filled C-
shaped enclosure at ¢=0.1, AR = 0.4 and the reported data [14]

Rayleigh Mahmoodi Present |Error|
Number Simulation Simulation (%)
Ra=10’ Nu=1.206 Nu=1.237 2.57
Ra=10° Nu=4.564 Nu=4.501 1.38

4, Results and Discussion

To investigate the heat transfer performance of C-shaped enclosures filled with Al,Os-
water nanofluid temperature, velocity and total heat flux profiles are generated for two
different Rayleigh numbers and volume fractions of the nanoparticles. The consequence
of inserting four cylindrical pins has also been studied. The results discussed here are
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based on fixed aspect ratio (AR) 0.4, Rayleigh numbers 10% and 10° and volume fraction 0
and 0.1.

The streamlines and the isotherms for AR = 0.4 and ¢ = 0 for different Rayleigh
numbers are presented in Figs. 2 and 4 respectively and those for ¢ = 0.1 are presented in
Figs. 3 and 5 respectively. From the streamlines at Ra = 10, it is observed that the fluid is
initially heated by the hot walls and moves upward by the cause of thermal expansion.
Then the cooling and compression of fluid takes place in the cold rib. Eventually, the
compressed fluid moves downward generating a clockwise eddy in the whole portion of
the enclosure. Formation of a counter clockwise secondary eddy takes place at higher
Rayleigh number Ra = 10° in the space between bottom hot wall and cold rib. The
clockwise and counter clockwise eddies have been represented by negative and positive
values respectively as shown in streamlines distribution. Because of higher strength of
primary eddy at Ra = 10°% the primary eddy is strong enough to penetrate the region
between upper hot wall and cold rib.

An even distribution of the isotherms at Ra = 10° are observed inside the enclosure
demonstrating heat transfer dominated by conduction. At Ra = 10°, formation of distinct
thermal boundary layers close to all isothermal walls except the top wall takes place.
Shifting of dominant heat transfer mechanism from conduction to free convection occurs
at Ra = 10° due to disturbance in isotherms. Nanoparticles being added to pure water,
fluid properties like viscosity and thermal conductivity are enhanced. At Ra = 10° the
effect of addition Al,O3 is not prominent. But at Ra = 10° streamlines and isotherms
become smother and evenly spaced demonstrating improved flow and temperature
profiles. Because of higher viscosity of nanofluid, primary eddy becomes stronger to
suppress the formation of secondary eddy to a little extent.
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Fig. 2. Streamlines inside the enclosure with AR = 0.4 and for pure fluid, (a) Ra = 10°, (b) Ra = 10°.
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Fig. 3. Streamlines inside the enclosure with AR = 0.4 and for = 0.1, (a) Ra = 10°, (b) Ra = 10°.
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Fig. 4. Isotherms inside the enclosure with AR = 0.4 and for pure fluid, (a) Ra = 10 (b) Ra = 10°.
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Fig. 5. Isotherms inside the enclosure with AR = 0.4 and for = 0.1, (a) Ra = 10°, (b) Ra = 10°.

Total heat flux profiles for pure fluid and nanofluid have been shown in Figs. 6 and 7
respectively. Maximum heat flux of pure fluid at Ra = 10° is found to be about fifteen
times of maximum heat flux at Ra = 10° due to increased fluid motion. Due to addition of
10 % nanoparticles, effective heat transfer surface area increases followed by reduction in
total heat flux in both cases at Ra = 10° and Ra = 10°. Therefore, with the depletion of
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heat flux, the possibility of boiling crisis i.e., departure from nucleate boiling (DNB) and
critical heat flux (CHF) is also reduced.
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Fig. 6. Total heat flux of pure fluid with AR = 0.4, (a) Ra = 10°, (b) Ra = 10°.
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Fig. 7. Total heat flux of nanofluid with AR = 0.4, ¢ = 0.1, () Ra = 10, (b) Ra = 10°.

Modified Schematic diagrams of the C-shaped enclosure under consideration with AR
= 0.4 and inserted pins have been shown in Fig. 8. Four pins have been inserted
throughout the length of the enclosure. Figs. 9-14 shows the streamlines, isotherms and
heat flux profiles for R/H = 0.05, while Figs. 15-20 represent those for R/H = 0.08. Here R
denotes the radius of the cylindrical pins.

Figs. 15, 17 and 19 represent the streamlines, isotherms and total heat flux distribution
respectively of pure fluid with AR = 0.4 and having 4 pins of R/H = 0.05. Streamlines are
found to be obstructed by the cylindrical pins. Though at Ra = 10% formation of only
primary eddy is observed, generation of comparatively weaker secondary eddy takes place
at Ra = 10° due to disturbance in the fluid. Moreover, insertion of pins have lowered the
penetrating tendency of primary eddy at Ra = 10° in the region between upper hot wall
and cold rib. The presence of pins has caused isotherms to approach each other
particularly near the pin walls. As heat transfer is dominated by conduction at Ra = 10°,
isotherms are found to be evenly distributed. On the other hand at Ra = 10° formation of
distinct thermal boundary layers close to all isothermal walls except the top wall takes
place indicating free convection dominated heat transfer mechanism. Additionally,
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cylindrical pins have increased the effective heat transfer area and hence total heat flux is
decreased to a little extent.

Figs. 16, 18 and 20 show the streamlines, isotherms and total heat flux distribution
respectively of nanofluid (¢ = 0.1) with AR = 0.4 and having 4 pins of R/H = 0.05. The
effect of nanoparticles addition is hardly observed at Ra = 10°. But at Ra = 10° formation
of secondary eddy is curtailed, isotherms become smoother as well as heat flux is reduced
on availability of more effective heat transfer area.

The streamlines, isotherms and total heat flux distribution of pure fluid with AR = 0.4
and having 4 pins of R/H= 0.08 have been displayed in Figs. 15, 17 and 19 respectively.
Due to bigger radii of pins, streamlines are more disturbed generating secondary eddies at
Ra = 10° The tendency of the isotherms to approach towards the pin walls also increases
along with the increase in pin size. Total heat flux of fluid behaves contrastively for
different Rayleigh numbers. Heat flux of fluid at Ra = 10° has increased due to serious
obstruction from larger pins resulting reduced effective heat transfer area. The
streamlines, isotherms and total heat flux distribution of nanofluid (¢ = 0.1) with AR =
0.4 and having 4 pins of R/H = 0.08 have been shown in Figs. 16, 18 and 20 respectively.
At Ra = 10° formation of secondary eddy is suppressed to a great extent and isotherms are
observed to be smoother. Addition of nanoparticles has boosted the heat flux at Ra = 10°
but lowered the heat flux at Ra = 10° due to enormous disturbance created by pins and
nanoparticles together in heat transfer mechanism.

Fig. 8. Modified Schematic diagram of the C-shaped enclosure under consideration with 4
cylindrical pins.
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Fig. 9. Streamlines inside the enclosure with AR = 0.4, having 4 pins of R/H = 0.05 and pure fluid,
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Fig. 12. Isotherms inside the enclosure with AR = 0.4, having 4 pins of R/H = 0.05 and for ¢= 0.1,
(a) Ra = 10°, (b) Ra = 10°.
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Fig. 13. Total heat flux of pure fluid with AR = 0.4 and having 4 pins of R/H = 0.05, (a) Ra = 10°,
(b) Ra = 10°.
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Fig. 14. Total heat flux of nanofluid with AR = 0.4, having 4 pins of R/H = 0.05 and ¢= 0.1, (a) Ra
=10 (b) Ra = 105,
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(a) Ra = 10°, (b) Ra = 10°.
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Fig. 16. Streamlines inside the enclosure with AR = 0.4, having 4 pins of R/H = 0.08 and ¢=0.1, (a)

Ra = 10°, (b) Ra = 10°.
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Fig. 17. Isotherms inside the enclosure with AR = 0.4, having 4 pins of R/H = 0.08 and pure fluid,

(a) Ra = 10%, (b) Ra = 105
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Fig. 18. Isotherms inside the enclosure with AR = 0.4, having 4 pins of R/H = 0.08 and ¢= 0.1, (a)
Ra = 10°, (b) Ra = 10°.
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Fig. 19. Total heat flux of pure fluid with AR = 0.4 and having 4 pins of R/H = 0.08 (a) Ra = 10°,
(b) Ra = 10°,
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Fig. 20. Total heat flux of nanofluid with AR = 0.4, having 4 pins of R/H =0.08 and ¢ = 0.1, (a) Ra
=10°, (b) Ra = 10°

Fig. 21 demonstrates the variation of average Nusselt number with variable Rayleigh
number and nanoparticles volume fraction. From the graphs, it is obvious that average
Nusselt number increases with increasing Rayleigh number. In absence of cylindrical
pins, average Nusselt number increases with the addition of 10 % nanoparticles. Pins with
R/H = 0.05 enhances the Nusselt number both in pure fluid and nanofluid at both Rayleigh
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numbers considered. Hence, heat transfer rate as well as the overall efficiency of the
cooling system is improved. On the other hand, pins with R/H = 0.08 creates much
disturbance in the pure fluid at Ra = 10° and in the nanofluid at Ra = 10°. Therefore, the
average Nusselt number is observed to be lower than the expected value.
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Fig. 21. Variation of average Nusselt number with nanoparticles volume fraction at AR=0.4, (a) Ra
=10 (b) Ra = 10°.

5. Conclusion

In this paper, the effect of volume fraction of nanoparticles, Rayleigh number and radii of
cylindrical pins on temperature, velocity and total heat flux profile have been studied
numerically using finite volume method for C-shaped enclosures filled with Al,Os-water
nanofluid. For AR = 0.4, Ra = 10° secondary eddies are developed in the region between
bottom hot wall and cold rib of enclosure under consideration. Therefore, at higher
Rayleigh number the heat transfer mechanism is governed by free convection. 10%
alumina nanoparticles being added to pure water viscosity, thermal conductivity and
effective heat transfer area of the fluid are enhanced significantly. As a result, streamlines
and isotherms become more smother and evenly spaced, thereby improving the heat
transfer performance. Addition of 10 % nanoparticle and insertion of cylindrical pins of
R/H = 0.05 increases the effective heat transfer area to a considerable amount. Hence,
total heat flux is decreased while average Nusselt number is increased. On the other hand,
pins with R/H = 0.08 create immense disturbance in nanofluid reducing the average
Nusselt number at Ra = 10° while increasing at Ra = 10°. Therefore, pins of optimum
radius are suggested for C-shaped enclosure. Insertion of cylindrical pins weakens the
secondary eddy formation and forces the isotherms to approach to each other particularly
near the pin walls.

6. Nomenclature

AR aspect ratio of enclosure
Co specific heat, J- kg™ K*
g acceleration due to gravity, m-s?
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heat transfer co-efficient, W-m?2-K!

thermal conductivity, W-m™-K?

enclosure height, m

enclosure thickness, m

cylindrical pin radius, m

Nusselt number

pressure, N-m

dimensionless pressure

Prandtl number

heat flux, W-m?

Rayleigh number

Dimensional temperature, K

dimensional velocities components in x and y direction, m-s™
dimensionless velocities components in X and Y direction
dimensional Cartesian co-ordinates, m

dimensionless Cartesian co-ordinates

Greek symbols

a thermal diffusivity, m®-s

B thermal expansion co-efficient, K

0 dimensionless temperature

H dynamic viscosity, kg-m™-s

v kinematic viscosity, m2-s™

p density, kg* m®

o nanoparticle volume fraction

Subscripts

c cold

f fluid

h hot

S solid particles
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