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Present study, examines the phenomena of natural convection flow in a partially heated trapezoidal cav-
ity loaded with the nanofluid in the presence of Single Wall Carbon Nanotubes (SWCNTs). A modified
model for effective thermal conductivity of carbon nanotube is used to develop the governing partial dif-
ferential equations. Thermal management within the cavity is controlled via two simultaneous features:
one is to use the partially heated bottom wall and other is to use conductivity of Carbon particles. Most
significant and physical conditions are adjusted at the inclined walls of the trapezoidal cavity to obtain
the behavior of stream lines and heat management. The Gelerkin finite element method is implemented
to solve the dimensionless form of PDEs. Simulations are performed for the different lengths of the heated
portion ð0:3 6 L 6 0:7Þ, various choices of Raleigh number ð104 6 Ra 6 107Þ and volume fraction
ð0:0 6 / 6 0:2Þ. Flow field and thermal field are visualized through streamlines and isotherms.
Moreover, results are obtained for Nusselt number over partially heated wall, temperature and velocity
distribution over the mean position of the cavity. It is found that, by reducing the length of heated por-
tion, flow filed is getting stronger but thermal depicts the opposite trend inside the cavity. Variation of
Raleigh number also has significant influence on flow and thermal field. Conduction was dominant at
low Ra but later on convection was found to be dominant for large choice. Fluid circulation was stronger
and heat transfer rate was very slow at low viscous effects. From the graph it is clear that greater heat
transfer will be occurred in the presence of nanofluid as compared to the based fluid water. Similarly
velocity distribution of water is dominant as compare to the nanofluid.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Heat transfer has played a vital role in numerous industrial
applications. For example in vehicles and avionics, electronic
equipment dissipates heat which needs cooling, heating and cool-
ing system in buildings, industrial process, petro chemical indus-
tries, textile, food and other plants. Fluids are best source to
remove, add or transfer of heat. There are several techniques has
been adapted to increase heat transfer efficiency. But in some
accent, way to improve the heat transfer no longer reliable, effi-
cient and economical. Now a day efficiency of heat transfer is also
improved by the augmentation of thermal conductivity of the
working fluid. Suspension of the nanoparticles in a working fluid
is one of the best to enhance the heat transfer. Nanofluids are
studied due to their heat transfer properties. Heat transfer
augmentation is an essential issue in energy saving aspects. Con-
ventional fluids like (e.g. water, ethylene and engine oil) have
low thermal conductivities than solids. For example Cu has thermal
conductivity 700 times greater than water and 3000 time greater
than engine oil. Since nanoparticles are small in size and have large
specific area so nanofluids have superior properties like thermal
conductivity, minimum clogging in flow passage, long-term stabil-
ity and homogeneity.

Natural convection phenomena have many applications in elec-
tronic cooling, heat exchanger and double pane windows. So it is
very important in engineering. Many researchers have studied con-
vective heat transport in nanofluids. First time Khanfer et al. [1]
investigated buoyancy driven heat transfer augmentation by tak-
ing 2-D heated enclosure and concluded that nanoparticles sus-
pension increases the heat transfer rate for the given choices of
Grashof number. Santra et al. [2] studied the heat transfer
enhancements in a differential heating square cavity filled with
Cu-water nanofluid using Max-well Guarnett [3] and Bruggman
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Nomenclature

Cp specific heat, J kg�1 K�1

g gravitational acceleration
H height of the trapezium cavity
k thermal conductivity of the fluid
L length of the trapezium cavity
Nu Nusselt number
r radius
p dimensional pressure
P dimensionless pressure
Pr Prandtl number
Ra Raleigh number
T� temperature
T dimensionless temperature
u;v velocity components
U;V dimensionless velocity components
x, y Cartesian co-ordinates
X, Y dimensionless Cartesian components

Greek symbols
qnf density of nanofluid
a thermal diffusivity
b thermal expansion co-efficient
/ volume fraction
l dynamic viscosity
t kinematic viscosity
q density of the fluid

Subscripts
c cold
h heat
f fluid
nf nanofluid
CNT Carbon nanoparticle
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[4] models. Oztop and Abu Nada [5] investigated heat transfer and
fluid flow due to the buoyancy forces in a partially heated enclo-
sure loaded with different types of nanofluids and it is found that,
augmentation of heat transfer at a low aspect ratio.

To see the effects of various choices of viscosity and thermal
conductivity on natural convection heat transfer of Al2O3-water
nanofluid, a study [6] was conducted. Significant enhancement of
heat transfer was found to see. Ghasemi et al. [7] also conducted
the study for natural convection in an enclosure loaded with
Al2O3-water nanofluid in the presence of magnetic field. It was
concluded that heat transfer rate will be increased with Raleigh
number but decreased with the increasing of Hartmann number.
Continuing this way Jou and Tzeng [8], Ogut [9], Das and Ohal
[10], Kumar et al. [11] also gave their contributions in natural con-
vection heat transfer in a square or rectangular enclosure.

It is not easy to study convective flow in a trapezoidal enclosure
than that of square or rectangular enclosures because of sloping
walls. For this purpose, Basak et al. [12] conducted numerical
experiment on trapezoidal enclosure with uniform and non-
uniform heating bottom wall by using Finite element method.
Another investigation was conducted by Varol et al. [13,14] in
trapezoidal geometry with cooled inclined wall. They used finite
difference method to solve the problem. Recently, Lin and Viloi
[15] and Saleh at al. [16] contributed their roles for the study of
natural convection heat transfer of naofluids in vertical enclosure
and trapezoidal enclosure respectively. Apart of above said studies,
recently many authors investigated the study of natural convection
flow of nanofluid for various shapes of cavity [17–20].

Despite all these existing efforts done by the researchers, there
is still a lack of information relevant to the heat transfer augmen-
tation in trapezium enclosure loaded with nanofluids with respect
to the partially heated domain. The purpose of the present article is
to investigate numerically the natural convection heat transfer in a
trapezoidal enclosure loaded with Cu-water nanofluids with differ-
ent configuration and boundary conditions that are not discussed
so far. The top wall is insulated while the bottom wall is partially
heated. Both inclined side walls are kept cold. Flow field and ther-
mal field are visualized for different lengths of the heated portion,
various choices of Raleigh numbers and volume fraction. Heat
transfer performance is observed through Nusselt number. Tem-
perature and velocity distribution over the mean position are also
calculated (see Fig. 1)
2. Mathematical formulation

2.1. Physical problem

The objective of the present paper is to examine the natural
convection flow and heat transfer inside the trapezium enclosure
loaded with CNT-water nanofluid. For this purpose the bottomwall
of the cavity in computational trapezium domain with length L is
placed at the origin of the Cartesian co-ordinate system. The enclo-
sure is filled with CNT-water nanofluid. The top wall is insulated
while the bottom wall is partially heated. Both inclined walls are
kept cold. Buoyancy forces owing to the differential heating are
acting on the fluid. Heat transfer due to the natural convection is
taken into account. Simulations are performed for various lengths
of the heated portion ð0:3 6 L 6 0:7Þ, various choices of Raleigh
number ð104 6 Ra 6 107Þ and volume fractions ð0 6 / 6 0:2Þ. The
aim was to observe heat augmentation and heat transfer rate.
The flow and thermal fields are visualized in the forms of stream-
lines and isotherms. All physical properties of the working fluid
were supposed to be constant except density difference in the body
force term under Boussinesq assumption. The dissipation effect is
neglected.

2.2. Boundary conditions

For the left and right inclined walls T� ¼ Tc

For the partially heated bottom wall

@T�
@y ¼ 0 x < L
T� ¼ Th at L
@T�
@y ¼ 0 x > L

8<
:

For the top insulated wall @T�
@y ¼ 0

At all solid boundaries u ¼ v ¼ 0

2.3. Governing equations

For the present study a steady, incompressible, laminar, non-
viscous two-dimensional flow is taken into account. The gravita-
tional force is acting vertically downward. The radiation and dissi-
pation effects are neglected. The governing equation under
Boussinesq approximation are given below

@u
@x

þ @v
@y

¼ 0; ð1Þ



Fig. 1. Geometry of the trapezoidal cavity and computational domain of the model.

Table 1
Thermophysical properties of water and SWCNTs.

Thermo-Physical properties Water SWCNTs

Cp 4179 425
q 997.1 2600
k 0.613 6600
b 21� 105 0:33� 105

r 0.1 10
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qnf u
@u
@t

þ v @u
@r

� �
¼ � @p

@x
þ lnf

@2u
@x2

þ @2u
@y2

 !
; ð2Þ

qnf u
@v
@x

þ v @v
@y

� �
¼ � @p

@y
þ lnf

@2v
@x2

þ @2v
@y2

 !
� gqnfbnf ðT� � TcÞ;

ð3Þ

u
@T�

@x
þ v @T�

@y

� �
¼ anf

@2T�

@x2
þ @2T�

@y2

 !
: ð4Þ

In the above system of equations, u and v are velocities along
x� and y� directions, respectively. T� is the temperature and P is
the pressure. The terms heat capacity, thermal expansion co-
efficient and density of nanofluid is defined as:

ðqCÞnf ¼ ð1� /ÞðqCÞf þ /ðqCÞp;
bnf ¼ ð1� /Þbfþ/bp;

qnf ¼ ð1� /Þqf þ /qp;

9>=
>; ð5aÞ

New effective thermal conductivity purposed by Thang et. al.
[21]:

knf
kf

¼ 1þ 1
3

kCNT/rf
kf ð1� /ÞrCNT ; ð5bÞ

where r is the radius (for CNT rCNT ¼ 10 nm and for water molecule
rf ¼ 0:1 nm). Effective dynamic viscosity of the nanofluid Maxwell-
Garnett Models is

lnf ¼
lf

ð1� /Þ2:5
; ð5cÞ

The dimensionless quantities are:

X ¼ x
L
; Y ¼ y

L
; U ¼ uL

af
; V ¼ vL

af
; T ¼ T� � Tc

Th � Tc
; P ¼ pL2

qfa2
f

;

mf ¼
lf

qf
; Pr ¼ v f

af
; Ra ¼ bf ðTh�TcÞL3

tfaf
:

where Ra; Pr denote Rayleigh number and Prandtl number, respec-
tively. Dimensionless form of the Eqs. (1)–(4) by is given by:

U
@U
@X

þ V
@U
@Y

� �
¼ � qf

qnf

@P
@X

� �
þ Pr

vnf

v f

@2U

@X2 þ
@2U

@Y2

 !
; ð6Þ

U
@V
@X

þ V
@V
@Y

� �
¼ � qf

qnf

@P
@Y

� �
þ Pr

vnf

v f

@2V

@X2 þ
@2V

@Y2

 !

� ð1� /Þqfbf þ /qCNTbp

qnfbf
RaPrT; ð7Þ

U
@T
@X

þ V
@T
@Y

� �
¼ anf

af

@2T

@X2 þ
@2T

@Y2

 !
: ð8Þ

In the above equations, Pr ¼ v f

af
is the Prandtl number and

Ra ¼ gbf ðTh�TcÞL3
mf af

is the Rayleigh number. Boundary conditions within

the bounded domain as defined as:

At the left and right inclined walls T ¼ 0; ð9aÞ

At the top wall
@T
@Y

¼ 0; ð9bÞ

At the partially heated wall

@T
@Y ¼ 0; X < L;
T ¼ 1; at L;
@T
@Y ¼ 0: X > L;

8><
>: ð9cÞ



T
0.9158
0.8352
0.7500
0.6875
0.6250
0.5625
0.5000
0.4375
0.3750
0.3125
0.2500
0.1875
0.1250
0.0876
0.0625
0.0286
0.0122

(f)

0.15 L 0.85≤ ≤

psi
0.9473
0.8081
0.6690
0.5299
0.3908
0.2516
0.1125
0.0327
-0.0266
-0.1657
-0.3049
-0.4440
-0.5831
-0.7222
-0.8614
-1.0005

(b)

0.15 L 0.85≤ ≤

psi
0.3148
0.2699
0.2249
0.1800
0.1350
0.0901
0.0451
0.0222
-0.0203
-0.0448
-0.0897
-0.1347
-0.1797
-0.2246
-0.2696
-0.3145

(a)

0 L 1≤ ≤

T
1.2185
1.1373
1.0561
0.9748
0.8936
0.8124
0.7311
0.6499
0.5686
0.4874
0.4062
0.3249
0.2437
0.1625
0.1145
0.0812
0.0508
0.0326
0.0140

(e)

0 L 1≤ ≤

psi
0.3739
0.3203
0.2668
0.2132
0.1596
0.1060
0.0525
0.0039
-0.0034
-0.0547
-0.1082
-0.1618
-0.2154
-0.2690
-0.3225
-0.3761

(d)

0.40 L 0.60≤ ≤

T
0.8584
0.7466
0.6250
0.5625
0.5000
0.4375
0.3750
0.3125
0.2500
0.1875
0.1250
0.0912
0.0625
0.0420
0.0321
0.0202

(g)

0.30 L 0.70≤ ≤

psi
0.8274
0.7050
0.5827
0.4603
0.3379
0.2156
0.0932
0.0245
-0.0291
-0.1515
-0.2739
-0.3962
-0.5186
-0.6409
-0.7633
-0.8856

(c)

0.3 L 0.7≤ ≤

T
0.8345
0.7500
0.6875
0.6250
0.5625
0.5000
0.4375
0.3750
0.3125
0.2500
0.1875
0.1250
0.0625
0.0243
0.0129

(h)

0.40 L 0.60≤ ≤

Fig. 2. Variation of streamlines and isotherms for various partially heated domains when Ra ¼ 104;/ ¼ 0.
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psi
3.9151
3.3564
2.7977
2.2391
1.6804
1.1217
0.5630
0.1901
-0.1414
-0.5543
-1.1130
-1.6717
-2.2304
-2.7891
-3.3477
-3.9064

Ra=105

(b)

psi
0.3506
0.3005
0.2504
0.2003
0.1502
0.1001
0.0501
0.0188
-0.0200
-0.0501
-0.1002
-0.1503
-0.2004
-0.2505
-0.3006
-0.3507

Ra=104

(a)

psi
55.7414
47.7728
39.8043
31.8357
23.8671
15.8985
7.9300
-8.0072
-15.9758
-23.9443
-31.9129
-39.8815
-47.8501
-55.8186

Ra=106

(c)

psi
234.2849
202.0229
169.760
137.498
105.236
72.974
40.712
8.450
-4.547
-23.811
-56.073
-88.335
-120.597
-152.859
-185.121
-217.383

Ra=107

(d)

Fig. 3. Variation of streamlines for various values of Rayleigh number (a) Ra ¼ 104, (b) Ra ¼ 105, (c) Ra ¼ 106, (d) Ra ¼ 107 when / ¼ 0:2.
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At all solid boundaries U ¼ V ¼ 0: ð9dÞ
Average Nusselt number along a partially heated domain of

enclosure is defined as:

Nuavg ¼
Z
L
� knf

kf
dT
dY

dX: ð10Þ

where L is partially heated domain that is: L ¼ fðX;YÞ 2 R2j0 6
X 6 1 ^ Y ¼ 0g.
3. Solution of the problem

In order to deal this complex nature model, Finite Element
Method (FEM) is used along with the Galerkin weigh residue
approach to solve Eqs. (6)–(8) along with the boundary conditions
(9a)–(9d). To solve the system of nonlinear equations, solution
domain is discretized via finite number of elements and then
non-uniform elements are generated at partially heated domain.
A grid sensitivity test is made for various elements and found bet-
ter for accurate results. Further detail of the method is described in
by Taylor and Hood [22] and Dechaumphai [23]. The pressure term
(P) is eliminated via continuity equation using the constraint equa-
tion P ¼ �c @U

@X þ @V
@Y

� �
. The continuity Eq. (1) satisfied for large values
of c ¼ 107. By replacing the pressure P; terms in Eqs. (6) and (7) we
get:

U
@U
@X

þ V
@U
@Y

� �
¼ c

qf

qnf

@

@X
@U
@X

þ @V
@Y

� �
þ Pr

vnf

v f

@2U

@X2 þ
@2U

@Y2

 !
;

ð11Þ

and

U
@V
@X

þ V
@V
@Y

� �
¼ c

qf

qnf

@

@Y
@U
@X

þ @V
@Y

� �
þ Pr

vnf

v f

@2V

@X2 þ
@2V

@Y2

 !

� ð1� /Þqfbf þ /qCNTbp

qnfbf
RaPrT; ð12Þ

The steps involved in the finite element analysis are as follows:

(a) Discretization of the domain into elements.
(b) Derivation of element equations.
(c) Assembly of Element Equations.
(d) Imposition of boundary conditions.
(e) Solution of assembled equations.



T
0.9375
0.8750
0.8125
0.7500
0.6875
0.6250
0.5625
0.5000
0.4375
0.3750
0.3125
0.2500
0.1875
0.1250
0.0625

(c)

Ra=106

T
0.8125
0.7500
0.6875
0.6250
0.5625
0.5000
0.4375
0.3750
0.3372
0.3125
0.2500
0.1875
0.1250
0.0625

(d)

Ra=107

T
0.9375
0.8750
0.8125
0.7500
0.6875
0.6250
0.5625
0.5000
0.4375
0.3750
0.3125
0.2500
0.1875
0.1250
0.0625
0.0216
0.0107

(b)

Ra=105

T
0.9375
0.8750
0.8125
0.7500
0.6875
0.6250
0.5625
0.5000
0.4375
0.3750
0.3125
0.2500
0.1875
0.1250
0.0625
0.0346
0.0193

(a)

Ra=104

Fig. 4. Variation of isotherms for various values of Rayleigh number (a) Ra ¼ 104, (b) Ra ¼ 105, (c) Ra ¼ 106, (d) Ra ¼ 107 when / ¼ 0:2.

v
2.5148
2.1758
1.8369
1.4980
1.1591
0.8202
0.4813
0.1424
-0.1965
-0.5354
-0.8743
-1.2132
-1.5521
-1.8910
-2.2299

0 < L <1

Velocity (V)

(a) - -

u
1.9274
1.3767
1.0889
0.9604
0.8260
0.5506
0.2545
0.1105
-0.1119
-0.2756
-0.5509
-0.8695
-0.9649
-1.1016
-1.6523
-1.9277

0 < L <1

Velocity (U)

(b) - -
Fig. 5. Variation of (a) velocity V and (b) velocity U when Ra ¼ 104;/ ¼ 0:2.
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T
0.9375
0.8750
0.8125
0.7500
0.6875
0.6250
0.5625
0.5000
0.4375
0.3750
0.3125
0.2500
0.1875
0.1250
0.0625

φ =0.2

(f)

T
0.9375
0.8750
0.8125
0.7500
0.6875
0.6250
0.5625
0.5000
0.4375
0.3750
0.3125
0.2500
0.1875
0.1250
0.0625
0.0273

φ =0

(d)

T
0.9375
0.8750
0.8125
0.7500
0.6875
0.6250
0.5625
0.5000
0.4375
0.3750
0.3125
0.2500
0.1875
0.1250
0.0625
0.0330

φ =0.1

(e)

psi
0.7730
0.6593
0.5456
0.4319
0.3182
0.2045
0.0908
0.0329
-0.0348
-0.1365
-0.2502
-0.3639
-0.4776
-0.5913
-0.7050
-0.8187

(a)

φ =0

0.77 -0.82

psi
0.4654
0.3988
0.3322
0.2656
0.1990
0.1323
0.0657
0.0132
-0.0149
-0.0675
-0.1341
-0.2008
-0.2674
-0.3340
-0.4006
-0.4672

(b)

φ =0.1

0.46 -0.46

psi
0.3506
0.3005
0.2504
0.2003
0.1502
0.1001
0.0501
0.0151
0.0047
-0.0035
-0.0132
-0.0501
-0.1002
-0.1503
-0.2004
-0.2505
-0.3006
-0.3507

(c)

φ =0.2

0.35 -0.35

Fig. 6. Variation of streamlines for (a) / ¼ 0, (b) / ¼ 0:1, (c) / ¼ 0:2 and variation of isotherms for (d) / ¼ 0, (e) / ¼ 0:1, (f) / ¼ 0:2 when Ra ¼ 104.
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4. Results and discussion

In order to determine the paths or the trajectories traced by
the fluid’s molecules, we have used the stream function to obtain
the stream lines. Similarly, temperature distribution within the
restricteddomainof the cavity is obtainedvia isotherms.As it ismen-
tioned earlier that bottom wall of trapezoidal cavity is conserved to
be partially heated. So entire produced results describe the variation
of isotherms for partially heated domain 0:3 6 L 6 0:7 of length 0.4
unit along the x-axis. Throughout in the computations Prandtl
number ðPr ¼ 6:2Þis kept fixed for the based fluid. Thermophysical
properties of both water and CNTs are defined in Table. 1.
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Fig. 7. Variation of (a) Nusselt number along 0:3 6 L 6 0:7, (b) temperature T and (b) velocity V along mean position of cavity from ð0:5;0Þ to ð0:5;1Þ.
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Fig. 8. Variation of Nusselt number along (a) 0 6 L 6 1, (b) 0:15 6 L 6 0:85, (c) 0:3 6 L 6 0:7, (d)0:3 6 L 6 0:7.
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4.1. Effects of partially heated domain

Fig. 2(a)–(d) describes the behavior of streamlines with respect
to different partially heated bottom wall. Symmetric behavior of
streamlines is obtained for each partially heated domain having
line of symmetry is x ¼ 0:5. Fig. 2 is plotted for the fix values of
Raleigh number Ra ¼ 104 and nanoparticle volume fraction / ¼ 0.
Since both inclined walls are kept cold so fluid rises up owing to
the differential heating and falls down along the sides inclined
walls. Thus fluid’s molecules distributes in two symmetric bullous.
From Fig. 2(a)–(d) it can be seen that the symmetry of these bul-
lous do not break up for all different lengths of heated portions.
However as length is decreasing these rotating bullous are increas-
ing and occupying most part of the trapezium enclosure. Fluid flow
is getting stronger with respect to the decreasing lengths of heated
portion because of natural convection.

Fig. 2(e)–(h) illustrates the behavior of heat flow via isotherms
with respect to the different partially heated domain of the bottom
wall. In Fig. 2(e), the smooth lines of the isotherms depict the life
span of heat transferring inside the cavity. Thermal boundary lay-
ers are found to grow from the edges of the heated bottom wall.
Since fluid remains cooler near the side cold walls due to less
mobility of the fluid and consequently thermal layers become thick
at the upper part of the cavity. So conduction will take place in the
significant region. Fig. 2(f)–(h) shows that as length of the heated
bottom is decreasing then thermal boundary layers are growing
only from the heated portion and length of the heat transfer is
becoming less. Most amount of the fluid becoming cooler near
the side walls and top wall. Uniform isotherms indicate strong con-
duction is dominant in the bounded domain.

4.2. Effects of Raleigh number

The Fig. 3(a)–(d) represents the streamlines of SWCNT-water
nanofluid for the wide range of Raleigh number Ra ¼ 104 to
Ra ¼ 107. The flow forms two symmetric bullous along the inclined
walls which is due to the boundary conditions. Raleigh number
associates with the buoyancy driven flow (i.e. natural convection).
It is evident from Fig. 3(a) that at low value of Ra ¼ 104, magni-
tudes of the w is small that represent the conductive heat transfer
inside an enclosure. Moreover the diameter of the right bullous is
relatively small to the left one due to the less fluid mobility. Overall
flow pattern shows that viscosity effect of nanofluid is dominant
for low Raleigh number. While, there is an insignificant changes
on flow pattern at Ra ¼ 105. This time diameter of the left bullous
is less than the right one. Once again conduction is dominant. At
high Raleigh number Ra ¼ 106, these rotating cells are appeared
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at the upper part but with low deviation between them. Actually
fluid rises in the middle part of the enclosure due to the increasing
effect of the dominant buoyant driven forces to the viscous effect
of nanofluid at high Raleigh number. Convective heat flow is found
to be dominant. From (d), at a large value of Ra ¼ 107 these sym-
metric rolls occupy the most part of the trapezium enclosure and
the core of the cells are increased due to the high convection and
mobility of the fluid. Consequently, this way to produce the motion
gives strengthens in the circulation. Absolute value of stream func-
tion jwj attains its maximum values 0.35, 3.9, 55.74 and 234.2 for
the corresponding values of Ra at 104;105;106 and 107

respectively.
Fig. 4(a)–(d) illustrates isotherms for the vide choices of Ray-

leigh number ð104 6 Ra 6 107Þ. It is clear from the plots (a) that
for small values of Ra ¼ 104, counters of isotherms are smooth
lines which tell the time length of heat transferring. Thermal
boundary layers seem to grow from the bottom heated portion
and becoming thick uniformly at the upper part of the enclosure.
Which indicates conduction is dominant in the whole domain.
Slow motion of fluid’s molecules it is found due to low Rayleigh
number, so large amount of the fluid’s molecules will remain
cooler near to the cold sides of the walls. This phenomenon will
create thickness in thermal boundary layer at the top middle part
of enclosure. This situation remains same for Ra ¼ 105. However,
when Ra ¼ 106 then viscosity effects the nanofluid becomes less
to the fluid motion due to the dominating buoyant forces. So ther-
mal layers are dispersed and found to be non-uniform shape. This
shows that this phenomenon arises due to convection. At maxi-
mum value of Rayleigh number, thermal boundary layer is thick
near the side walls due the strong effect of buoyancy forces. Overall
convection is dominant throughout the enclosure. Common to all
cases temperature h is high at the heated portion and gradually
decreasing as fluid moves towards the side cold walls and upper
part of the enclosure.
4.3. Effects of nanoparticle volume fraction

To govern the behavior of the velocities, results are plotted for U
and V for fully heated domain ð0 6 L 6 1Þ when Ra ¼ 104: One can
observe the symmetric behavior of the bolus for each velocity pro-
file plotted in Fig. 5(a) and (b). For velocity V , maximum influence
of the fluid is found in vertical direction however behavior of U is
influential in the whole domain of the cavity.
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Fig. 10. Three dimensional view of isotherms for various values of Rayleigh number (a) Ra ¼ 104, (b) Ra ¼ 105, (c) Ra ¼ 106, (d) Ra ¼ 107 when 0:3 6 L 6 0:7.
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Fig. 6(a)–(c) represents the streamline for the case of water
/ ¼ 0:0 and nanofluids / ¼ 0:1 and 0.2. While Rayleigh number
ðRa ¼ 104Þ for the partially heated domain is 0:3 6 L 6 0:7 of
length 0.4 is kept fixed. At small values of Rayleigh number, mag-
nitudes of stream functions are small that indicates the conductive
heat transfer is dominant for water and nanofluids. Flow pattern
contains two symmetric circulating rolls inside the cavity because
of the boundary conditions. Flow pattern is qualitatively similar for
all cases of water / ¼ 0:0 and nanofluids / ¼ 0:1 and 0.2. It is men-
tioned earlier, viscous effects are dominant at low Rayleigh num-
ber. So, the central smallest bolus size for water ð/ ¼ 0Þ is bigger
than that of nanofluid i.e., the bolus size corresponding to jwj ¼
0.82 for / ¼ 0 is bigger than the bolus sizes corresponding to
jwj ¼ 0:46 and 0.35 for / ¼ 0:1 and 0.2, respectively. Clearly as /
is increasing intensity of the circulation flow is becoming less. Thus
the flow intensity remains stronger for the water as compared to
the nanofluid.

Fig. 6(d)–(f) describes the isotherms for the case of water / ¼ 0
and the nanofluid with nanoparticle volume fraction / ¼ 0:1 and
0.2. While Rayleigh number ðRa ¼ 104Þ for the partially heated
domain is 0:3 6 L 6 0:7 of length 0.4 is kept fixed. The qualitative
pattern of the isotherms remain same for all cases of /. Thermal
layers are growing from the bottom heated wall except the life
span of the temperature contours is found more for low viscosity
/ ¼ 0. Note that thermal boundary layers are thick and occur on
the entire cavity for the water and are confined to only middle por-
tion for the nanofluid due to the increasing viscosity effect and less
mobility fluid. So the amount of the warmer fluid will become less
than the cooler part as viscosity will be increased.

4.4. Effects of nanoparticle volume fraction and partially heated
domain on Nusselt number, temperature and velocity

Fig. 7(a)–(c) illustrates the variation of Nusselt number over the
heated bottom wall, temperature and velocity distribution along
mean position of the cavity from (0.5, 0.0) to (0.5, 1.0) for solid vol-
ume fractions / ¼ 0:0;0:1 and 0.2. The heat transfer performance
inside an enclosure is visualized in terms of Nusselt number and
temperature while the fluid motion is visualized with the help of
velocity profile. Green, blue and red dotted lines are used for
/ ¼ 0:0;0:1 and 0.2 respectively. From Fig. 7(a), it is clear that all
plots have same trends on distribution of Nusselt numbers for
nanofluid and water. Nusselt number is found largest for / ¼ 0:2
and smaller for water which is due to the fact of higher thermal
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conductivity of nanofluid than water. So as / is increasing, the Nus-
selt number is also increasing which is a sign of great heat transfer
in the enclosure in the presence of nanofluid. Similarly, Fig. 7(b)
represents the variation of temperature T inside the trapezium
enclosure versus mean position (distance of y-axis) for the case
of water / ¼ 0 and nanofluids / ¼ 0:1 and 0.2. For all cases of
/ ¼ 0;0:1 and 0.2 temperature T attains maximum value 1 at initial
point of the mean position and monotonically decreasing until it
attains the minimum value 0 at end point of mean position.
Moreover when volume fraction / ¼ 0:0 temperature decreases
gradually but / ¼ 0:2 it decrease rapidly. Fig. 7(c) represents the
velocity distribution of water and nanofluids versus mean position
of the enclosure (distance of y-axis). Velocity exhibits parallel
trends for water and nanofluids. Less velocity is obtained at the ini-
tial and final points of the mean position. For nanofliuds / ¼ 0:1
and 0.2 the velocities are monotonically increasing and decreasing
before and after that point 0.3. But for water / ¼ 0:0, velocity
rapidly increases and decreases before and after 0.3. This is
because nanofluids become less dense as compared to water. So
velocity of the working fluid is higher than that of nanofluid.

Variation of Nusselt number at different partially heated por-
tion is measured in Fig. 8(a)–(d). One can observe that heat transfer
rate is depending upon the length of bottom heated surface. When
heated domain of length 0 6 L 6 1, then maximum value of
Nusselt number is obtained and variation of Nusselt number is
gradually decreases as we decrease the length of heated domain.

4.5. 3-D behaviors of isotherms for various partially heated domain
and Rayleigh number

As we have discussed earlier, partially heated domain signifi-
cantly affects the restricted domain of the nanofluid enclosed in
a trapezoidal cavity. In Fig. 9(a)–(d), results demonstrate the three
dimensional view of isotherms when bottom wall of the cavity is
heated from different length. In Fig. 9(a), one can observe that
maximum value of T is about 1.2186 for fully heat bottom wall
of the cavity. And similarly, when the heated length is
0:15 6 L 6 0:85 then maximum temperature distribution is about
0.9158 (see Fig. 9(b)). So gradually, this ration of temperature vari-
ation will decrease as we decrease the heated length of the cavity
(see Fig. 9(c) and (d)).

Fig. 10(a)–(d) depicts the three dimensional variation of iso-
therms for various values of Rayleigh number. One can observe
that thermal boundary layers increases from the bottom heated
portion and becoming thick uniformly at the upper part of the
enclosure. This phenomenon indicates that conduction is dominant
in the restricted domain of the cavity. As we have discussed earlier
that, less fluid motion is obtained at low Rayleigh number and so
large amount of the fluid’s molecules will remain cooler near to
the cold side’s walls. Due to this fact this phenomenon will create
thickness in thermal boundary layer at the top middle part of
enclosure. However this behavior remains same for Ra ¼ 105.
When we increase the value of Rayleigh number Ra ¼ 106 then vis-
cosity effects the nanofluid becomes less to the fluid motion due to
the dominating buoyant forces. Overall convection is dominant
throughout the enclosure.

5. Conclusions

The purpose of this study is to analyze the numerical simulation
of natural convection in a trapezoidal enclosure loaded with CNT-
water nanofluid for different lengths of heated portion with the
help of Finite Element method. By considering wide range of
Raleigh number and different choices of solid volume fraction of
nanoparticles results are computed graphically. The graphs were
also made for the distributions of Nusselt number over partially
heated bottom wall, temperature and velocity inside the cavity.
The conclusion drawn from this investigation is: the flow field
was found stronger but thermal filed had opposite behavior on
decreasing the length of heated portion. When Ra number was
increased both flow and thermal fields were found stronger. Con-
duction seemed dominant at low Ra and convection dominant for
large choices. Fluid rotation became stronger and heat transfer rate
was very slow at low viscous effects. From the graph it was
observed that greater heat transfer occurred in the presence of
nanofluids as compared to water. Similarly velocity of the water
is more than that of nanofluid.
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