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In this work, a two dimensional numerical simulation has been performed on nanofluid flow and heat transfer
inside a ventilated wavy cavity having circular cooler. The ventilated cavity is filled by a Cu-water nanofluid.
Finite volume method was used to solve in the presented model. Simulation is carried out for a range of the
Richardson numbers from 0.1 to 100, volume fraction of nanoparticles from 0% to 5% and wave amplitude
ranging from 0 to 0.15. It is observed that the amplitude of the wavy wall has a significance effect on the heat
transfer rate. The result also shows that lessening Richardson number leads to increase the mean Nusselt
number for different amplitudes of wavy wall.
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1. INTRODUCTION
Mixed convection flow in a ventilated cavity is found in
many engineering applications, such as cooling of elec-
tronic circuit boards, thermal design of buildings, pollution
removal, solar systems, ventilation of rooms with radiators,
cooling of containers, and heat exchangers. A literature
survey shows that the heat transfer inside a wavy enclosure
has not been investigated widely due to the complexity
of the geometry. Natural and mixed convection in a wavy
cavities show enhanced heat transfer when compared to the
corresponding enclosure with flat walls. Thus, the study
of fluid flow and heat transfer within wavy-walled cavi-
ties useful for many engineering problems related to geo-
metrical design requirements. Earlier, natural convection
inside the rectangular cavities without and with obstacles
were reported by researchers.1–17 AlAmiri et al.3 obtained
numerical solutions of natural heat transfer convection in
square enclosure with a rectangular block placed on the
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bottom wall. Their investigations showed that increasing
the height and width of the rectangular hot block enhances
the mean Nusselt number. The same study was performed
by Varol et al.18 and Guiet et al.1 for a triangular cavity. El
Abdallaoui et al.19 analyzed numerically the free convec-
tion of nanofluid or pure fluid inside a square cavity with
decentered and centered triangular heater20 using the lat-
tice Boltzmann method. Their investigations showed that at
high Rayleigh, there is an important effect on heat transfer
when the triangular block is placed vertically, but at weak
values of Rayleigh the heat transfer is more affected for the
decentered position of the block. Kalidasan and Kanna21

was concentrated on the effect of natural convection inside
the open square enclosure containing a central adiabatic
square obstacle. They reported that the heat transfer on the
right and left wall changes with increasing the percentage
of nanoparticles concentration.
Oztop et al.22 studied the effects of volumetric heat

sources on natural convection heat transfer and flow struc-
tures in a wavy-walled enclosure. They found that the
function of wavy wall and the ratio of internal Rayleigh
number to external Rayleigh number affect the heat trans-
fer and fluid flow significantly. Work of Mahmud and
Fraser,23 was concentrated on buoyancy-driven flow inside
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a cavity with two horizontal straight walls and two vertical
wavy walls. Then, their geometry was extended to examine
the heat transfer characteristics using the heat-lines visu-
alization technique described by Mahmud and Fraser.24

Moreover, Mahmud and Islam25 investigated entropy gen-
eration in wavy enclosures numerically. Sultana and
Hyder26 concentrated on the non-Darcy free convection in
a wavy enclosure consisting of two isothermal wavy walls
using the finite-element method. Abdelkader et al.27 intro-
duced the single wavy-walled cavity with small amplitude
of the wavy wall. Abu-Nada and Oztop28 analyzed heat
transfer enhancement of Al2O3-water nanofluids in natural
convection applied to differentially heated wavy cavities.
Khanafer et al.29 presented a numerical analysis on nat-
ural convection inside a cavity with a sinusoidal vertical
wavy wall and filled with a porous medium. They used the
finite-element formulation based on the Galerkin method
to solve governing equations. Varol and Oztop30 studied
the natural convection in a wavy bottom walled shallow
enclosure without internal heat generation. They found that
the heat transfer was increased with decreasing values of
the non-dimensional wave length whereas it increased with
increasing values of the aspect ratio and the Rayleigh num-
ber. Other examples can be found in Ref. [31].

Numerous works have been performed on mixed con-
vection heat transfer of nanofluides.32–38 The heat transfer
by mixed convection inside a vented cavity with an inter-
nal heated cylinder was studied numerically by Mamun
et al.37 They founed that the size of the cylinder and the
solid-fluid thermal conductivity has significant effect on
thermal field. Mehrizi et al.38 introduced the effect of vol-
ume fraction of nanoparticles on mixed convection in a
square enclosure having a central hot obstacle with inlet
and outlet ports. They concluded that by increasing the
solid volume fraction the heat transfer rate is enhanced
at different Richardson numbers and outlet port positions.
Bahlaoui et al.39 used a horizontal ventilated cavity with
radiative heated bottom wall having an adiabatic thin par-
tition. They reported that the convective Nusselt number
decreases as the radiation effect increases. Rahman et al.40

considered an open enclosure with heated circular cylinder.
They concluded that by increasing Reynolds number, the
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Fig. 1. Schematic of the ventilated wavy cavity with circular body and boundary conditions.

Nusselt number increases. Kalteh et al.41 presented laminar
mixed convection of nanofluid in a lid-driven square enclo-
sure with a triangular heated block. They showed that that
increasing the nanoparticles diameter, the volume fraction
and Reynolds leads to an increase in mean Nusselt number.
Shahi et al.42 numerically studied the mixed convection of
copper-water nanofluid inside a ventilated cavity. It was
found that the average Nusselt number enhances when the
volume fraction of nanoparticles increased. Najam et al.43

investigated numerically laminar mixed convection in a
“T” form cavity with heated obstacles submitted to a ver-
tical jet of fresh air from below. Oztop et al.44 used a lid
driven cavity containing adiabatic, isothermal or conduc-
tive circular block. They showed that the position and the
size of the inner circular body has an important effect on
the heat transfer rate.
The main objective of the present study is to examine

amixed convection heat transfer inside a ventilated wavy
cavity contains a central cold circular body and with hot
temperature at the bottom wall of the cavity. The first case
under investigation is characterized the numerical models
used in our study. The computational procedure elaborated
in this study is validated against the numerical results of
other researches. The effects of wavy wall amplitudes are
chosen for investigation. Wide range of parameters such as
Richardson number (0�1≤Ri≤ 100�, and volume fraction
of nanoparticles (0 ≤ � ≤ 0�05) have been used. The new
models of the thermal conductivity and effective viscos-
ity investigated by Corcione et al.45 are used to estimate
themophysical proprieties of the nanofluid. Our numeri-
cal results are presented in the form of plots of isotherms,
streamlines and mean Nusselt numbers to show the influ-
ence of nanofluid and design parameters.

2. PROBLEM STATEMENT
Figure 1 shows a schematic diagram of the ventilated wavy
cavity. The coordinate system and the boundary conditions
are mentioned on considered configuration. The ventilated
wavy cavity has a central cold body inside with diame-
ter (D = 0.2) and its the bottom wall is uniformly heated
with a constant temperature, Th, while the other walls
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Table I. Thermo-physical properties of water and nanoparticles at T =
300 K.46

Cp � K �×105 �×106 dp

(J/Kg K) (Kg/m3� (W/mK) (K−1� (kg m−1s−1� (nm)

Copper (Cu) 385 8933 401 1.67 – 25
Water (H2O) 4179 997.1 0.613 27.6 855 0.385

of the ventilated wavy cavity are all thermally adiabatic.
The physical system is subjected to an external flow of
nanofluid which passes through the ventilated wavy cavity
by injection. The nanofluid enters into the ventilated wavy
cavity from the left opening vertical wall which main-
tained at cold temperature, Tc, and leaves from the right
opening vertical one. The length of these openings has a
constant value, h= 0�1H . It is assumed that the nanofluid
is Newtonian, incompressible and laminar (i.e., Ra≤ 106�
and the base fluid and the nanoparticles are in a thermal
equilibrium state. The thermo-physical properties of the
nanofluid used in this study are evaluated at the average
fluid temperature �Tc +Th�/2 as listed in Table I.

3. MATHEMATICAL FORMULATION
The governing equations including the two-dimensional
transient equations of the continuity, momentum and
energy for an incompressible flow are expressed in the fol-
lowing format:
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where the nanofluid effective density, heat capacity, ther-
mal expansion coefficient and thermal diffusivity are cal-
culated from the following equations:47�48

�nf = �1−���f +��s (5)

��Cp�nf = �1−����Cp�f +���Cp�s (6)

����nf = �1−������f +�����s (7)
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Corcione models45�48 for the dynamic viscosity and the
thermal conductivity of the nanofluid are given by:
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All terms are defined in the Nomenclature.
The boundary conditions for mixed convection

written as:

u= 0� v = 0� T = Th on bottom wall

u= 0� v = 0� 	T /	y = 0 on upper wall

v = 0� v = 0� 	T /	x = 0 on right wall

u= 0� v = 0� 	T /	x = 0 on left wall

u= U0� v = 0� T = Tc on inlet port

	u/	x = 0� v = 0� 	T /	x = 0 on outlet port

u= 0� v = 0� T = Tc on block

(13)

The following dimensionless variables for mixed con-
vection are defined based on the properties of the pure
fluid:

 = t
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2
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where Uref is considered to be U0 for mixed convection.
Dimensionless numbers for the system are defined as:
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The governing Eqs. (1)–(4) are written in the following
dimensionless form:
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The dimensionless form of the boundary conditions can
be written as:

U = 0� V = 0� � = 1 on bottom wall

U = 0� V = 0� 	�/	Y = 0 on upper wall

U = 0� V = 0� 	�/	X = 0 on right wall

U = 0� V = 0� 	�/	X = 0 on left wall

U = 1� V = 0� � = 0 on inlet port

	U/	X = 0� V = 0� 	�/	X = 0 on outlet port

U = 0� V = 0� � = 0 on block
(21)

The dimensionless stream function can be written as:

� =−
∫ Y

Yo

U	Y+��X�Y0� (22)

The shape of the wavy wallsis described by the following
equation:

Y = a�1 cos�2�X�� (23)

Where, (a) is the dimensionless height of the wave.
The mean Nusselt number of the bottom heated wall is

defined as:

Nu= 1
H

∫ H

0

knf ���

kf

{∣∣∣∣ 	�	Y
∣∣∣∣
bottom

}
dX (24)

4. NUMERICAL DETAILS
The finite volume method is used to discretize the non-
dimensional governing equations (Eqs. (17)–(20)) and
boundary conditions described by Eq. (21). The method is
given by Patankar49 on a staggered grid. SIMPLE (Semi-
Implicit Method for Pressure Linked Equations) is used to
solve the coupled pressure–velocity equation while Hybrid
Differencing Scheme (HDS) of Spalding50 is used for the
convective terms.

The key step of the finite volume method is the integra-
tion of the dimensionless governing equations (17)–(20)

Fig. 2. Typical control volume CV.

Table II. Effect of the grid size on Nu for the ventilated wavy cavity
filled by nanofluid �� = 0�05� has a central circular body with diameter
D = d/H = 0�2, for wavy amplitude a= 0.15.

Ri 63×63 83×83 103×103 123×123

0�1 22�908 23�384 23�429 23�431
100 4�648 4�977 5�011 5�017

over a two-dimensional control volume CV. The integra-
tion of the transport equation may be written in a generic
form for the variable � as:

∫
CV

	�

	t
dV +

∫
CV

(
U
	�

	X
+V

	�

	Y

)
dV

=
∫
CV

�

(
	2�

	X2
+ 	2�

	Y 2

)
dV +

∫
CV

S dV (25)

where S is the source term and dV = dX ·dY
After integration, the algebraic finite volume equations

for the momentum and energy equations are written into
the following form:

aP�P = aW�W +aE�E +aS�S +aN�N +S� (26)

where P , W , E, N , S denote cell location, west face of
the control volume, east face of the control volume, north
face of the control volume and south face of the control
volume CV respectively (see Fig. 2).
The Line by line application of TDMA (Tri-Diagonal

Matrix Algorithm) method50 is applied on the system of
equations until sum of the residuals became less than 10−6.
The developed algorithm was implemented in FORTRAN
program.

4.1. Grid Independence Study
In order to reach the mesh independent results for the
numerical simulation, a ventilated wavy cavity filled by
Cu-water nanofluid �� = 5%� having central circular
cold body with diameter (D = 0.2) is analyzed in two
extreme Richardson numbers �Ri = 0�1 and 100). The
mean Nusselt number obtained using different grid num-
bers for particular cases is presented in Table II. As can
be observed from the table, a non-uniform 103×103 grid
is sufficiently fine for the numerical calculation.

Table III. Comparison of Nu between the present results and those
reported in the literature for a DHC at different Rayleigh numbers.

Ra 103 104 105 106

De Vahl Davis51 1�118 2�243 4�519 8�799
Relative error (%) 0�17 0�13 0�75 0�54
Barakos and Mitsoulis52 1�114 2�245 4�510 8�806
Relative error (%) 0�17 0�22 0�55 0�62
Dixit and Babu53 1�118 2�256 4�519 8�817
Relative error (%) 0�17 0�71 0�75 0�75
Present study 1�116 2�240 4�485 8�751
Grid size 832 832 832 1032

J. Nanofluids, 8, 1170–1178, 2019 1173
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Table IV. Comparison of Nu at the hot lid between the present results
and those reported in the literature.

Average Nusselt number at the hot lid

Ri Iwatsu et al.54 Oztop et al.44 Present

1.0 1.34 1.30 1.36
0.0625 3.62 3.63 3.68
0.01 6.29 6.34 6.29

4.2. Validations
The present code was tested against various numerical
results available in the literature, some different heat con-
vection problems are chosen. The first case is the bench-
mark problem of natural convection in a square cavity
which considered by De Vahl Davis51 filled with Air (Pr =
0�71). Table III demonstrates an excellent comparison of
the average Nusselt number between the present results
and the numerical results found in the literature.52�53 The
numerical results of Iwatsu et al.54 and Oztop et al.44 for
a top heated moving lid and bottom cooled square cav-
ity filled with air �Pr = 0�71�. A 100× 100 mesh was
used and the computations were done for three differ-
ent Richardson numbers. Table IV demonstrates an excel-
lent comparison of the average Nusselt number between
the present results and the numerical results found in the
literature44�54 with a maximum discrepancy of about 1�6%.
Finally, we chose two other different convection problems
(natural and mixed convection) to compare the flow struc-
ture. Figure 3 illustrates the comparison of the isotherms
and streamlines with that of mixed convection flow in
vented cavity contains a circular heater reported by Xu
et al.55 at (Pr = 0.7, Ri= 1.0, Br = 1.0, Le= 0.1) and with

Streamlines

Streamlines

Streamlines

Streamlines

Isotherms

Isotherms

Isotherms

Isotherms

Present study Present study

Xu et al. Oztop et al.

Fig. 3. Comparison of the isotherms and streamlines with that of Oztop et al.56 (Rai = Rae = 105, a = 0.85) and Xu et al.55 (Pr = 0.7, Ri = 1.0,
Br = 1.0, Le= 0.1).

a natural convection heat transfer and flow structures in a
wavy enclosure reported by Oztop et al.56 (Rai = Rae =
105, a= 0.85).

5. RESULTS AND DISCUSSION
In the present investigation, the mixed convection inside
a ventilated wavy cavity having central circular cold body
is numerically simulated. The effect of three different
amplitudes of the upper wavy surface �a = 0, 0.05, 0.10
and 0.15) are considered. The size of the circular cold
body, d, is fixed at 0�2H while the Grashof number, Gr ,
is kept constant at 104. Numerical simulation results are
presented in terms of streamlines, isotherms and average
Nusselt number for various values of Richardson number
�0 ≤ Ri ≤ 100� and volume fraction of the nanoparticles
�0 ≤ � ≤ 0�05�. Four different values of Reynolds num-
ber (Re= 10, 31.62, 100, and 316.22) are chosen to cover
forced (Ri = 0.1), mixed (Ri = 1) and natural convection
(Ri >= 10) regimes. The variation of Reynolds number
�Re = U0H/�� is made by changing the velocity (U0� of
the incoming flow.
Figures 4 and 5 show the effects of different values

of wavy surface amplitude �a = 0, 0.05, 0.10 and 0.15),
on the streamlines and isotherms for various values of
Richardson number ranging from 0.1 to 100. For compar-
isons, the streamlines and the isotherms for pure fluid and
nanofluid are shown by dashed line and solid line respec-
tively. We can see in Figures 4 and 5 that there are some
differences in streamlines and isotherms of pure fluid and
nanofluid, which we can explain by the higher viscos-
ity of nanofluid compared to that of the pure fluid which
increases the diffusion of momentum in the nanofluid.

1174 J. Nanofluids, 8, 1170–1178, 2019
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nanofluid (solid line) with � = 5% and at different Richardson numbers for the amplitude running from 0 to 0.15. �Gr = 104�.

Generally, the cold inlet fluid moves over the central circu-
lar body before leaving the cavity, the arriving flow strikes
to the left side of the cold body, where the flow is directed
from the inlet port toward top and down of the cooler
and moves to the outlet port. As it is seen from Figures 4
and 5, both flow and temperature distributions are sensitive
to wavy surface amplitude.

Figure 4 exhibits that increasing the value of amplitude
reduces the fluid circulation within the ventilated wavy
cavity. It can be observed that at a smaller Richardson
number (Ri= 0.1) where the forced convection dominates
the flow characteristics, the incoming flow mainly passes
over the circular cold body and produces two rotating cells
located on the top and bottom left of the ventilated wavy
cavity. By increasing the wavy surface amplitude from
a = 0 to 0.15, we can see clearly that the pattern of the
streamlines where the two rotating cells near the inlet port
changes significantly. In addition, it is clearly observed
that the outer and inner rotating vortices occupy a consid-
erable space. We can see that the increasing of Richardson
number up to 0.1 makes the flow passing mainly in the
bottom part of the ventilated wavy cavity which is due

to decreasing of the incoming flow velocity. It is worth
to mentioning that increasing the wavy wall amplitude to
0.15 prevents the fluid flow passing upper the cold body.
For Ri= 1, the inertia force increases and the mixed con-
vection heat transfer becomes dominant, where the fluid
flow occupies the whole of the ventilated wavy cavity and
the size of the circulating vortices starts to be small. The
size of the corresponding vortices for the pure fluid is big-
ger than the nanofluid, it due the role of forced convection
which is more significant for the pure fluid. By increasing
the Richardson number up to 1, the effects of natural con-
vection and hence, the buoyancy force become stronger
and the effects of the incoming flow velocity becomes
weakened, then increasing Ri is in favor of natural con-
vection. At Ri= 10, the most flow passes through the bot-
tom region of the vented cavity. The small rotating vortex
located on the bottom left of the vented cavity changes sig-
nificantly by increasing the wavy wall amplitude to 0.15.
For Ri = 100, natural convection is dominated and con-
sequently we can see from Figure 4 that the flow struc-
ture changes completely. At the corresponding Richardson

J. Nanofluids, 8, 1170–1178, 2019 1175
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number, the effect of wavy wall amplitude is higher for
(a= 0.1, 0.15).
According to Figure 5, when the Richardson num-

ber decreases, the isotherms become tightened on the
heated bottom wall which indicate a good convective heat
exchange. By increasing the wavy wall amplitude from
a = 0 to 0.15, we can see clearly that the intensity of
the isotherms at the vicinity of the heated bottom wall
increases. At small values of the Richardson number, we
can note that the isotherms on the top zone of the venti-
lated wavy cavity are cold where the heat provided only
by the hot wall, and this can be explained by the forced
convection regime which is dominant (Ri = 0.1). Increas-
ing the Richardson number leads to decrease the cold zone
and the heat provided by the hot bottom wall and starts
taking more space of the ventilated wavy cavity in compar-
ison with previous case, this due to the mixed convection
regime (Ri = 1, 10). At high Richardson number (Ri =
100), the role of natural convection becomes greater, thus
the isotherms have more deflection on the left side of the
central circular cold body, and consequently the cold zone

Fig. 5. Isotherms inside the ventilated wavy cavity contains a circular cooler �D = d/H = 0�2�, and filled with the pure fluid (dashed line) and
Cu-water nanofluid (solid line) with � = 5% and at different Richardson numbers for the amplitude running from 0 to 0.15. �Gr = 104�.

of the ventilated wavy cavity decrease where the heat takes
its place.
Figure 6 shows values of Nu in the same conditions of

Figures 4 and 5 at different wavy wall amplitudes (a= 0,
0.05, 0.1 and 0.15) and volume fraction of nanoparticles
for the Richardson number varying from 0.1 to 100.
At Ri = 0.1 (i.e., Forced convection dominating), it is

seen that the best heat transfer rate of the hot wall is
occurred at the high value of wavy wall amplitude (a =
0.15). By increasing the nanoparticles concentration, the
mean Nusselt number enhances, and it is maximized at
� = 4%. It is worth to mentioning that, the low value of
the wavy amplitude (a= 0.05) does not increase the heat
transfer rate in comparison with the cases of wavy wall
amplitude equal 0 and 0.1. At Ri = 1 (i.e., mixed con-
vection dominating), we can see clearly that increasing
volume fraction of nanoparticles and wavy wall ampli-
tude, the heat transfer rate enhances. For the corresponded
Ri, the heat transfer rate is maximized at � = 5% and
a= 0�15. A further increase of Ri up to 1 (i.e., Ri = 10),
leads to change the heat transfer variation manner in term

1176 J. Nanofluids, 8, 1170–1178, 2019
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Fig. 6. Variation of Nu with respect to the volume fraction of the nanoparticles at different Richardson numbers for the amplitude running from 0 to
0.15. Gr = 104.

of volume fraction of nanoparticles for the case of low
values of wavy wall amplitude (a = 0 and 0.05), where
the heat transfer rate is maximized for pure fluid �� = 0�,
it decreases by increasing the volume fraction of nanopar-
ticles, this can be explained by the unfavorable viscosity
effects which are greater than the positive effects of the
conductivity. For high values of wavy wall amplitude (a=
0.1 and 0.15), increasing the nanoparticles volume fraction
leads to increase the heat transfer rate and it is maximized
at ��= 5% and a= 0�15�. By increasing Richardson num-
ber beyond 10 (i.e., natural convection dominating), we
can clearly observe that the heat transfer rate enhances by
increasing the wavy wall amplitude from a= 0 to a= 0.1
and it is maximized at the volume fraction of nanoparticles
� = 2%. At the corresponding Richardson, the minimal
heat transfer rate is obtained at high value of wavy wall
amplitude (a = 0.15), this can be explained by the low
intensity of the fluid flow in the case of natural convection
than forced convection.

6. CONCLUSION
This study investigates the effects of wavy wall amplitudes
on mixed convection heat transfer inside a ventilated wavy
cavity filled by nanofluid containing a central circular cold
block. According to the presented results, the following
conclusions are drawn:
• Increasing the value of amplitude reduces the nanofluid
circulation within the ventilated wavy cavity.
• At small Richardson number (forced convection dom-
inates) two rotating cells appeared on the top and bot-
tom left of the ventilated wavy cavity and the isotherms
become tightened on the heated bottom wall which indi-
cate a good convective heat exchange.
• At high Richardson number (natural convection domi-
nates) the most flow passes through the bottom region of
the vented cavity and the heat provided by the hot bottom
wall and starts taking more space of the ventilated wavy
cavity.
• At Ri = 0.1 and 1, it is seen that the best heat transfer
rate is occurred at the high value of wavy wall amplitude

(a= 0.15) and for the volume fraction of nanoparticles is
between 4% and 5%.
• At high Richardson number (Ri= 100), the heat transfer
rate enhances by increasing the wavy wall amplitude from
a= 0 to a= 0.1 and it is maximized at the volume fraction
of nanoparticles �= 2%. The minimal heat transfer rate is
obtained for (a= 0.15), this can be explained by the low
intensity of the fluid flow in the case of natural convection
than forced convection.

NOMENCLATURE
Cp Specific heat, Jkg−1K−1

dp Diameter of the nanoparticle, m
df Diameter of the base fluid molecule, m
d Diameter of circular cooler, m
D Dimensionless diameter of circular cooler
g Gravitational acceleration, m s−2

Gr Grashof number �=g��TH3/�2�

H Height of the ventilated cavity, m
h Wide of inlet port, m
k Thermal conductivity, W m−1K−1

kb Boltzmann’s constant= 1�38066×10−23

Nu Mean Nusselt number of the bottom wall
p Dimensional pressure, Nm−2

P Dimensionless pressure
Pr Prandtl number �=�f /
f �

Ra Rayleigh number �=g�f �Th−Tc�H
3/
f �f �

ReB Brownian-motion Reynolds number
Re Reynolds number �=U0H/��

Ri Richardson number
(=Gr/Re2

)
T Temperature, K
t Time, s
 Dimensionless time �t/H/U ref�

u� v Velocity components, ms−1

uB Brownian velocity of the nanoparticle, ms−1

U�V Dimensionless velocity components
x� y Cartesian coordinates, m
X�Y Dimensionless Cartesian coordinates (x, y)/H.
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Greek Symbols

 Thermal diffusivity, m2s−1

� Thermal expansion coefficient, K−1

� Dimensionless temperature
� Dynamic viscosity, kg m−1s−1

� Kinematic viscosity, m2s−1

� Density, kgm−s3

� Volume fraction of the nanoparticles
� Stream function �=− ∫ Y

Yo
U	Y +��X�Y0��.

Subscripts
c Cold
f Fluid
h Hot

nf Nanofluid
s Solid nanoparticles.
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