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Abstract: A numerical study based on the finite volume method has been performed to study the three-dimension
natural convection in a parallelogrammic top side opened cavity filled nanofluid with partially heated square at the
bottom side. Results are obtained for different governing parameters such as nanoparticle concentration () from 0 to
0.05, inclination angle of the back and front walls (α) from 5° to 75°, Rayleigh number from 103 to 105, and length of
heater changer from 0.1 to 1. The main finding from the obtained result showed that the inclination angle and
nanoparticle volume fraction affect the flow structure and enhance the heat transfer.
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1 Introduction
Natural convection in open cavities can be
encountered in several applications, such as
mechanical engineering, thermofluid science,
cooling of electronic components and cooling or
heating of buildings. These applications have fully
or partially heated as given in Ref. [1]. This

situation can be applied to different shaped
enclosures [2]. Nowadays, due to the technological
advances all the electric and electronic components
and devices tend to be more and more miniature.
This size reduction represents a great challenge for
engineers and researchers working on the
development of the cooling techniques of these
devices. One of the most innovative techniques is
the use of nanofluids as cooling fluid.
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HUSSEIN et al [3] solved a problem to
investigated convective heat transfer in open
parallelepedic cavity filled with Cu nanoparticles
dispersed in water. They showed that the inclination
angle affects temperature filed. In another work of
HUSSEIN [4], hemodeled the natural convection in
a parallelogrammic cavity with hot concentric
circular moving cylinder. He observed that Nusselt
number decreases when the cylinder moves upward,
while it increases when the cylinder moves
downward. JAGADEESHA et al [5] studied the
double diffusive natural convection in an inclined
parallelogrammic porous closed space. They found
that the inclination angle of the enclosure has
significant influence on convective flow, heat and
mass transfer characteristics. BAIRI [6] studied the
natural convection in parallelogrammic enclosures
in the presence of isothermal hot wall and he
obtained correlations for different parameters for
the studied geometry. COSTA et al [7] performed a
work on double-diffusive natural convection in
parallelogrammic closed spaces filled with moist air.
He found that the high potential of the
parallelogrammic enclosures most complete and
even complex efficient heat and/or mass transfer
systems. He found that geometrical parameters
make the most important effect on heat and fluid
flow. HAN et al [8] numerically studied the natural
convection in a parallelogrammic shaped enclosure
filled with a porous medium. Their results show
that enhancement of heat transfer through the cavity
is more pronounced as the inclination angle of the
non-vertical sidewall increases. MARÍA et al [9]
proposed new correlations for natural convection in
air-filled parallelogrammic cavities. They observed
that heat transfer depends on inclination angle and
Rayleigh number. VILLENEUVE et al [10] studied
the thermal diode in a vertical stack for
parallelogrammic closed spaces. Other interesting
results related to the subject can be found in
Ref. [11–21].
The main aim of this computational study is to
present the results of natural convection in a
parallelogrammic open enclosure with a square
heater filled with Al2O3-water nanofluid. Based on
the above literature survey, there is no
three-dimensional analysis in open literature for the
studied geometry. Thus, the study will bring new
results to literature to understand the heat and fluid
flow characteristics.

2 Model definition
The computational model is defined in
Figure 1. The cavity has a square heater on the
bottom side and remaining part in bottom wall is
considered adiabatic while top side is completely
open. The cavity is parallelogrammic cavity with
inclined front and back walls. Temperature of
remaining walls is lower than that of heater.

Figure 1 Studied configuration

The nanoﬂuid is considered incompressible
and the flow is laminar. The thermo-physical
properties of the base fluid and Al2O3 nanoparticles
are presented in Table 1 (All properties are taken
from Ref. [22] except the molar mass is taken from
Ref. [23]).
Table 1 Properties of water and Al2O3 nanoparticle [22,
23]
Material

α/(107 m2ꞏs–1)

ρ/(kgꞏm–3)

k/(Wꞏm–1ꞏK–1)

Water

1.47

997.1

0.613

Al2O3

131.7

3970

40

M/(kgꞏkmol–1)

Cp/(Jꞏkg–1ꞏK–1)

Material

β/10–5

K–1

Water

21

18

4179

Al2O3

0.85

101

765

3 Governing equations
Vorticity and vector potential are defined
respectively by the following two expressions [24,
25]:






    V 
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Using the dimensionless variables; equations
governing the phenomenon are written as:
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The local and average Nusselt numbers are
defined as follows:

Pr =

v



The blocked-off-region method [28] is used to
follow the irregular shape of the geometry.
The grid dependency test is presented in
Table 2 for α=30°, Ra=105, Lh=0.1 and =0.05. The
tests were conducted for spatial meshes of
(81×61×71), (91×71×81), (101×81×91), and
(110×91×101). The average Nusselt number was
selected as a sensitive parameter. The incremental
increase in the percentage of Nuav for grids of
(91×71×81) to (101×81×91) is only 0.441%. Hence,
considering the computational economy and
accuracy, a spatial mesh size of (91×71×81) was
chosen for the present study.
The grid is varied according to α as presented
in Table 3.
The time step is fixed at 10−4 and the
convergence criterion is:
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CHANDRASEKAR et al [23] determined
experimentally the exponents a, b and c: a=–0.023,
b=1.358 and c=0.126
FUSEGI et al [26] proposed an expression of
the effective viscosity as follows:
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The molecular weight, effective density and
the specific heat and are expressed respectively as:

a

T=0 on all other walls

k
Nu   nf
 kf

T  (T   Tc ) / (Th  Tc )

The effective
expressed as [23]:

(15)

V x  V y  V z  0 on all walls

with
g× ×ΔT ×l 3
Ra =
and
v×

if nꞏV≥0 at y=0 (open boundary)

n

(12)

In the case of Al2O3/water nanofluid, the
coefﬁcients ‘‘b” and ‘‘n” were calculated
experimentally by NONI et al [27] as 1631 and 2.8,
respectively,
The considered boundary conditions are:
Temperature:
T=1 for y=1 (( L  Lh ) / 2  x  ( L  Lh ) / 2 and

(20)

s

Table 2 Grid sensitivity analysis for α=30°, Ra=105,
Lh=0.1 and =0.05
Grid

Nuavg

Increase/%

Incremental
increase/%

81×61×71

18.987

—

—

91×71×81

19.725

3.886

—

101×81×91

19.812

4.345

0.441

110×91×101

19.902

4.819

0.454

Table 3 Grid distributions
α/(°)

Grid

(13)

5

81×81×81

T
 0 for y=1, x  ( L  Lh ) / 2 and x  ( L  Lh ) / 2
n
and z  ( L  Lh ) / 2 and z  (L  Lh ) / 2 ) (14)

15

86×76×81

30

91×71×81

( L  Lh ) / 2  z  ( L  Lh ) / 2)

Tin  Tc if nꞏV<0 and

T
0,
n out

45

96×66×81

60

101×61×81

75

106×56×81
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4 Code verification
A first code verification is performed by
comparing with results of WAKASHIMA et al [29]
and FUSEGI et al [26] as shown in Table 4. These
authors studied the 3D natural convection of
air-filled cavities. The agreement between results is
excellent especially with those of WAKASHIMA
et al [29] where the error percentage don’t exceed
2% except for Vxmax at Ra=105. The second
verification is done for the case of nanofluid filled
cavity by comparing with the studies of ÖZTOP
et al [30] (Figure 2) and of JAHANSHAHI et al
[31] (Figure 3). Also a good agreement is observed.

5 Results and discussion
The effect of partially heated bottom wall of
heat transfer and flow structure in an open sided
parallelogrammic cavity filled with nanofluid is
studied numerically.
Figure 4 illustrates the effect of heater width
on flow structure for Ra=105 and α=45°. The more
the heater area increases, the more the flow is
intensified and the more complex the structure
becomes. This is due to the increase of the contact
area between the hot part and the fluid allowing
intense variations of density that enhances the
buoyancy forces. The intensity of the flow is more
important near of the center of the heater. Due to
the position of the heater in the center of the bottom
wall, the fluid enters to the cavity from the left and

right sides of the top opening (where the
temperatures are lower) and leaves from the central
part. For low heater widths, this behavior allows the
creation of two vortexes due to friction between the
laterally entering and central leaving fluids. For
higher heater widths the vortex size reduces and the
fluid mostly enters from the back region and leaves
from the front one (nearest to the heater).
The flow structure is presented in Figure 5 in
terms of particles trajectories for different
inclination angles of front and back walls and fixed
heater width (Lh=0.1) and fixed Rayleigh number
(Ra=105). Due to the increase of inclination angle
values the flow becomes pilled near the bottom wall.
It is to be noted that the effect of adding
nanoparticles is more important for low values of
inclination angles. In fact in this case (α=15° and
30°) the increase of nanoparticles concentration
causes the disappearance of the circulation vortexes
and the fluid enters from the lateral regions and
leaves directly from the central region without
recirculation. This result is due to the heat
intensification that augments the buoyancy forces
allowing the fluid to leave the cavity before being
cooled.
Figure 6 illustrates the temperature filed for
Lh=0.1 and Ra=103 and 105 at different inclination
angles (α), different nanoparticle volume fractions
as φ=0 (gray) and φ=0.05 (colored). As clearly seen
from the figure, a dome shaped temperature
distribution is observed inside the cavity for all
parameters. This shape turns to from sphere to
ellipsoidal with increasing of Rayleigh number due
to increasing of flow velocity. Addition of
nanoparticle makes small effect on temperature
distribution.

Table 4 Verification of code against results of WAKASHIMA et al [29] and FUSEGI et al [26]
Ra
104

105

106

Authors

Vxmax (|Err|)

Vymax (|Err|)

Nuav (|Err|)

Present work

0.199

0.221

2.062

WAKASHIMA et al [29]

0.198 (0.502%)

0.222 (0.452%)

2.062 (0%)

FUSEGI et al [26]

0.201 (1.005%)

0.225 (1.809%)

2.1 (1.842%)

Present work

0.143

0.245

4.378

WAKASHIMA et al [29]

0.147 (2.797%)

0.246 (0.408%)

4.366 (0.274%)

FUSEGI et al [26]

0.147 (2.797%)

0.247 (0.816%)

4.361 (0.388%)

Present work

0.0832

0.254

8.618

WAKASHIMA et al [29]

0.0811 (2.524%)

0.2583 (1.692%)

8.6097 (0.096%)

FUSEGI et al [26]

0.0841 (1.081%)

0.259 (1.968%)

8.77 (1.763%)
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Figure 2 Comparison with results of ÖZTOP et al [30]
(Ra=104)
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Figure 3 Comparison with results of JAHANSHAHI et
al [31] (Pr=6.2, =0.1 and Ra=6.2×104)

Figure 4 3D flow structure for Ra=105, α=45° for different Lh and 
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Figure 5 3D flow structure for Ra=105, Lh=0.1 and different α
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Figure 6 Temperature field for Lh=0.1, different Ra and α: φ=0 (Gray) and φ=0.05 (Colored)
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Figure 7 also presents the results for Lh=0.8
with the same parameters of Figure 4. Thus, effects
of heater length on temperature distribution can be
seen clearly. As seen from the figure, the fluid tries
to move up but the geometry is a border for it. Thus,

J. Cent. South Univ. (2019) 26: 1077–1088

the fluid moves to back side of the cavity. In the
case of nanofluid, it goes further. This situation is
clear in the case of =30°. Also, the shape of core
area changes with changing of inclination angle of
the parallelogram.

Figure 7 Temperature field for Lh=0.8, different Ra and α: φ=0 (Gray) and φ=0.05 (Colored)

J. Cent. South Univ. (2019) 26: 1077–1088

Variation of average Nusselt number versus
nanoparticle volume fraction for Ra=105 and Lh=0.1
is presented on Figure 8. It is seen that heat transfer
is enhanced with increasing nanoparticle
concentration. A more important enhancement of
heat transfer occurs for the highest values of
inclination and heater width.
Figures 9(a) and (b) illustrate the variation of
average Nusselt number versus the inclination angle
for different values of Lh and nanoparticle volume
fraction for Ra=103 and Ra=105, respectively. Heat

1085

transfer is almost constant up to =45o and it
increases with increasing of inclination angle. There
are little decreasing around =65° for Ra=105 due
to convection effects. In any case, higher heat
transfer is formed for higher value of nanoparticle
volume fraction for the same parameters. This
variation is clearer from Figure 8.
Figure 10 presents the effects of Lh on heat
transfer for different inclinations and nanoparticle
concentrations: Ra=103 (Figure 8(a)) and Ra=105
(Figure 8(b)). As seen from the figure, there is a
linear decreasing on heat transfer up to Lh=0.7 and
0.8 for all values of Ra number. This decrease is
due to the recirculation vortexes that reduce the
temperature gradients near the hot parts.

Figure 8 Nuav versus φ for Ra=105 and different Lh and α

Figure 10 Nuav versus Lh for different α and φ: (a)
Ra=103; (b) Ra=105

Figure 9 Nuav versus α for different Lh and φ: (a) Ra=103;
(b) Ra=105

Then, heat transfer increases especially for the
higher values of Lh. This is due to the disappearance
of the vortexes (Figure 4) allowing the entering of
higher quantity of cold fluid.
Figure 11 presents the effect of Rayleigh
number on Nusselt number for =0.05 and different
values of Lh and . Heat transfer is almost constant
for (Lh =0.1 and  =45°), (L h =0.8 and  =75°) and
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t
T
Tc
Th
V
x, y, z

Figure 11 Nuav versus Ra for φ=0.05 and different Lh and
α

(Lh=0.4 and =75). Average Nusselt number
decreases with increasing Lh and it increases with
increasing Rayleigh number. For smaller values of
Lh and inclination angle, heat transfer mode is
almost conduction due to the reduced heat transfer
domain.

6 Conclusions
The 3D natural convection in open sided
parallelepedic cavity filled with nanofluid in the
presence of partial square heater on the bottom wall
is studied numerically. Governing equations are
developed using the velocity vector-vorticty
formalism and the finite volume. For all cases, heat
transfer increases with increasing both nanoparticle
volume fraction and inclination angle. For lower
inclination angle it becomes almost constant for
lower values of Rayleigh number. However, there is
a decreasing around =50o. Values of Nusselt
number are depending on Lh values.

Nomenclature
Cp
g
k
l
Lh
M
n
Nu
Pr
Ra

Specific heat at constant pressure,
J/(kgꞏK)
Gravitational acceleration, m/s2
Thermal conductivity, W/(mꞏK)
Enclosure width and height, m
Heater width
Molecular weight, kg/kmol
Unit vector normal to wall
Nusselt number
Prandtl number
Rayleigh number

Dimensionless time
Dimensionless temperature
Cold temperature, K
Hot temperature, K
Dimensionless velocity vector
Dimensionless cartesian coordnates

Greek symbols
α
Thermal diffusivity, m2/s
β
Thermal expansion coefficient, K–1
ρ
Density, kg/m3
μ
Dynamic viscosity, kg/(mꞏs)
v
Kinematic viscosity, m2/s

Nanoparticles volume fraction

Dimensionless vector potential



Dimensionless vorticity
ΔT
Dimensionless temperature
difference
Subscripts
av
x, y, z
f
nf
s

Average
Cartesian coordinates
Fluid
Nanofluid
Solid
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中文导读
纳米流体在顶部开孔底部加热的四方形容器内的三维自然对流
摘要：构建纳米流体在顶部开孔底部加热的四方形容器流动模型，基于有限体积法，进行了纳米流体
三维自然对流的数值研究。得到的控制参数为纳米粒子浓度(φ)0~0.05、前后壁倾角(α)5°~75°、Rayleigh
数 103~105、加热器的换热器长度 0.1~1。结果表明，倾角和纳米颗粒的体积分数影响流动结构，提高
了传热效果。
关键`词：三维分析；开放式外壳；部分加热；平行四边形；纳米流体

