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Heatline visualization technique is used to understand heat transport path in an inclined non-uniformly
heated enclosure filled with water based CuO nanofluid. The cavity has square cross-section and it is non-
uniformly heated from a wall and cooled from opposite wall while other walls are adiabatic. The govern-
ing equations which are continuity, momentum and energy equations are solved using finite volume
method. The dimensionless heatfunction for nanofluid heat flow is defined and solved to determine heat-
line patterns. Calculations were performed for Rayleigh numbers of 10%, 10* and 10°, inclination angle of
0°, 30°, 60° and 90°, and nanoparticle fraction of 0, 0.02, 0.04, 0.06, 0.08 and 0.1. It is observed that heat
transfer in the cavity increases by adding nanoparticles. The rate of increase is greater for the enclosures
with low Rayleigh number. Visualization of heatline is successfully applied to nanoparticle convective
flows. Based on the heatline patterns, three heat transfer regions are observed and discussed in details.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Control of heat transfer in many energy systems is crucial due
to the increase in energy prices. In recent years, nanofluids tech-
nology is proposed and studied by some researchers experimen-
tally or numerically to control heat transfer in a process. The
nanofluid can be applied to engineering problems, such as heat
exchangers, cooling of electronic equipments and chemical pro-
cesses. These applications and solution methods are reviewed by
Kakac and Pramuanjaroenkij [1], Daungthongsuk and Wongwises
[2], Trisaksri and Wongwises [3], Wang and Mujumdar [4], Putra
et al. [5], Saidur et al. [6] and Lee et al. [7].

Natural convection heat transfer occurs in enclosures due to
temperature difference and buoyancy forces. The problem was
analyzed for enclosures filled with clear fluid [8] or nanofluid [9]
and for the cases of constant temperature or constant heat flux.
In recent years, effects of non-isothermal boundary conditions on
natural convection in enclosure were analyzed by researchers
due to its applications in solar systems or furnaces. In this context,
Bilgen and Ben [10] performed study on the effects of non-isother-
mal boundary condition on natural convection for a rectangular
cavity. In their study, two cases were considered: in the first case,
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the lower part was heated while the upper part was cooled. In the
second case, the upper part of cavity was heated while the lower
part was cooled. Natarajan et al. [11] conducted a study using a
penalty finite element analysis with bi-quadratic elements to
investigate the effects of uniform and non-uniform heating of bot-
tom wall on natural convection flows in a trapezoidal cavity. More-
over, two-dimensional laminar natural convection in enclosures
with three flat and one wavy wall, one of which was exposed to
sinusoidal temperature profile, was studied by Dalal and Das
[12]. Basak et al. [13] solved the governing equations using the fi-
nite element method to study the effects of thermal boundary con-
dition in square enclosures. They numerically tested the effects of
Prandtl number and observed that the non-uniform heating of the
bottom wall produced greater heat transfer rates at the center of
the bottom wall than the uniform heating case for the whole range
of Rayleigh numbers. However, average Nusselt numbers showed
lower heat transfer rates for the non-uniform heating. Varol et al.
[14] investigated the effects of sinusoidally varying temperature
on natural convection in a rectangular enclosures filled with por-
ous media, numerically. Sarris et al. [15] numerically studied the
natural convection in a square cavity with non-isothermal temper-
ature gradient on top wall. The problem of non-isothermal bound-
ary conditions was extended to nanofluid by Oztop et al. [16]. In
their case, comparison of Al,03; and TiO, nanoparticle was per-
formed from heat transfer enhancement point of view.
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Nomenclature

Cp specific heat at constant pressure (J kg™! K1)
g gravitational acceleration (m s2)

H height of the enclosure (m)

h local heat transfer coefficient (W m—2 K1)

J heat transfer vector (W m 2K ')

k thermal conductivity (W m~! K1)

Nu Nusselt number

Pr Prandtl number

Quw heat flux (W m~2)

Ra Rayleigh number

T temperature of the nanofluid (K)

u', v dimensional velocity components along x’ and y’ direc-
tions (ms™')

uv dimensionless velocity components along x and y direc-
tions

w width of the enclosure (m)

X,y dimensional coordinates (m)

X,y dimensionless coordinates

Greek symbols

o fluid thermal diffusivity (m?s~')

B thermal expansion coefficient (K1)

& numerical tolerance

@ nanoparticle volume fraction

¢ inclination angle

u dynamic viscosity (N s m~2)

v kinematic viscosity (m?s™!)

%) dimensional vorticity (s~!)

Q dimensionless vorticity

T dimensional heatfunction (W/m)
I dimensionless heatfunction

0 dimensionless temperature

o density (kg m~3)

W dimensional streamfunction (m?s~')
L4 Dimensionless streamfunction
Subscripts

avg average

c cold

f fluid

h hot

nf nanofluid

s solid

w wall

The heatline visualization technique is a useful tool to observe
heat transfer path in a heat transfer domain. The technique was
first proposed by Kimura and Bejan [17] to visualize heat transport
for convective heat transfer. A detailed review on the application of
heatline visualization method was presented by Costa [18]. Hakye-
mez et al. [19] used heatline visualization technique to show the
path of heat transfer in a cavity. In their geometry, a thermal bar-
rier was used in the ceiling wall. Varol et al. [20] made a numerical
work to visualize heat transfer in a non-isothermally heated trian-
gular cavity filled with porous media. They observed that the non-
isothermal wall changes the heat transport way. Basak et al. [21]
studied the natural convection in porous trapezoidal enclosures
for uniformly or non-uniformly heated bottom wall by presenting,
streamlines, isotherms and heatlines. They observed that heatlines
are affected with Darcy number.

The main objective of the present study is to analyze heat and
fluid flow in an inclined non-uniformly heated enclosure filled
with CuO nanofluids. The effects of nanoparticle fraction and incli-
nation angle on heat transfer through the enclosure are investi-
gated. Isotherms, streamlines and heatlines are plotted for
enclosures with different Rayleigh numbers, nanoparticle fractions
and inclination angles to discuss the changes of average Nusselt
number. Moreover, the distributions of local Nusselt number along
the hot and cold walls are presented to support the discussions.
The variations of average Nusselt number with Rayleigh number,
nanoparticle fraction and inclination angle are presented via ta-
bles. Based on performed literature survey, this is the first study
on application of heatfunction on heat transfer in a nanoparticle
fluid flow. Heatfunction for a flow field containing mixture of
nanoparticles and pure fluid is defined and applied successfully.

2. Problem definition

The considered enclosure is illustrated in Fig. 1. It is a square
enclosure whose height and width are identical while inclination
angle ¢ varies from 0° to 90°. The left side of enclosure is heated
linearly and the right vertical wall is kept at constant temperature
when ¢ = 0°. The minimum temperature of the heated wall is at

the top of wall and it is identical with cold wall temperature shown
by T.. The maximum temperature of the hot wall is at the bottom
of wall represented by Tj. The horizontal walls are adiabatic and
gravity acts in vertical direction. The cavity is filled with water
based CuO nanofluid.

3. Governing equations

Two dimensional, laminar, steady flow of incompressible fluid
is assumed in this work. The governing equations are written in
vorticity-streamfunction mode as

Vorticity

0 ()2 (L, _ty (Fo do
ox (‘” ay’) & (“’ ax’) b <ax/2 Ty
P+ (1 — oT

L (@pht w)pfﬂf)g<

o WCOS(p—g—;sin(ﬁ) (1)
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Heated wall H adiabatic

Fig. 1. Physical model and coordinate system.
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where X’ and y’ are the Cartesian coordinates along the inclined wall
and normal to it, respectively, T is the temperature of the nanofluid,
w is the vorticity, i is the streamfunction, which is defined as
U =0y/0y' and v = —dy/dx’, and the physical meaning of other
quantities is given in Nomenclature. Further, o,y is the effective
thermal diffusivity of the nanofluids, u,s is the effective dynamic
viscosity of the nanofluids and p,y is the effective density of the
nanofluids, which are defined as

k,-,f I — ,uf
(PCp)ys” (1= )2
Here (pcp)yy is the heat capacitance of the nanofluid expressed by
Abu-Nada [22] and Khanafer et al. [23] as
(PCp)ny = (1= @)(PCp)s + P(PCp)s (5)

and kiy is the effective thermal conductivity of the nanofluid which
can be approximated for spherical nanoparticles by the Maxwell-
Garnetts model as

knf _ ks + 2kf — 2(p(kf — ks)

ke ks + 2Kk + (ke — ko) ®

Onf = Pop = (1= @)pr+ @ps 4)

For a nanofluid with a specified nanoparticle volume fraction ¢, the
values of (pcp)nr and ki are assumed to be constant. This model is
found to be appropriate for studying heat transfer enhancement
using nanofluids [24,22,25]. The viscosity of the nanofluid g, can
be approximated as viscosity of a base fluid y; containing dilute sus-
pension of fine spherical particles and it is has been given by Brink-
man [26].

The following dimensionless variables are introduced to obtain
the dimensionless form of the governing equations:
! / 2 !
x_" y:l, wH’ 7£7 U:uH’
H H o o o
vH T-T,

e (7)
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Thus, Egs. (1)-(3) can be written in dimensionless form as
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where the dimensionless streamfunction ¥ is defined as U = 0¥[0Y
and V = —d¥/dX, Pr is the Prandtl number, Ra is the Rayleigh num-
ber and / is a constant, which are defined as

k
H(Ty T, T
pr:ﬁ7 Ra:M i:k—fw)_ (11)
Of Vi (1-9)+ o5,

The dimensionless boundary conditions based on ¢ = 0° are written
as:

'
—ontheleftwallx=0: ¥ =0, QZ*W’ 0=1-y
. o’
—ontheright wallx=1: ¥ =0, Q:_W’ 0=0 (12)
2
— on the top and bottom walls: ¥ =0, Q:—ﬂ, @:O
oy2’ oy

4. Heat function

For a two dimensional steady and incompressible nanofluid
flow without heat generation, the components J, and J, of the heat
flux vector J, containing the diffusion and convection transport, in
the x and y directions can be written as

) oT aT
Je=(PCp)opt (T=Te) =knp 77 Jy = (PCp)oy V' (T = Tc) *knfa*y, (13)

The value of the total heat flux vector J is the vectorial sum of the
two heat flux components;

j:Jxl?+]yj (14)

where the vectors i and j represent Cartesian unit vectors. The
application of energy conservation law on a finite volume in the
nanofluid flow field by using Eq. (13) yields the energy equation
for the nano fluid flow:

o, a, ouT  avT T 0°T
x Ty~ (PCp) s ( o + ay ) — <nf(W+ a2

)=0 (15)

By defining 7 as a continuous scalar function, whose the first
and second derivatives are also continuous, the dimensional heat-
function can be written in a differential form [17];

on_, o om_
ox Y ay/i

By substituting of Eq. (16) into Eq. (13), taking derivatives with re-
spect to y' and X/, and subtracting the resulting equations from each
other, the following elliptic partial differential equation for the
heatfunction is obtained

Jx (16)

aZn 6211 a ) a )
X2 +6}/7_ (PCp) s 67,(” T) *&(”T) (17)

The convection term which appears on the right side of Eq. (17) acts
as a source term. It should be mentioned that the defined heatfunc-
ton 7 includes both the diffusion and convection modes of heat
transfer. The solution of Eq. (17) yields the values of the dimen-
sional heatfunction for the all nodes of a computational domain
and contour plots of the heatfunction values provides dimensional
heatline patterns. By employing the dimensionless parameters pre-
sented by Eq. (7), the dimensionless heatfunction can be written as:

oo _ (PCp) s _ ﬁ o0 ol _ (PCp) s (U6) - @ a0 (18)
ox  (pCp)s ke oy’ ay  (pcp)s ky ox
where II is the dimensionless heatfunction as
T
I=—"_ 19
(Th - TC)kf ( )

By performing the mathematical manipulations similar to the pro-
cedure for obtaining Eq. (17) from Eq. (16), the following dimen-
sionless heatfunction equation can be obtained from Eq. (18)
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I I (pCp)y [0 0
o Ty 00, @(UH)—&(VH) (20)

The boundary conditions for dimensionless heatfunction equation
(20) are obtained from the integration of Eq. (18) along the consid-
ered boundary. For instance, the following equation can be used to
determine the values of heatfunction at the left wall of the cavity
with ¢ =0° [19]

kg

moy =m0~ [1(3) & @

x=0, 0<y<1: ks

The derivative of the dimensionless temperature at a wall with re-
spect to its normal direction is defined as local Nusselt number,
hence, Eq. (21) can also be written in the following form

y
x=0,0<y<1: H(O,y):H(0,0)f/ Nu(0,y)dy (22)
0

5. Analysis of heat transfer

After solving vorticity, energy and streamfunction equations,
and obtaining ¥, Q and 6 distributions in the enclosure, indicators
for dimensionless heat transfer rate should be obtained. The local
Nusselt number can be expressed as:

hyH

Ny === (23)

The local heat transfer coefficient h, is expressed as

. Qw
L . (24)

where T, is maximum temperature of the hot wall and T, is the cold
wall temperature. On the other hand, the thermal conductivity for a
nanofluid is defined as

g = — (25)

By substituting Eqs. (25) and (24) into Eq. (23), and using the
dimensionless quantities (7), the local Nusselt numbers on the hot
and cold walls (Nu. and Nuy,) for a cavity with ¢ = 0° are written as

o knf 00 o knf 00
Nt = ‘(E) (&Lo’ Nt = _<E> (&L (26)

The average Nusselt number Nug, is defined as:

Nitasg = /0 " Iu Py 27)

For convenience, a normalized average Nusselt number Nuayg is de-
fined as the ratio of average Nusselt number in enclosure having
nanoparticles to that of pure water that is

~ Nugy(¢, )
= Ntoug (¢ = 0) @8)

The use of normalized average Nusselt number Nug,g (¢, ()
gives more insight on the heat transfer enhancement on the heated
or cooled wall. The normalized average Nusselt number is used as
an indicator of heat transfer enhancement since an increase in
Nusselt number corresponds to an enhancement in heat transfer.

Nug,, (6, @)

6. Numerical details

Egs. (8)-(10) with corresponding boundary conditions given in
Eq. (12) are solved using the finite volume approach [27,28]. The
diffusion term in the vorticity and energy equations is approxi-
mated by a second-order central difference scheme which gives a

stable solution. Furthermore, a second order upwind differencing
scheme is adopted for the convective terms. The resulted algebraic
equations are solved using successive over/under relaxation
method. Successive under relaxation is used due to the non-linear
nature of the governing equations especially for the vorticity equa-
tion at high Rayleigh numbers. The convergence criterion is de-
fined by the following expression [29]:

j=M i=N 1
_SAERI -6
€= J=M<—~i=N|  n+1 <

21 i 0"

where ¢ is the tolerance; M and N are the number of grid points in
the x and y directions, respectively [30]. An accurate representation
of vorticity at the surface is the most critical step in the streamfunc-
tion-vorticity formulation. A second order accurate formula is used
for the vorticity boundary condition. For example, the vorticity at
the bottom wall is expressed as [9]:

(8¥in — Vi)

(29)

where ¥;, and ¥;; are two neighboring nodes in y direction. 1/3rd
Simpson’s rule of integration is implemented to take integral of lo-
cal Nusselt and obtain the average Nusselt number.

7. Results and discussion

Visualization of heat transport using heatline technique is pre-
sented in this study for non-isothermally heated square inclined
enclosure filled with water/CuO nanofluid. The governing parame-
ters are Rayleigh number, nanofluid fraction ratio and inclination
angle of enclosure. Results are presented by streamlines, iso-
therms, heatlines, local and average Nusselt numbers, normalized
Nusselt number and velocity profiles.

Fig. 2 compares the streamline (on the left), isotherm (on the
middle) and heatline (on the right) for the enclosures with
Ra=10° and 10° for ¢ =0 (classical fluids) and 0.1. As seen for
two Rayleigh numbers, there are differences between the iso-
therms, streamline and heatline patterns in the enclosures for
@ =0 and 0.1 due to adding of nanoparticles.

Fig. 3 shows the streamline, isotherm and heatline for the
enclosure with Ra=10° and ¢ =0° for two values of ¢ as 0.02
and 0.08. Two cells are observed in the cavity. The first one (main
cell) is the clockwise flow circulation which is dominant in the
most part of the cavity while a weak counter clockwise flow is ob-
served at the left top corner of cavity. The linear change of temper-
ature at the left wall of the cavity causes the formation of the weak
closed cells. The strength of the flow increases with nanoparticle
volume fraction. The minimum value of ¥ is —13.54 for the cavity
with ¢ =0.02 and it rises to —15.203 for the cavity with ¢ = 0.08.
The isotherm patterns for two nanoparticle volume fractions are
similar to each others. The isotherm lines at the right region of
the enclosure are parallel to the cold wall while isotherms cross
the left wall. The heat transfer between cold and hot regions of
the enclosure cannot be well understood by using isotherm pat-
terns. That is why the heatline patterns of the enclosure are plotted
and presented at the third column of the Fig. 3. As is seen from the
heatline patterns, for the enclosure with nanoparticle fractions,
heat transfer region in the enclosure can be divided into three re-
gions. The first heat transfer region is on the left side of the cavity
and it is shown by dark gray. As seen from heatline pattern in this
region, heat is transferred from middle part of the hot wall to the
top region of the same wall due to non-uniform wall temperature.
The second heat transfer region is shown by light gray color. In this
region, heat is transferred from hot to the cold wall. As seen from
the heatline patterns, heat received by the cold wall is transferred
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Fig. 2. Streamlines (on the left), isotherms (on the middle) and heatlines (on the right) for ¢ =0 and ¢ = 0.1, (a) Ra = 10® and (b) Ra = 10° (red line: water, green line: water/
CuO nanofluid). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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<

Fig. 3. Streamlines (on the left), isotherms (on the middle) and heatlines (on the right) for Ra =10 and ¢ = 0°, (a) ¢ = 0.02 and (b) ¢ = 0.08.

from the bottom of the hot wall. The third heat transfer region is This region is called as passive region. The values of heatline con-
not colored and it is white. In this region, heat is rotated in closed tours are negative in the third region showing reverse heat flux
cells without having any function on heat transfer between walls. rotation. Although a significant difference between the heatline
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contours of enclosures having different nanoparticle fraction is not
observed, considerable differences between the minimum and
maximum values of heatfunction exist. For the cavity with
@ =0.02, the values of T, and I1,,x are —2.35 and 2.45, respec-
tively. The values of I, and ITp,.x become as —2.60 and 2.75
for the cavity with ¢ =0.08. The increase of IIj.x — ITmin by in-
crease of ¢ shows that heat transfer in the cavity is enhanced by
adding of nanoparticle fraction.

Fig. 4 shows the streamlines, isotherms and heatlines for ¢ = 0.1
and ¢ = 60° when Ra = 10 and 10%. The rotation of the cavity with
¢ = 60° on the counterclockwise causes the closed cell on the right
top region of cavity becomes stronger and wider. For the enclosure
with Ra = 10° (Fig. 4(a)) flow is not too strong in the enclosure since
Rayleigh number is relatively small. Heat conduction is dominant
mode of heat transfer in the cavity since no distortion is seen in iso-
therms. The domination of conduction heat transfer can also be ob-
served from the heatline patterns since no passive area exists. The
area of cavity can be divided into two parts from heat transfer point
of view. The first part is the area in which heat is transferred from
the hot to the cold wall. However, in the second part, heat is trans-
ferred from the middle to the top of the hot wall due to non-
uniform wall temperature. This region is colored by dark gray.
The increase of the Rayleigh number changes the heat and fluid
flow patterns. As seen from Fig. 4(b), the increase of Rayleigh num-
ber from 10° to 10 enhances the strength of the flow and the area
covered by the second closed cells becomes smaller. The steep dis-
tortions of isotherms in the cavity show relatively stronger convec-
tive heat transfer. The increase of Rayleigh number causes the

(a)

o
0.0208017 @

clustering of heatlines from hot to the cold wall and generation of
passive heat transfer area (white color) in which heat is rotated
without having significant effect on heat transfer between walls.

Fig. 5 shows streamlines (left), isotherms (middle) and heatline
(right) patterns for the cavity with Ra=10° and ¢ =0.1 when ¢
=30° and 60°. As seen from streamlines, the closed cells on the
hot top wall exit for the cavity of ¢ = 30° and 60°. The maximum
streamfunction values (¥na.x) for the enclosures of ¢ =30° 60°
are 21.18 and 23.11. Steep distortions in the isotherms shows
strong convective mode of heat transfer since Ra=10°. For the
enclosures with ¢ = 30° and 60°, a similar heatline patterns are ob-
served. The values of IT,;, and I1,.x for the cavities of ¢ = 30° are
—3.85 and 2.85 while the same values for the cavity of ¢ = 60° are
—4.27 and 2.58 indicating increase of heat transfer through the
enclosure.

Fig. 6 shows the variation of velocity profiles for different vol-
ume fractions at the mid-axis for ¢ =0° when Ra=103 10* and
10°. The increase of Rayleigh number causes appearing of horizon-
tal flows in the middle of the enclosure and increasing of V velocity
components in the region near the wall. The increase of nanoparti-
cle volume fraction does not change this trend, however the
strength of fluid flow increases and the maximum and minimum
V velocity components in the middle axes of enclosure with
@ =0.1 become greater than those of ¢ =0 (clear fluids).

The variation of local Nusselt number along the hot wall for dif-
ferent volume fractions as Ra = 103, 10 and 10° are shown in Fig. 7
when ¢ = 0°. As seen from Fig. 7(a), the maximum local Nusselt
number is at the bottom of hot wall having maximum temperature

Fig. 4. Streamlines, isotherms and heatlines for ¢ = 0.1 and ¢ = 60°, (a) Ra=10° and (b) Ra = 10%.



5082 H.F. Oztop et al./International Journal of Heat and Mass Transfer 55 (2012) 5076-5086

(a)

0.0219578

(b)

0.0121622 @

Fig. 5. Streamlines (on the left), isotherms (on the right) and heatlines (on the right) for Ra=10° when ¢ = 0.1, (a) ¢ = 30° and (b) ¢ = 60°.
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Fig. 6. Variation of velocity profiles for different volume fractions at the mid-axis for ¢ = 0°, (a) Ra = 10> (b) Ra=10* and (c) Ra=10°.
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—-=— (=008

(b) s

Fig. 7. Variation of local Nusselt number along the hot wall for different volume fractions at ¢ = 0°, (a) Ra =103, (b) Ra=10* and (c) Ra = 10°.

of the enclosure. By decreasing of temperature along the hot wall,
the local Nusselt number also decreases and after a point, the local
Nusselt number receives negative values refers to the reverse heat
transfer (i.e., heat transfer from fluid to the wall). The minimum
Nusselt number is observed at the top of the hot wall showing
maximum heat transfer from the fluid to the hot wall. The increase
of the nanoparticle volume fraction does not change this trend;
however local Nusselt number slightly increases with increase of
nanoparticle volume fraction, particularly at the top region of
hot wall. The same trend is observed in Fig. 7(b) and (c) showing
the local Nusselt number for Ra=10% and 10°. As expected, the
absolute value of local Nusselt number increases with increase of
the Rayleigh number as well as the increase of nanoparticle vol-
ume fraction.

Variation of local Nusselt number (i.e., Nu,) along the hot wall of
enclosures with different angles and Rayleigh numbers (Ra = 10,
10* and 10°) when ¢ = 0.1 are shown in Fig. 8. For the enclosure
with Ra = 103, the local Nusselt number of the hot wall does not vary
with inclination angle as seen from Fig. 8(a) due to the dominant
conduction mode of heat transfer. By increase of Rayleigh number,
the convective heat transfer becomes stronger and the variation of
local Nusselt number for ¢ = 90° becomes different than the varia-
tion of the hot wall local Nusselt number of enclosures with
¢ = 0°,30°and 60°. The increase of Rayleigh number to 10° improves
the effect of convection heat transfer in the enclosure. Hence, the
variations of local Nusselt number of hot walls become different
from each others. The interesting point of Fig. 8(c) is that the local
Nusselt number of the enclosure with ¢ = 60° is lower than those
of enclosures of ¢ =0° and 30°. Hence, a decrease in the average
Nusselt number of the enclosure with of ¢ = 60° may be expected.
Fig. 8(c) also shows that the local Nusselt number of the most part
of the hot wall is positive when ¢ = 90° showing the heat transfer
from the hot to the cold wall. A small part of the hot wall receives

heat transfer from the fluid. Hence, an improvement in the average
Nusselt number of the enclosure with ¢ = 90° may be expected.
Fig. 9 is presented to observe the effect of nanoparticle volume
fraction on heat transfer through the enclosure. The variation of lo-
cal Nusselt number of the cold wall Nu.and the normalized local
Nusselt numbers for different nanoparticle volume fraction are
shown in the same figure. As expected, the maximum local Nusselt
is observed at the region of y = 1 of the cold wall and the local Nus-
selt number decreases toward the bottom of the cold wall. The in-
crease of the nanoparticle volume fraction increases local Nusselt
number. The value of the normalized Nusselt number is around
1.05 and 1.1 for the enclosures with ¢ = 0.02 and 0.04. The increase
of nanoparticle volume fraction enhances heat transfer at the bot-
tom of the cold wall more than top region. This might be due to en-
hance of conduction mode of heat transfer in the bottom region of
the enclosure. Fig. 9 clearly shows that the increase of nanoparticle
volume fraction increases heat transfer in the enclosure and the
maximum enhancement of heat transfer is observed for ¢ = 0.1.
The effect of Rayleigh number and nanoparticle volume fraction
on average Nusselt number of the enclosures with ¢ = 0° are shown
in Table 1. The average Nusselt number increases with increase of
Rayleigh number since the convective heat transfer is enhanced.
Moreover, the increase of the nanoparticle volume fraction improves
heat transfer in the enclosure and consequently average Nusselt
number increases. The rate of increase of average Nusselt number
with nanoparticle volume fraction may be understood better from
Table 2 in which the normalized average Nusselt numbers of differ-
ent enclosures are presented. The rate of increase for the enclosures
with Ra = 10% and 10° are almost the same and normalized average
Nusselt number attains 1.19 for ¢ = 0.1. This means that the adding
of the nanoparticle improves heat transfer around 20% for the cavi-
ties with Ra = 10 and 10°. The normalized average Nusselt number
for Ra = 10° are greater Ra = 10* and 10°. The increase of heat transfer
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Table 1 Table 2
Average Nusselt number Nug,, for a cavity with ¢ = 0°. Normalized average Nusselt number Nug,, for a cavity with ¢ = 0°.
Ra p=0 ¢ =0.02 @ =0.04 ® =0.06 ®=0.08 ®=0.10 Ra ¢=0 @ =0.02 @ =0.04 @ =0.06 ®=0.08 ®=0.10
10° 0.47 0.49 0.52 0.55 0.58 0.61 10° 1.00 1.06 1.11 1.17 1.24 1.30
104 0.79 0.83 0.86 0.89 0.92 0.95 104 1.00 1.05 1.09 1.13 1.16 1.19
10* 1.92 2.00 2.08 2.16 2.23 2.29 10° 1.00 1.04 1.08 1.12 1.16 1.19
Table 3
Average Nusselt number Nug,, for different inclination angles ¢ at different nanoparticle volume fraction ¢.
Ra $=30° ¢ =60° ¢ =90°
¢@=0 ¢ =0.06 ¢@=0.10 »=0 ¢ =0.06 ®=0.10 »=0 ¢ =0.06 ¢»=0.10
103 0.474 0.557 0.618 0.493 0.578 0.64 0.536 0.622 0.682
10* 0.836 0.937 0.989 0.765 0.852 0.891 1.286 1.454 1.546
10° 1.925 2.168 2.309 1.727 1.952 2.086 2.398 2.733 2.943

for an enclosure with Ra = 10% by adding CuO nanoparticle attains to
30%. Table 2 reveals that the effect of nanoparticle on enhancement
heat transfer in the enclosures with the low Rayleigh number is
greater than with high Rayleigh number.

The effects of inclination angle on average Nusselt number of
enclosures with different nanoparticle volume fraction and Ray-
leigh numbers are shown in Table 3. The average Nusselt number
increases with increase of nanoparticle volume fraction for enclo-
sures with ¢ =30°, 60° and 90°. For enclosures with Ra = 10, the
increase of inclination angle increases average Nusselt number.
However, for the enclosures with Ra=10% and 10°, the increase
of inclination angle from and ¢ = 30° to 60° reduces average Nus-
selt number. For the same enclosures, the increase of inclination
angles from ¢ = 60° to 90° improves heat transfer. Hence, for the
considered enclosure with Ra=10* and 10°> and the ranges of ¢
and ¢ studied in the present paper, the minimum heat transfer
in the cavity is observed for the enclosures with ¢ =60° and
@ =0 (classical fluids).

8. Conclusions

Heatline visualization technique is used to visualize the heat
transport in a non-isothermally heated square inclined enclosure
filled with water based CuO nanofluid. Some concluding remarks
can be drawn from the present study as follows:

(a) The heat transfer in the cavity increases by adding nanopar-
ticles, however the rate of increase is greater for the enclo-
sures with low Rayleigh number in which conduction heat
transfer is more dominant.

(b) Visualization of heatline is successfully adapted to nanopar-
ticle convective flows. The path of heat transfer in the enclo-
sure is successfully observed for different nanoparticle
volume fraction.

(c) Small closed cells occur in the top of hot wall of enclosures
with zero inclination angles due to non uniform hot wall
temperature.

(d) For the enclosures with Ra = 103, two kinds of heatline pat-
terns exist in the enclosure. The first one shows heat transfer
from the bottom region of hot wall to the cold wall and the
second one resembles heat transfer from the middle region
to the top region of the hot wall. For the enclosure with
Ra=10* and 10°, three different heat transfer regions are
observed. In addition to heat transfer between the hot and
cold walls and the hot wall with itself, a passive heat transfer
region is observed in which heat rotates and this area does
not have any effect on heat transfer between the hot and
cold walls.

(e) For the enclosure with Ra =103, the increase of inclination
angle increases Nusselt number while for the enclosures
with Ra = 10* and 10°, the average Nusselt number decrease
with the increase of inclination angle from 30° to 60° and
then it increases with the increase of inclination angle from
60° to 90°.

(f) For the considered enclosure and studied ranges of Rayleigh,
nanoparticle volume fraction and inclination angles, maxi-
mum Nusselt number is observed for the cavity with
Ra=10° ¢ =90° and @ =0.1 as 2.943 while the minimum
average Nusselt number belongs to the enclosure with
Ra=10° ¢ =0°and ¢ =0 as 0.474.
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