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a b s t r a c t

This paper presents the results of a numerical study on the natural convection in a right triangular
enclosure, with a heat source on its vertical wall and filled with a watereCuO nanofluid. The effects of
parameters such as Rayleigh number, solid volume fraction, heat source location, enclosure aspect ratio
and Brownian motion on the flow and temperature fields as well as the heat transfer rate, are examined.
The results show that when Brownian motion is considered in the analysis, the solid volume fraction, the
heat source location and the enclosure aspect ratio affect the heat transfer performance differently at low
and high Rayleigh numbers. At high Rayleigh numbers, an optimum value for the solid volume fraction
is found which results in the maximum heat transfer rate. This is in contradiction to the results of the
analysis in which Brownian motion is neglected.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

Natural convection in triangular enclosures has been a subject
of interest in many research studies because of its applicability in
various fields such as air-filled attic spaces of sloped-roof-buildings
[1,2], roof type solar stills [3], triangular shaped solar collectors
[4e6] and miniaturised electronic components [7,8]. For the first
time, Flack et al. [9] experimentally studied natural convection in an
isosceles air-filled triangular enclosure with two isothermal walls
and an insulated bottom. Since then, comprehensive numerical and
experimental studies have been conducted on natural convection in
triangular enclosures. The numerical studies on natural convection
in air-filled triangular enclosures aimed to investigate the effects of
pertinent parameters such as the geometry of triangular enclosure,
the thermal boundary conditions, and the buoyancy effects on
the thermal performance of the enclosure [10e15]. In addition to
numerical studies, some researchers have experimentally studied
natural convection in triangular enclosures. For example, Flack et al.
[16] obtained laser velocimetry data to determine the flow velocity
in a triangular enclosure and compared the results against the
theoretical simulations.

Previous studies on natural convection in triangular enclosures
have considered a basefluidwith a low thermal conductivity. This, in
.
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turn, limits the enhancement of heat transfer in the enclosure.
In some applications, such as miniaturised electronic devices, it is
required to remove a significant amount of generated heat from
the system through very small surfaces. Therefore, an enhanced heat
transfer technique should be utilised tomaintain the temperature of
electronic components below safe limits. An enhanced heat transfer
can be achieved by introducing high thermal conductivity nano-
particles into the base fluid within the enclosure [17]. Conceptually,
it is expected that the presence of the nanoparticles in the nanofluid
increases the thermal conductivity and therefore substantially
enhances the heat transfer characteristics of the nanofluid.

It must also be noted that the heat transfer enhancement
by means of nanofluids is still a controversial subject and there are
contradictory studies reported in the literature that show that the
dispersion of nanoparticles in the base fluid may result in a consid-
erable decrease in the heat transfer [18,19]. It has been demon-
strated that the augmentation or mitigation of the heat transfer
found in the numerical studies depends on the existingmodels used
to predict the properties of nanofluids [20]. Abu-Nada [21] imple-
mented new models for nanofluids properties and examined the
heat transfer enhancement under a wide range of temperatures and
solid volume fractions. He argued that the heat transfer enhance-
ment depends on the nanofluid viscosity and thermal conductivity
models, and the range of Rayleigh numbers and solid volume
fractions.

Recently, many theoretical studies have been carried out and
several models have been proposed to predict the effective thermal
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Nomenclature

AR enclosure aspect ratio (H/L)
Cp specific heat, J kg�1 K�1

d distance of the heat source from the horizontal wall, m
D dimensionless distance of the heat source from the

horizontal wall (d/L)
g gravitational acceleration, m s�2

H length of vertical wall of the enclosure, m
k thermal conductivity, W m�1 K�1

L length of horizontal wall of the enclosure, m
Nu local Nusselt number on the heat source
Num average Nusselt number
p fluid pressure, Pa
p modified pressure ðpþ rcgyÞ
P dimensionless pressure ðpL2=rnfa2f Þ
Pr Prandtl number ðnf=af Þ
Rnp radius of nanoparticles, m
Ra Rayleigh number ðgbfL3ðTh � TcÞ=nfaf Þ
S4 source term in Eq. (1)
T temperature, K
u; v velocity components in x; y directions, m s�1

U;V dimensionless velocity components ðuL=af ; vL=af Þ
w heat source length, m

W dimensionless heat source length (w/L)
x; y Cartesian coordinates, m
X;Y dimensionless coordinates ðx=L; y=LÞ

Greek symbols
a thermal diffusivity, m2 s�1

b thermal expansion coefficient, K�1

f solid volume fraction
G4 diffusion term in Eq. (1)
4 non-dimensional parameter in Eq. (1)
k Boltzmann constant, J K�1

m Dynamic viscosity, N s m�2

n kinematic viscosity, m2 s�1

q dimensionless temperature ðT � TcÞ=ðTh � TcÞ
r density, kg m�3

jmax maximum stream function

Subscripts
c cold wall
eff effective
f fluid (pure)
h heat source
nf nanofluid
np nanoparticle
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conductivity of nanofluids. In order to consider the movement of
nanoparticles, some researchers have included the contribution of
a dynamic component related to particle Brownian motions in
their model development [22e27]. However, there is still a debate
on the appropriate modelling of Brownian motion of nanoparticles
and most of the research studies on nanofluids still rely on
either original or modified models proposed by Maxwell [28] and
Hamilton-Crosser [29], which consider the nanoparticles to be
surrounded by an interfacial layer, instead of utilising bare
nanoparticles.

The present study has been motivated by the need to determine
the detailed flow field, temperature distribution and natural
convection heat transfer in a triangular enclosure filled with a nano-
fluid, where Brownianmotion is taken into consideration. To the best
knowledge of the authors, no studywhich considers this problemhas
yet been reported in the literature. As such, the focus of this paper is to
examine the effects of pertinent parameters such as Rayleigh number,
solid volume fraction, heat source position, enclosure aspect ratio
and Brownian motion on the natural convection characteristics of
a triangular enclosure filled with a watereCuO nanofluid.

2. Problem description

A schematic diagram of the physical domain and the grid distri-
bution considered for the physical domain are shown in Fig.1a andb,
respectively. The model consists of a right triangular enclosure
with a vertical wall of length H and a horizontal wall of length L.
The horizontal and vertical walls of the enclosure are thermally
insulated, and the inclined wall is maintained at a relatively low
temperature of Tc. A heat source with a uniform temperature of
Th and a length ofw is located on the vertical wall of the enclosure. It
is assumed that the enclosure is filled with a watereCuO nanofluid,
water and CuO nanoparticles are in thermal equilibrium, the nano-
fluid is Newtonian and incompressible, the flow is laminar and
radiation effects are negligible. The CuO nanoparticles are assumed
to be spherical with a radius of Rnp ¼ 10 nm. Constant
thermophysical properties are considered for the nanofluid, except
for the density variation in the buoyancy forces, determined by using
the Boussinesq approximation. The thermophysical properties of
water and CuO are given in Table 1.
3. Governing equations

The equations that govern the conservation of mass, momentum
and energy can be written in a non-dimensional form as shown in
Eq. (1).

vðU4Þ
vX

þ vðV4Þ
vY

¼ v

vX

�
G4

v4

vX

�
þ v

vY

�
G4

v4

vY

�
þ S4 (1)

where, 4 stands for the dependent non-dimensional parameters U,
V and q, and G4 and S4 are the corresponding diffusion and source
terms, respectively, as summarised in Table 2. In this table, the
effective density of the nanofluid is

rnf ¼ ð1� fÞrf þ frnp (2)

where, f is the solid volume fraction of the nanofluid. The thermal
diffusivity of the nanofluid is

anf ¼ keff=
�
rCp

�
nf (3)

where ðrCpÞnf is the heat capacitance of the nanofluid and is given by�
rCp

�
nf ¼ ð1� fÞ�rCp�f þf

�
rCp

�
np (4)

The thermal expansion coefficient of the nanofluid is

ðrbÞnf ¼ ð1� fÞðrbÞf þfðrbÞnp (5)

The effective viscosity ðmeff Þ and the effective thermal conduc-
tivity ðkeff Þ of the nanofluid are determined based on the models
presented in Table 3. The non-dimensional groups presented in
Eq. (6) are used in the present analysis.



Table 2
A summary of the governing non-dimensional equations.

Equations 4 G4 S4

Continuity 1 0 0
X-momentum U meff=rnfaf �vP=vX
Y-momentum V meff=rnfaf �vP=vY þ ððrbÞnf=ðrnfbf ÞÞRaPrq
Energy q anf=af 0
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Fig. 1. a: A schematic diagram of the physical domain. b: Grid distribution considered
for the physical domain.
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X ¼ x
L
; Y ¼ y

L
; U ¼ uL

af
; V ¼ vL

af
; P ¼ pL2

rnfa
2
f

q ¼ T � Tc
Th � Tc

; Ra ¼ gbfL
3ðTh � TcÞ
nfaf

; Pr ¼ nf
af

(6)
Table 1
Physical properties of pure water and CuO [35].

r (kg m�3) Cp (J kg�1 K�1) k (Wm�1 K�1) b (K�1)

Pure water 997.1 4179 0.613 2.1 � 10�4

CuO 6320 531.8 76.5 1.8 � 10�5
The non-dimensional boundary conditions are as follows:

� Alongallthewallsof theenclosure U¼V ¼ 0
� Alongtheheatsourceontheverticalwallof theenclosure q¼ 1
� Alongtheinsulatedverticalwallof theenclosure vq=vX¼ 0
� Alongthehorizontalwallof theenclosure vq=vY ¼ 0
� Alongtheinclinedwallof theenclosure q¼ 0

(7)

4. Numerical approach

The control volume formulation given by Patankar [30] and the
SIMPLE algorithm are utilised to solve the governing Eq. (1) with
the corresponding boundary conditions given in Eq. (7). The con-
vectionediffusion terms are discretized by a power-law scheme and
thesystemisnumericallymodelled inFORTRAN. In this study,a regular
rectangulardomainwithauniformgrid isused.The inclinedwallof the
enclosure is approximated with stair case-like zigzag lines and the
grid cells outside of the triangular domain are assumed inactive. This
method has beenwell documented in the literature and applied in the
research studies by Asan and Namli [2] and Varol et al. [31].

After solving the governing equations for U, V and q, other useful
quantities such as Nusselt number can be determined. The local
Nusselt number on the heat source surface can be defined as:

Nu ¼ �keff
kf

�
vq

vX

�
on the heater

(8)

The average Nusselt number is determined by integrating the
local Nusselt number along the heat source:

Num ¼ 1
W

Z
along the heater

Nu$dY (9)

5. Grid independency and code validation

A grid independency study has been carried out for D ¼ 0.5,
Ra ¼ 105, f ¼ 0.04 and AR ¼ 1. Fig. 2 presents the average Nusselt
number (Num)andmaximumstreamfunction (jjmaxj) forfivedifferent
grid sizes. A grid size of 80� 80 is found to meet the requirements of
both the grid independency study and the computational time limits.
The convergence criteria are to reduce themaximummass residual of
the grid control volume below 10�8.

The present computation is validated against the results of
Akinsete and Coleman [1], Asan and Namli [2], Varol et al. [31] and
Tzeng et al. [32] (Fig. 3a). A triangular enclosure with AR¼ 0.25 and
filled with air (Pr ¼ 0.73, Ra ¼ 2772) is considered. This enclosure
has a thermally insulated vertical wall, a horizontal wall at Th and
an inclined wall at Tc. It is found that the present results compare
very well with other reported values. The present work is also
validated against the results of Oztop and Abu-Nada [33] for
a square enclosure filled with watereCu nanofluid. A heat source
with a uniform temperature (Th) is considered on the left wall of the
enclosure, the right wall is maintained at a relatively low temper-
ature (Tc) and the other walls are thermally insulated. Fig. 3b shows
the variation of Num with respect to solid volume fraction (f) for
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Table 3
Applied models for the effective viscosity and thermal conductivity of nanofluid.

Properties Applied model

Effective viscosity meff ¼ mStatic þ mBrownian

Static viscosity [36] mStatic ¼ mf=ð1� fÞ2:5

Brownian viscosity [37] mBrownian ¼ 5� 104bfrf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kT

2rnpRnp

s
fðT;fÞ

Effective Thermal conductivity keff ¼ kStatic þ kBrownian

Static thermal conductivity [28,33,38,39] kStatic ¼ kf

"
ðknp þ 2kf Þ � 2fðkf � knpÞ
ðknp þ 2kf Þ þ fðkf � knpÞ

#

Brownian thermal conductivity [25] kBrownian ¼ 5� 104bfrfCp;f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kT

2rnpRnp

s
fðT;fÞ

Boltzmann constant [25] k ¼ 1:3807� 10�23 J=K

Modelling function,b [25] b ¼ 0:0137ð100fÞ�0:8229 for f < 1%
b ¼ 0:0011ð100fÞ�0:7272 for f > 1%

Modelling function,fðT;fÞ [25] fðT;fÞ ¼ ð�6:04fþ 0:4705ÞT þ ð1722:3f� 134:63Þ for 1% � f � 4% and 300 K < T < 325 K
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three different values of Rayleigh numbers (Ra ¼ 103, 104 and 105).
It can be seen that the results agreewell with the results reported in
the literature.

6. Results

The constant properties considered in the computation are as
follows: The length of the heat source (W ¼ w/L) is 0.3, the
temperature of the cold wall (Tc) is 300 K, the Prandtl number (Pr) is
6.2, the length of the horizontal wall (L) is 5 cm and the radius of
spherical nanoparticles (Rnp) is 10 nm.

6.1. Rayleigh number and solid volume fraction

For this part of the analysis, the heat source is considered to be
in the middle of the vertical wall of the triangular enclosure (D¼ d/
L¼ 0.5). The other constant values are: AR¼ H/L¼ 1, 103 � Ra� 106

and 0.01 � f � 0.04. Fig. 4 shows the streamlines (top) and
isotherms (bottom) for the enclosure filled with watereCuO
nanofluid, f ¼ 0.04 (dd) and pure water (e e e). The results are
presented for four different Rayleigh numbers ranging from 103 to
106. For all Rayleigh numbers, a clock-wise single circulation cell
appears within the enclosure. At low Rayleigh numbers, the abso-
lute values of maximum stream function for both pure water and
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Fig. 2. Grid independency study (Ra ¼ 105, AR ¼ 1, f ¼ 0.04, D ¼ 0.5).
the nanofluid are low, with the isotherms distributed in the whole
enclosure, rather than being parallel to the heat source. This shows
that conduction dominates the heat transfer process at low Ray-
leigh numbers. As the Rayleigh number increases, the absolute
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Fig. 3. a: Validation of the present code against other studies [1,2,31,32] for a trian-
gular enclosure filled with air (Pr ¼ 0.73, Ra ¼ 2772, AR ¼ 0.25). b: Validation of the
present code against Oztop and Abu-Nada [33] for a square enclosure filled with
a watereCu nanofluid.



Fig. 4. Streamlines (top) and isotherms (bottom) at different Rayleigh numbers (d: nanofluid with f ¼ 0.04 and eee: pure water).
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value of the maximum stream function increases, and the centre of
the circulation cell moves upwards in the enclosure. In addition, the
isotherms become approximately horizontal in the middle of the
enclosure, as well as stratified near the top of the enclosure and
close to the heat source. This is an indication of the strengthening of
the buoyancy forces at higher Rayleigh numbers.
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Fig. 5. a: Variation of y-velocity (V) at Y ¼ 0.5 for different Rayleigh numbers (f ¼ 0.04).
c: Variation of x-velocity (U) at X ¼ 0.5 for different Rayleigh numbers (f ¼ 0.04). d: Varia
In order to obtain a better understanding of the flow behaviour
and temperature distribution within the enclosure, the y-velocity
(V) and temperature (q) at Y ¼ 0.5 are plotted in Fig. 5a and b,
respectively (f ¼ 0.04 and 103 � Ra � 106). Both graphs demon-
strate that the absolute magnitude of V and the slope of the
temperature profiles increase as the Rayleigh number increases.
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Fig. 6. Variation of average Nusselt with solid volume fraction at different Rayleigh
numbers.
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This means that the buoyant flow becomes stronger and the heat
transfer is enhanced at high Rayleigh numbers. Fig. 5c and d depict
the variation of x-velocity (U) and temperature (q), respectively,
at X ¼ 0.5 and for different Rayleigh numbers. It can be seen that
as the Rayleigh number increases, the absolute magnitude of
x-velocity increases indicating a stronger buoyant flow within the
enclosure. The temperature profile at X ¼ 0.5 shows a uniform
increase in the temperature from the cold wall towards the bottom
wall of the enclosure at Ra ¼ 103 where the heat transfer is due to
conduction. However, at high Rayleigh numbers, where convection
dominates the heat transfer, the temperature reaches its maximum
at a certain point along the X¼ 0.5 axis. Moreover, themagnitude of
maximum temperature increases as Rayleigh number increases.

The analysis of heat transfer from the enclosure is carried out by
examining the variation of the average Nusselt number along the
heat source (Num). Fig. 6 demonstrates the variation of Num with
respect to the solid volume fraction (f) for different Rayleigh
numbers (103� Ra� 106). Firstly, it can be seen that the rate of heat
|  max| = 10.292 |  max| = 8.110

Fig. 7. Streamlines (top) and isotherms (bottom) for diffe
transfer increases as the Rayleigh number increases. As mentioned
earlier, this is due to the strengthening of the convection flow field
at higher Rayleigh numbers. Secondly, at low Rayleigh numbers,
where the heat transfer is mainly due to conduction, a continuous
increase in the heat transfer rate is evident as the solid volume
fraction increases. However, at high Rayleigh numbers, an optimum
solid volume fraction is found, which results in the maximum heat
transfer rate. This variation in the heat transfer rate highlights the
importance of the solid volume fraction in the analysis of the heat
transfer performance of the enclosure, which is also reported in the
literature [34].

6.2. Heat source location

For this part of the analysis, an enclosure with AR ¼ 1 and
a nanofluidwith f¼ 0.04 are considered. Rayleigh number varies in
the range of 103� Ra� 106 and the distance of the heat source from
the bottomwall of the enclosure varies in the range of 0.2� D� 0.8.
| max| = 5.034 |  max| = 2.287

rent heat source locations (f ¼ 0.04 and Ra ¼ 105).



Fig. 9. Variation of average Nusselt number with the location of the heat source at
different Rayleigh numbers.
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Fig. 7 shows the streamlines (top) and the isotherms (bottom) for
Ra ¼ 105 and with different heat source locations. For all heat source
locations, a single clock-wise circulation cell is observed within the
enclosure. As the heat source moves upwards, the absolute magni-
tude of the stream function decreases and the isotherms are stratified
Fig. 10. a: Streamlines (top) and isotherms (bottom) at different Rayleigh numbers (AR ¼ 0.5
(AR ¼ 2 and f ¼ 0.04).
near the top corner of the enclosure. This means weaker buoyant
flow circulation is occurring in the enclosure, which suggests a lower
heat transfer rate. On the other hand, it is noted that depending on
Rayleigh number, the heat transfer is also expected to increase as the
heat source moves upwards and approaches the cold wall.

In order to clarify this point and to develop a better under-
standing of the heat transfer performance of the enclosure, the heat
transfer rate in terms of Nusselt number is studied. Fig. 8 demon-
strates the profiles of the local Nusselt number along the heat source
for different heat source locations. The results showdifferent profiles
for the local Nusselt number depending on the location of the heat
source. However, for all locations, a sharp variation in the Nusselt
number is observednear the edges of the heat source. This is because
the heat transfer rate increases from zero on the thermally insulated
left wall to a maximum value at the edge of the heat source. Fig. 9
clearly shows that at low Rayleigh numbers, where the heat transfer
ismainly due to conduction,Num increases as the heat sourcemoves
upwards (i.e. the distance between the heat source and the coldwall
decreases). However, at high Rayleigh numbers (Ra ¼ 106), where
convection dominates the flow field, the convection circulation cell
becomes weaker and consequently, the heat transfer rate decreases
as the heat source moves upwards.
6.3. Enclosure aspect ratio

For this part of the analysis, the heat source is assumed to be
located in the centre of the left wall (D ¼ 0.5). The effect of
and f ¼ 0.04). b: Streamlines (left) and isotherms (right) at different Rayleigh numbers



Fig. 11. a: Variation of average Nusselt number with enclosure aspect ratio at different
Rayleigh numbers (f ¼ 0.04). b: Variation of average Nusselt number with solid
volume fraction at different enclosure aspect ratios (Ra ¼ 105).

Fig. 12. a: The effects of Brownian motion on average Nusselt number (f ¼ 0.01).
b: The effects of Brownian motion on average Nusselt number (f ¼ 0.04).
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enclosure aspect ratio is investigated for the AR value range of
0.5 � AR � 2. This is achieved by maintaining the length of hori-
zontal wall (L) constant and varying the length of vertical wall of
the enclosure (H).

Fig. 10a and b show the streamlines and isotherms for AR ¼ 0.5
and AR ¼ 2, respectively, and for a range of Rayleigh numbers from
104 to 106. The nanofluidwithf¼ 0.04 is considered. Itmust benoted
that the results for Ra ¼ 103 are not presented as they are similar to
the results for Ra ¼ 104. A single, regular and relatively weak circu-
lation cell is observed within the enclosure at Ra ¼ 104 and for both
aspect ratios. As the Rayleigh number increases, the circulation
becomes irregular and stronger. For each Rayleigh number, as the
aspect ratio increases from AR ¼ 0.5 to AR ¼ 2, the absolute value of
stream function increases. An increase inARmeans an increase in the
length of the vertical wall while the length of the heat source is
kept constant. Fig. 11a demonstrates that at low Rayleigh numbers,
where conduction dominates the heat transfer, as AR increases
the conduction heat transfer becomes weaker and therefore Num
decreases. Fig. 11b, however, shows that at high Rayleigh numbers
(Ra¼ 105),where convection dominates the heat transfer, an increase
of AR results in a stronger buoyant flow and consequently a higher
heat transfer at any value of solid volume fraction.
6.4. Brownian motion

For this part of the analysis, the heat source is located in the centre
of the vertical wall (D ¼ 0.5) and the AR value is one. Two scenarios
are considered: Thefirst scenario includes Brownianmotion anduses
meff ¼ mStatic þ mBrownian and keff ¼ kStatic þ kBrownian as previously
considered in the analysis. The second scenario neglects Brownian
motion and uses meff ¼ mStatic and keff ¼ kStatic. Fig.12a and b show
that for two different solid volume fractions (f ¼ 0.01 and 0.04), the
values of Num are generally higher when Brownian motion is
considered. Table 4 presents a comparison study for the increase in
the average Nusselt number for the nanofluid with respect to pure
water at various Rayleigh numbers (103� Ra� 106) and solid volume
fractions (0 � f � 0.04). The influence of f on the Num is more
significant at low Rayleigh numbers for both models with and
without Brownianmotion. For example, atRa¼ 103, for the nanofluid
with f¼ 0.04, Num increases by 21.2% with Brownian motion and by
12.1% without Brownian motion.

This section examines the variation of the ratio of the nanofluid
average Nusselt number to the pure fluid average Nusselt number
(Num,nf/Num,f) with respect to the solid volume fraction
(0.01 � f � 0.04) for a range of Rayleigh numbers (103 � Ra � 106).
The results considering Brownian motion are presented in Fig. 13a



Table 4
The Brownian motion effects on Num at various Ra and f ðD ¼ 0:5;AR ¼ 1Þ.

f ¼ 0 f ¼ 0:01 f ¼ 0:02 f ¼ 0:03 f ¼ 0:04

Ra ¼ 103 Num;Brownian 5.206 5.981 6.146 6.245 6.309
Increase (%) 0 14.9 18.1 20.0 21.2
Num;Non�Brownian 5.206 5.359 5.515 5.674 5.836
Increase (%) 0 2.9 5.9 9.0 12.1

Ra ¼ 104 Num;Brownian 5.823 6.513 6.649 6.723 6.764
Increase (%) 0 11.9 14.2 15.5 16.2
Num;Non�Brownian 5.823 5.944 6.069 6.198 6.331
Increase (%) 0 2.1 4.2 6.4 8.7

Ra ¼ 105 Num;Brownian 10.216 11.023 11.139 11.171 11.159
Increase (%) 0 7.9 9.0 9.4 9.2
Num;Non�Brownian 10.216 10.336 10.453 10.569 10.684
Increase (%) 0 1.2 2.3 3.5 4.6

Ra ¼ 106 Num;Brownian 19.171 20.641 20.879 20.951 20.938
Increase (%) 0 7.7 8.9 9.3 9.2
Num;Non�Brownian 19.171 19.409 19.646 19.881 20.114
Increase (%) 0 1.2 2.5 3.7 4.9

Fig. 13. a: Variation of average Nusselt number ratiowith solid volume fraction at different
Rayleigh numbers ðmnf ¼ mStatic þ mBrownian and keff ¼ kStatic þ kBrownianÞ. b: Variation of
average Nusselt number ratio with solid volume fraction at different Rayleigh numbers
ðmnf ¼ mStatic and keff ¼ kStaticÞ.
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and the results not considering Brownian motion are presented
in Fig. 13b. A comparison between Fig. 13a and b indicates that
when Brownian motion is neglected, for all Rayleigh numbers, Num,

nf/Num,f continuously increases as f increases. However, when
Brownian motion is considered, at high Rayleigh numbers, an
optimum value for f can be found which results in the maximum
Num,nf/Num,f.
7. Conclusions

Natural convection in a right triangular enclosure, with a heat
source on its vertical wall and filled with a watereCuO nanofluid
has been studied numerically. The effect of parameters such as
the Rayleigh number, solid volume fraction, heat source location,
enclosure aspect ratio and Brownian motion on the flow and
temperature fields, as well as the heat transfer rate are exam-
ined. The results of the numerical analysis lead to the following
conclusions.

For all values of the solid volume fraction, increasing the Rayleigh
number results in a higher heat transfer rate due to strengthening of
the buoyancy forces.

The location of the heat source proved to affect the heat transfer
rate differently at various Rayleigh numbers. At low Rayleigh
numbers, as the heat source moves upwards on the vertical wall
of the enclosure, a higher heat transfer rate is achieved. However,
at high Rayleigh numbers, particularly at Ra ¼ 106, the opposite
behaviour is observed.

The aspect ratio of the enclosure also affects the heat transfer
rate differently at various Rayleigh numbers. In fact, an increase in
the height of enclosure results in a lower heat transfer rate at low
Rayleigh numbers and a higher heat transfer rate at high Rayleigh
numbers.

A comparison between the two studies of with and without
Brownian motion shows that when Brownian motion is consid-
ered, the solid volume fraction has dissimilar effects on the
heat transfer rate at different Rayleigh numbers. At low Rayleigh
numbers, a continuous increase in the heat transfer rate with
respect to an increase in the solid volume fraction is found,
whereas, at high Rayleigh umbers, an optimum solid volume
fraction can be found, which results in the maximum heat transfer
rate. When Brownian motion is neglected, the heat transfer rate
continuously increases with the solid volume fraction at all Ray-
leigh numbers.
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