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1. Introduction

Abstract. Studying natural convection of nanofluids in enclosures with non-uniform
heated walls is of importance in many engineering applications such as solar energy
collection. 1In this study, we developed a Fully Higher-Order Compact (FHOC) finite
difference method to investigate the natural convection and heat transfer of nanofluids in an
inclined square enclosure with sinusoidal temperature distributions. Numerical simulations
were performed over a range of amplitude ratios, inclination angles, phase deviations,
nanoparticles volume fractions, and Rayleigh numbers. Results showed that heat transfer
could increase significantly by increasing the amplitude ratio and inclination angles in
nanofluids. Moreover, elevating the nanoparticles volume fraction did not always enhance
the heat transfer of nanofluids. When the Rayleigh number Ra was low (Ra = 10%), the
average Nusselt number decreased as the solid volume fraction parameter, ¢, increased. On
the other hand, elevating ¢ had favorable effects on the heat transfer of nanofluids when Ra
was high (e.g., Ra = 10*, 10%). With Ra = 10*, the total heat transfer rate decreased with
nanoparticles in the order of Cu, CuO, Al3Og3, and TiOs. Finally, a correlated expression
of the total average Nusselt number, the Rayleigh number, and the solid volume fraction
of nanoparticles was empirically obtained.

(© 2019 Sharif University of Technology. All rights reserved.

nanoparticles, the hydrodynamic interaction between
nanoparticles and base fluid, clustering of particles,

In nanofluids, which were first introduced by Choi [1],
small amounts of metallic or metallic oxide nanoparti-
cles are dispersed into water or other fluids. Recently,
there have been tremendous: efforts to identify the
mechanisms of convective flow and heat transfer of
nanofluids, including the effects of size and shape of
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the influence of temperature or Brownian motion,
etc. [2-7]. Heris et al. [8] conducted a comparative
experimental study to investigate the effects of metal
oxide nanopowders, including TiO,, CuO, and Al,Og3
suspended in turbine oil, on the natural convection
flow inside a titled cube cavity. Rashidi et al. [9]
studied the effects of heterogeneous heating on the heat
transfer characteristics of a cavity filled with Al;Os-
water nanofluid. They found that the average Nusselt
number increased with increase in the volume fraction
of Al,O3 nanoparticles at Ra = 103. However, for other
values of Rayleigh number, there was an optimal value
of volume fraction of Al;O3 nanoparticles in which
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the average Nusselt number was maximized. Wang et
al. [10,11] investigated the influence of nanoparticles
on the mixed and natural convective heat transfers of
nanofluids in square and triangular cavities. They ob-
served that increase in the volume fraction of nanopar-
ticles could enhance the average rate of heat transfer.
Mahian et al. [12] considered the case of natural
convection of SiOs-water nanofluids in square and
triangular cavities and concluded that both theoretical
analysis and experimental results predicted the same
trend in estimating the average Nusselt number and
heat transfer coeflicient ratio. Estellé et al. [13] worked
on the prediction of heat transfer in a differentially
heated square cavity filled with Newtonian or non-
Newtonian carbon nanotube nanofluids. Their results
mainly proved that the Nusselt number of nanofluids,
unlike thermal conductivity, was lowered by increase in
nanoparticle content due to non-Newtonian behaviour
of nanofluids and temperature increase. Alizadeh and
Dehghan [14] conducted a numerical investigation to
explore the flow and thermal fields of conjugate natural
convection of nanofluids within a square cavity. They
concluded that nanofluid type was a key factor in heat
transfer enhancement, and CuO nanoparticles led to a
better heat transfer rate than Al O3 nanoparticles did.
Cianfrini et al. [15] numerically studied the laminar
natural convection of Al;Os-water nanofluids inside
square cavities. They found that when the nanoparticle
volume fraction increased to an optimal particle load-
ing, the amount of heat transfer of nanofluids reached
a peak across the enclosure.

However, whether the rate of heat transfer can be
enhanced by means of nanofluids is still an interesting
question [16]. Contradictory studies indicate that the
presence of nanoparticles in the base fluid may result
in a considerable decrease in the heat transfer [17].
Mahmoudi et al. [18] numerically examined how the
position of horizontal heat source on the left vertical
wall would affect the heat transfer in the cavity filled
with Cu-water nanofluids. They found that locating
the heat source close to the top horizontal wall would
lead to more effective outcomes in the heat transfer of
nanofluids. Haddad et al. [19] studied the natural con-
vection heat transfer of CuO-water nanofluids. They
found that the enhancement in heat transfer was more
pronounced at low volume fractions of nanoparticles
and the heat transfer decreased with increase in the
volume fraction of nanoparticles.

Up to date, most of the research studies on natural
convection and heat transfer of nanofluids in enclo-
sures reported in the literature have been concerned
with fully heated cavities [20-22]. But, in realistic
situations, the active walls may be subject to non-
uniform temperature distribution due to shadows and
other natural interferences, such as solar energy collec-
tion [23]. It is important to apply solar energy to a wide

range of applications and provide solutions through
the modification of the energy proportion, improving
energy stability, increasing energy sustainability, and
enhancing system efficiency [24]. Mahian et al. [25]
investigated the effects of nanoparticle suspensions on
the performance of a solar still equipped with a heat
exchanger, both experimentally and theoretically. It
was found that in high temperatures, using SiO,-water
nanofluids, which had lower effective thermal conduc-
tivity than Cu-water nanofluids, provided higher per-
formance indices. Usually, the solar collector has flat
plate cover and sinusoidal wavy absorber [26]. Thus,
investigating the convective heat transfer in enclosures
with sinusoidal heated walls is very helpful in such
situations. Arani et al. [27] investigated the mixed con-
vection and heat transfer of Cu-water nanofluid inside
a lid-driven square cavity with sinusoidal temperature
distribution on sidewalls. They showed that when the
Richardson number decreased or the volume faction of
nanoparticles increased, the rate of heat transfer could
increase. Nasrin and Alim [28] compared performances
of different nanofluids for the natural convective flow
inside a solar collector with a sinusoidal wave absorber.
They found better performance in heat transfer inside
the collector could be achieved by the highest volume
fraction of Ag nanoparticles. Mejri and Mahmoud [29)
presented a numerical study to examine the natural
convection in an open cavity with a sinusoidal thermal
boundary condition. Their study revealed that the heat
transfer rate increased with increase in the Rayleigh
number.

However, review of the literature indicates that
few studies have been done on natural convection and
heat transfer in an inclined square enclosure subjected
to sinusoidal temperature distribution on boundary
for nanofluids. Hence, the objective of this paper is
to numerically investigate such case, in order to see
the effects of the sinusoidal boundary conditions at
horizontal sidewalls on natural convection and heat
transfer in different types of nanofluids in an inclined
square enclosure. In addition, we will establish a
general expression for the correlation of the total
average Nusselt number, the Rayleigh number, and the
solid volume fraction of nanoparticles.

2. Mathematical formulation

We consider the natural convection and heat transfer of
water-based nanofluids in an inclined square enclosure
with non-uniform heating on both top and bottom
sidewalls, as shown in Figure 1. The width and
height of the inclined square enclosure are assumed to
be L. The left and right walls of the enclosure are
adiabatic. The top and bottom horizontal sidewalls
are kept with sinusoidal temperature distributions [22],
where T} and 1, are temperatures of the top and
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Figure 1. Schematic diagram of the enclosure.

bottom walls, respectively. It should be pointed out
that we impose a surface temperature distribution in
order to simplify the problem. Such type of surface
distribution can be used to model the effects of a
periodic array of heaters behind or within the top and
bottom walls [30]. Here, we consider four different
types of nanoparticles, namely Cu, CuO, Al,O3, and
TiOs; their thermo-physical properties are listed in
Table 1 [31]. For simplicity, we assume the convective
flow to be two-dimensional, Newtonian, steady, and
incompressible [31]. It is further assumed that the base
fluid (pure water) and nanoparticles are in thermal
equilibrium; no slip occurs between these two media;
and they flow with the same local velocity. In addition,
we assume that the thermo-physical properties of the
nanofluids are constant except for the density variation
approximated by the Boussinesq model [32]. Thus,
based on the above assumptions, the mathematical
model governing the natural convection and heat
transfer of nanofluids in an inclined square enclosure
with non-uniform heating can be expressed as follows
[31,32]:

ou Ov
R 1
o T 9y 0, (1)

u, o 1y
“or 1)(93,/_ pnf Ox

LBl g2, o mgsin(r)(T—TC), (2)

Pnf Pnf

W0 19
dx 9y pas Oy
g Hnt g2, 4 Mg cos(r)(T' — 1), (3)
Pnf Pnf
oT oT .
ua—i—v@—y = a,;V?T. (4)

Here, u,v are components of the velocity in z- and y-
directions, respectively, p is pressure, 7' is temperature,
and r is the inclination angle. The water-based
nanofluid is idealized as a single-phase fluid. Hence, the
equations of physical parameters of nanofluids are given
as follows [33-36]. The effective density of nanofluid
is pm = (1 — ¢)ps + ¢ps, the thermal diffusivity
of nanofluid is a, = Km/(pcp)m, where (pcp)m, is
the heat capacitance of nanofluid given by (pc,),, =
(1 — @)pep)s + ¢(pcp)s, and the thermal expansion
coefficient of nanofluid is (pB)m = (1 — é){(pB)f +
?(pB)s- The viscosity of nanofluid is assumed to follow
the Brinkman relation as [32] pm, = psp(1 — #) %", The
effective thermal conductivity of nanofluid is approxi-
mated by the Maxwell-Garnetts model as [37]:

Km =kKp(Ks + 265 — 20(Kg — Ks))
(ks + 265 + ¢y — ko)) (5)

The corresponding boundary conditions are described
as follows: u = v = 0 on all the four walls, 9T /0x =
0 on the vertical walls at + = 0 and z = L, T, =
T. + Apsin(2rz/L + 1) on the bottom wall and T} =
T. + A;sin(27z /L) on the top wall, where A; and A,
are amplitudes of the sinusoidal temperature on top
and bottom walls of the enclosure, respectively, and
the phase deviation of the sinusoidal temperature of
the bottom wall is ¢ [38].

In order to rewrite Egs. (1)-(4) in a dimensionless
form, we introduce the following variables:

x=Z% y_¥ gy oy_ob
L L Oéf af
T-T. L2

9= , p="P— (6)
AT PnfQy

Table 1. Thermo-physical properties of water and nanoparticles.

Property Water Cu CuO Al,O3 TiO2
p (kg/m?) 997.1 8933 6500 3970 4250
cp (Jkg™'K™1) 4179 38! 535.6 765 686.2
E(Wm™K™')  0.613 400 20 40 8.9538
B (K™h) 0.00021  0.000051  0.000051  0.000024  0.000024
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Thus, the dimensionless form of stream function and
vorticity formulation can be written as follows:
5% . *%
X2  9y?

_Qa (7)

9 0N s
U@X +V3Y - pnfozfv e

4 %RaPr ( COS(T)ﬁ — sin(r) o )v (8)

Pnfllf 70,4 87
00 A
U3X+V8Y_afve7 (9)

where @, 2, and # are non-dimensional stream func-
tion, vorticity, and temperature, respectively, Ra
is the Rayleigh number which is defined as Ra =
9B L3AT/ (ysay), and Pr is the Prandtl number for
the base fluid, which is defined as Pr = vy /oy [31].

The corresponding mnon-dimensional boundary
conditions are as follows: ® = 0 on all the four walls,
Q = —9?9/0X? and 90/0X = 0 on the left and
right walls X = 0 and X = 1, Q = —-9%%/9Y?
and 6 = esin (27X +¢) on the bottom wall Y = 0,
Q) = —0°0/9Y? and 0 = sin (27 X) on the top wall
Y = 1, where ¢ = A,/A; is the amplitude ratio of
the sinusoidal temperature on the bottom wall to that
on the top wall of the enclosure. The local Nusselt
numbers along the isothermal walls of the enclosure
are expressed as follows [32]:

Km 00
Nub(X) = —?faT|Y:07

Nuy(X)=———|y=1-
The averaged Nusselt numbers along the horizontal
sidewalls are expressed as follows [22]:

Nu(b) = /01 Ny (X)dX,

Nu(#) = /01 Ny (X)dX. (1)

Furthermore, Nu,y, = Nu(b) + Nu(t) is the total av-
erage Nusselt number across the entire enclosure. The
above systems in Eqs. (7)-(9) and the corresponding
dimensionless boundary conditions are complicated,
and the analytic solution may be difficult to find.
Therefore, we will carry out a numerical simulation in
the next section.

3. Numerical simulation

To develop a higher-order accurate numerical method
for solving the above heat transfer and convective flow

of nanofluids in an inclined square enclosure with non-
uniform heating, we first design a mesh as X; = h,
Y; = jh, h = 1/M, 4,5 = 0,1,...,M, where M
is a positive integer, h is the mesh size, and %; ;
denotes the approximation of the function ¥(X;,Y;),
P = &,0,0. We also note that each of Eqgs. (7)-(9)
can be viewed as the following steady-state convection
diffusion equation [39]:

Py Py X 9 _

s(X,Y),
(12)

where 1) is a transport variable representing ®, ,
and 6, respectively; and a, b, and s denote the
corresponding coefficient functions with respect to x
and y. We start by examining the 1D steady convection
diffusion equation:
2
—M +a(X )ﬂ =
e dX

For the numerical solution to Eq. (13), the following
second-order O(h?) accurate finite difference scheme is
employed:

—6% Wi + aidxt; = s,

where §x and 6% are the first- and second-order central
difference operators in the X-direction, respectively,
such that:

Ox i = (Vig1 — Yi—1)/(2h),

8% Wi = (aiy1 — 2a; + a; j)/h*.

To establish a higher-order accurate spatial compact
finite difference approximation of Eq. (13), the fi-
nite difference approximations of the first and second
derivatives appearing in Eq. (13) are given as follows:

s(X). (13)

i=0,1,2,.., M, (14

dy h? d3y 4
ax =XV g axs T
dZw ) h2 d4w 4
d?_éxw_ﬁdﬁ—ko(h ). (15)
Substituting Eq. (15) into Eq. (14), we obtain:
_ 82 4 . _ W o AP h72d4¢¢ i
S+ aidx i = ph? =g + 5oy + O(h )_(féj

By taking the first and second derivatives (9/0X,
9% /0X?) to Eq. (13), respectively, we obtain:

By Y da dy ds
axs = Vaxax T ax (17)
d*a 9 da \ d*y d*a
dxi = (“ +2dX> axz " (dX2
da \ dy ds d?s
R T A 1
+adX>dX “ax T axe (18)
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First, discretizing the right-hand-sides in Eqgs. (17) and
(18) by using the first- and second-order central dif-
ference operators, respectively, and then, substituting
them into Eq. (16), we obtain a spatially fourth-order
accurate compact approximation of Eq. (13) as:

—Ai6% Vi + Cibx i = Si, (19)
where the corresponding coefficients are:

A =1+ w(a® = 26xa);,

Ci = a; + w(%a — adxa);,

S; = 8; + w(6% 5 — abxs)i, (20)

and w = h%/12.

We now extend the above fourth-order compact
method for the 1D convection diffusion problems to
the 2D case. The 2D convection diffusion equation in
Eq. (12) is first split into the following two systems:

2
—o +a(X, V)5 =5 (X,Y),
(21)
2
s1(X,Y) = % — b(X,Y)g—;ﬁ +s(X,Y),
— 5 HUXY) G = s(X,Y), (2)
$2(X,Y) = &% —a(X, V) 5% + s(X.Y).

Applying Eqgs. (19) and (20) to the 1D-like Eqgs. (21)
and (22), we obtain the spatially fourth-order compact
approximations of Eq. (12) as:

_A;p,j@(wi,j—BZjé%/wi,j +C;€j6X¢i,j +D;€j5Y¢i,j :SZ%-

]7

(23)

where the coefficients are given as follows:
AV =1+ w(d® - 26xa)i, (24)
BZ%]. =1+ w(bz — 26yb)1'7j, (25)

Cli=aij+w(d%a+6}a—adxa—bdya);;, (26)
DY =bij+w(6%b+8%b—abxb—béyb);;,  (27)
Sfj = s8;; + @(6%s+6ys —adxs
—bby s +2Y); 5, (28)
T = 65630 — abx 831 — b6% by
—6x6y(8ya + 6xb — ab). (29)

The standard second-order central difference operators
within the nine-point stencil are given in Appendix A.

Note that one has to solve three systems based on Eqs.
(23)-(29) for stream function, vorticity, and tempera-
ture. To simplify the computation, we introduce the
pesudo-time algorithm [40,41] for solving Eqs. (23)-
(29):

OUT; [0t = — AL 6% 0T — BL 6RO + CLibxy,

+ Doyl — St (30)

As a result, at steady state, "' converges to ¥'", so
that 9yY™/0t =~ 0, and the final solution to Eq. (30)
converges to the solution to Eq. (23). We use the
Alternating Directing Implicit (ADI) method to solve
Eq. (30) until the solution converges to the steady
state.

Finally, the computation procedure of the FHOC
scheme for obtaining the stream function, vorticity, and
temperature in the nanofield problem can be described
as:

Step 1. Solve the stream function based on the
FHOC scheme for Eq. (7). To this end, determine
stream function boundaries on the walls based on
U = 0 and obtain ®”*! = 0. Then, use the ADI
method to solve the following equation in region
[1,M — 1] x [1, M — 1] to obtain ®"*1:

n _ d 2 n ® 2 xn
8<I>i7j/8t =— Ai’j(SX(I)iyj - Bivjéyqyyj
[} n 0] n ]
+Ci,j6X®i,j +Di,j6Y(I)i,j _Si,j7 (31)
where,

@ _ ® _ ® _ o _
Ai,j =1, B, =1, C;; =0, D7, =0,
S =0+ w(6%Q + 62Q + 6%62.8), ;. (32)

Step 2. Solve the vorticity based on the FHOC

scheme for Eq. (8). To this end, first determine
vorticity boundaries on the walls. The boundaries
on the bottom wall are given as:

n h n n
Qi,oﬂ = _ﬁle COS(”)(HM - 61’,0)
. n n 4 n+l n
_Sm(r)(aiﬂ,o_ez‘q,o)]_ﬁq’i,l —Xxz, (33)
where:
x1 = RaPr[(pB)nras]/(1sBy),
X5 =207 /3 4+ (241 0 + Q71 4)/6, (34)

and similarly for the other three walls. Then, solve
the following equation:

n _ Q 2 n Q <2 n
007 /0t = — AL,6%07, — BL807,

+CF6x QY + Doy O — S

2,77

in region [1, M — 1] x [1, M — 1] to obtain Q1.

(35)
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Figure 2. Grid independence study based on (a) the maximum value of the stream function and (b) the total average
Nusselt number across the entire inclined square enclosure as a function of the grid size for the natural convection flow of

Cu-water nanofluid.

Step 3. Solve the temperature based on the FHOC
scheme for Eq. (9). First, determine the tempera-
ture boundaries on the left-hand-side wall based on
06/0X = 0, and then develop a fourth-order discrete
temperature boundary condition on X = 0 as:

Finally, solve the temperature equation:

007 ; /0t = — A ;6%07; — B] ;6307
0 0 0
+ G 0x05; + D 6y 07 ;= S5 5
in region [1,M — 1] x [1, M — 1] to obtain Q"
Step 4. Repeat Step 1 to Step 3 from n =0,1,2, ...,
until the following convergence criterion for stream

function, @, vorticity, 2, and temperature, &, is
satisfied:

max(|@"™ — @7) < €,

(37)

maX(|Q”+1 —-Q")) <¢,

|9n+1

—0")) <, (38)

max(

where ¢ = 1075 in our computation.

4. Numerical results

We first tested the grid independence of the present

FHOC scheme. To this end, eight different meshes of
11x11, 21x21, 31x31, 41x41, 51x51, 61x61, 7T1x71,
and 81x81 were used for the natural convection and
heat transfer of Cu-water nanofluid. The maximum
value of the stream function of the primary eddy |®|max
and the total average Nusselt number Nu,,, across the
entire inclined square enclosure were used to measure
the accuracy of the solution [42]. Figure 2 demonstrates
the influence of the number of grid points on natural
convection and heat transfer of Cu-water nanofluid,
where Pr = 6.8, £ = 107%, Ra = 10*, ¢ = 0.5, 1 = 90°,
¢ = 5%, and r = 30°. It can be seen from Figure 2 that
when the mesh is finer, the solution is more accurate;
and when the mesh is finer than 61x61, the solution
does not change significantly. This indicates that our
scheme is grid-independent. We then tested our FHOC
scheme for the classical natural convection heat transfer
of pure water in a differentially heated square enclosure,
where Ra = 10%. The obtained numerical results
were compared with those given by various references
listed in Table 2. As seen from Table 2, the obtained
numerical results show a good agreement with those
given by the existing references [43-49]. Furthermore,
our numerical simulation procedure was tested in a
square enclosure where the Al;Os-water nanofluid was
filled and the bottom wall was kept with a non-uniform
temperature distribution as that in [50], where Ra =
105, Pr = 6.2, and ¢ = 10%. The obtained averaged

Table 2. Comparison of the average Nusselt numbers of pure fluid in different references when Ra = 103.

References Nu References Nu
Bejan [43] 15.800 Baytas and Pop [47] 14.060
Gross et al. [44] 13.448  Saeid and Pop [48]  13.726
Manole and Lage [45]  13.637 Varol et al. [49] 13.564
Goyeau et al. [46] 13.470 This study 13.612
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Nusselt number through the hot source is 6.955, which
is in an excellent agreement with 6.956 obtained in [51].

We then investigated the natural convection and
heat transfer in an inclined square enclosure utilizing
nanofluids with four types of nanoparticles (Cu, CuO,
Al O3, TiOs)-water with non-uniform heating. Nu-
merical results were studied based on the following
parameters: the Rayleigh number (Ra = 103, 10%, 10°),
the enclosure inclination angle )r = 0°,30°,45°), the
solid volume fractions (¢ = 0%, 1%, 2%, 3%, 4%, 5%),
the amplitude ratio of the sinusoidal temperature
(¢ = 0,0.5,1.0), and the phase deviation of the
sinusoidal temperature of the bottom wall (+ =
0, n/4, w/2, 3w /4, 7). Throughout the study, Pr = 6.8
and £ = 107° were fixed.

Figure 3 illustrates the local Nusselt number along

—Ra=10°

Nub(X)

Nuy(X)

2317

the bottom wall (on the left column) and the top wall
(on the right column) for different Rayleigh numbers
and inclination angles of CuO-water nanofluid, where
¢ = 5%, ¢ = 0.5, and « = 7/4. One may observe from
these figures that the local Nusselt number Nuy(X)
along the bottom wall increases as Ra increases on the
left half of the enclosure (0 < X < 0.5); on the other
hand, it decreases as Ra increases on the right half of
the enclosure (0.5 < X < 1). Furthermore, the local
Nusselt number Nu;(X) along the top wall decreases
as Ra, increases on the left half (0 < X < 0.4), and
increases as Ra increases on the right half (0.4 < X <
1). In addition, when the Rayleigh number is low (Ra
=10?), changing the inclination angle, r, along both
the bottom and top walls has no effects on the heat
transfer rate. When the Rayleigh number, Ra, is high

20

Nus(X)

Nus(X)

Figure 3. Local Nusselt numbers along the bottom wall (on the left column) and the top wall (on the right column) for
different Rayleigh numbers at (a) » = 0°, (b) »r = 30°, and (c) r = 45° for the CuO-water nanofluid.
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(Ra = 10%, 10%), the heat transfer rate decreases as
the inclination angle increases from 0° to 45°. These
observations are similar to those of Varol et al. [49] for
a pure fluid case.

Figure 4 shows the local Nusselt number Nu,
along the bottom wall of the inclined square enclo-
sure for different amplitude ratios, ¢, for Al,Oz-water
nanofluids with ¢ = 5%, r 30°, and ¢ /4.
From Figure 4, one may observe that heat transfer
rate, Nuy(X), along the bottom wall increases as the
amplitude ratio, e, increases on the left half (0 <
X < 04) and in a narrow zone close to the right

X. Wang and W. Dai/Scientia Iranica, Transactions B: Mechanical Engineering 26 (2019) 2311-2328

wall (0.8 < X < 1); on the other hand, it decreases
as the amplitude ratio, e, increases on the right half
(0.5 < X < 0.8). This is because the temperature
# on the bottom boundary is esin(2rX + ¢); and ¢
is dependent only on the bottom wall and the energy
transport on the top wall is not affected by it. As a
result, changing ¢ will not affect the heat transfer rate,
Nu;(X), along the top wall. These observations are
similar to those of Sivasankaran et al. [22].

Figures 5 and 6 show streamlines and isotherms
for different amplitude ratios of the sinusoidal tempera-
ture (¢ = 0.5 on the left column and ¢ = 1.0 on the right

15 15 15
10 10 10
—~ 5 ~ 5 ~ 5
= 3 A =
5 o 50 5 0
Z Z Z,
=0 — =10 — =0
Pll—c=05 Bll—e=05 Sll—e=05
=10 —cec=1.0 —ec=1.0
-10 -10 — . . -10 P w
0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9
X X X
(a) (b) (e)

Figure 4. Local Nusselt numbers along the bottom wall for different amplitude ratios at (a) Ra = 10, (b) Ra = 10*, and

(¢) Ra = 10° for the Al,O3-water nanofluid.
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Figure 5. Streamlines for different amplitude ratios (
Ra = 10* and (b) Ra = 10° for the AlO3-water nanofluid.
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Figure 6. Isotherms for different amplitude ratios (¢ = 0.5

= 10* and (b) Ra = 10° for the AlsOs-water nanofluid.

column) at different Rayleigh numbers for the Al,O3-
water nanofluid with ¢ = 5%, » = 30°, and ¢+ = n/4.
Results show that with increase in ¢ from 0.5 to 1.0,
the convective flow is distributed over the enclosure
and the secondary eddy near the right-bottom corner
becomes bigger and more powerful. For the same
amplitude ratio, ¢, an increase in Ra increases the value
of |®|max. For example, when ¢ = 0.5, the value of
|®|max increases from 5.4412 at Ra = 10* to 17.1660 at
Ra = 105. In addition, for the same Rayleigh number,
an increase in ¢ increases the value of |®|max. For
example, when Ra = 10°, the value of |®|,.y increases
from 17.1660 at ¢ = 0.5 to 18.6625 at ¢ = 1.0. From
Figure 6, one may see that when e is increased from
0.5 to 1.0, there is a significant difference in isotherms
and, in particular, strong thermal boundary layers are
developed along both horizontal walls. Accordingly,
we conclude that increasing the amplitude ratio, ¢, will
lead to increase in heat transfer.

The effects of the phase deviation ¢ on the local
Nusselt number along the bottom wall for TiOs-water
nanofluids are demonstrated in Figure 7, where ¢ =
5%, r = 30°, and ¢ = 1.0. From the figure, we
can see that the local Nusselt number, Nuy(X), along
the bottom wall is significantly affected by changing «.

2319
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on the left column and € = 1.0 on the right column) at (a) Ra

Furthermore, the heat transfer rate along the bottom
wall decreases as the phase deviation increases on the
left half of the square enclosure; on the other hand, it
increases as the phase deviation increases on the right
half of the square enclosure.

Figures 8 and 9 plot the streamlines and isotherms
for different phase deviations (¢ = 7/4 on the left
column and ¢ = 7/2 on the right column) at different
Rayleigh numbers for the TiOs-water nanofluid with
¢ = 5%, r = 30°, and ¢ = 1.0. Results show that
when the phase deviation, ¢, is increased from 7/4 to
7/2, the secondary vortex near the right-bottom corner
becomes bigger and bigger until it is distributed over
the right half of the square enclosure. Moreover, for the
same phase deviation, ¢, one can see that an increase
in Ra increases the value of [®|,.x. For example, when
v = /4, the value of |®|y,ax increases from 6.3723 at Ra
= 10* to 18.5263 at Ra = 10°. On the other hand, for
the same Rayleigh number, an increase in ¢ decreases
the value of |®|y,ax. For example, when Ra = 10°, the
value of |®|nax decreases from 18.5263 at « = 7/4 to
13.1169 at ¢« = w/2. From Figure 9, we can see that
both horizontal walls are divided into the heating zone
and the cooling zone, because of the sinusoidal heating
temperature, and the zones on the top wall are stagnant
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Figure 7. Effects of the phase deviation ¢ on the local Nusselt number along the bottom wall at (a) Ra = 10%, (b) Ra

10*, and (c) Ra = 10° for the TiOs-water nanofluid.
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Figure 8. Streamlines for different phase deviations (v = w/4 on the left column and ¢ = 7/2 on the right column) at (a)

Ra = 10* and (b) Ra = 10° for the TiOz-water nanofluid.

while the zones on the bottom wall shift with increase
in the phase deviation.

Figures 10 and 11 demonstrate variations of the
total average Nusselt number, Nu,yg, across the entire
inclined square enclosure with different solid volume
fractions for four different nanofluids (Cu, CuO, Al;Os,
TiOs), where ¢ = 0%, 1%, 2%, 3%, 4%, 5%, r =
30°, ¢ = 0.5, and ¢ w/4. Tt is seen from these
two figures that the total average Nusselt numbers
are significantly affected by changing the nanoparticle

volume fraction. However, the effects of the solid
volume fraction parameter ¢ on the natural convection
and heat transfer of nanofluids seem to be complicated.
When the Rayleigh number Ra is low (Ra = 103),
the total average Nusselt number decreases as the
solid volume fraction parameter, ¢, increases, as seen
in Figure 11(a). For example, when the volume of
Al, O3 nanoparticles increases from 0% to 5%, the
total average Nusselt number decreases from 0.4208 to
0.3628 at Ra = 10%. On the other hand, elevating ¢



X. Wang and W. Dai/Scientia Iranica, Transactions B: Mechanical Engineering 26 (2019) 2311-2328 2321

1.0 1.0 &
0.8 s 0
0.7 Yz \ |
0.6 . M
bl
5 0.5 5 0. W
0.4, o } 1
0'33
0.2‘};
0.1
1.0
(a)
1.0
0.9 ot
0.8\0_
0.7
0.6 A
>~ 5 0.5
0.4
0.3t ‘
C/ 0.2 Ry "
0.1 o
» 0.0 R fl—————cu, “
0.0 0.2 1.0 0.0 02 04 06 08 10

(b) X
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Figure 10. Variations of the total average Nusselt number across the entire inclined square enclosure with different solid

volume fractions for different nanofluids of (a) Cu, (b) CuO, (c) Al;Os, and (d) TiOs.
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Figure 11. Variations of the total average Nusselt number with different solid volume fractions for different nanoparticles

at (a) Ra = 10%, (b) Ra = 10*, and (c) Ra = 10°.

Table 3. Nanoparticle effects on the total average Nusselt number Nua,g at various Rayleigh numbers, Ra, and the solid

volume fraction, ¢, for four types of nanofluids.

Nanoparticle

type Ra Nuawe ¢6=0% ¢=1% ¢=2% ¢=3% ¢=4% ¢ =5%
10® 0.4208 0.4168 0.4127 0.4083 0.4037 0.3989
| - 0.93% 1.92% 2.97% 4.06% 5.19%
Cu 10* 1.4531 1.4810 1.5086 1.5358 1.5625 1.5888
1 - 1.92% 3.82% 5.69% 7.53% 9.34%
10° 1.8056 1.8570 1.9091 1.9620 2.0158 2.0703
) - 2.85% 5.73% 8.66% 11.64% 14.66%
10° 0.4208 0.4146 0.4083 0.4018 0.3953 0.3886
| - 1.46% 2.97% 4.50% 6.06% 7.65%
CuO 10* 1.4531 1.4764 1.4991 1.5213 1.5429 1.5638
) - 1.60% 3.16% 4.69% 6.18% 7.62%
10° 1.8056 1.8547 1.9043 1.9544 2.0051 2.0563
1 - 2.72% 5.47% 8.24% 11.05% 13.89%
10° 0.4208 0.4091 0.3975 0.3858 0.3743 0.3628
| - 2.76% 5.53% 8.30% 11.05% 13.78%
Al2O3 10* 1.4531 1.4725 1.4907 1.5077 1.5234 1.5376
) - 1.33% 2.59% 3.76% 4.84% 5.82%
10° 1.8056 1.8598 1.9142 1.9688 2.0236 2.0785
1 - 3.00% 6.02% 9.04% 12.08% 15.12%
10® 0.4208 0.4100 0.3992 0.3885 0.3778 0.3672
| - 2.56% 5.12% 7.67% 10.22% 12.74%
TiO4 10* 1.4531 1.4690 1.4840 1.4980 1.5110 1.5228
1 - 1.09% 2.12% 3.09% 3.98% 4.79%
10° 1.8056 1.8519 1.8984 1.9449 1.9916 2.0383
) - 2.56% 5.14% 7.72% 10.30% 12.89%

has a favorable effect on the heat transfer of nanofluids
when Ra is high (Ra = 10%, 10%), as seen in Figure
11(b) and (c). For example, when the volume of
TiO> nanoparticles increases from 0% to 5%, the total
average Nusselt number increases from 1.4531 to 1.5228
at Ra = 10* and increases from 1.8056 to 2.0383 at Ra
= 10°. Based on the definitions of effective density
and viscosity of nanofluids, we see that the inertial and
viscous resistances of nanofluids are greater than those
of water, since the density and viscosity of nanofluids

are higher than those of water as ¢ increases. When Ra
is high, the convection dominates the fluid movement.
Under such circumstance, the heat transfer increases
with increase in the value of the solid volume fraction
parameter. Since larger volumes of nanoparticles give
relatively higher thermal conductivity, it is noteworthy
that high values of Ra lead to higher Nusselt numbers
for each solid volume fraction. Here, we give a
better comparison by examining the values presented
in Table 3:
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Nty — N
1= i T 100%,
NUf
Nuf—Num
=m0 39
1= R 1009, (39)

where T and | denote the increase and decrease in the
total average Nusselt number of nanofluids compared
to those of water, respectively [17]. It can be seen
from this table that for the high values of Ra (Ra
= 10*%, 10%), the rate of change in the heat transfer
rate increases by adding the volume of nanoparticles
into the pure water. Furthermore, the high values of
Ra are associated with the high rate of increase in
the total average Nusselt number. For example, when
the volume of CuO nanoparticles increases from 0%
to 5%, the rate of the total average Nusselt number
increases by 7.62% at Ra = 10* and by 13.89% at
Ra = 10°. In addition, when Ra = 10%, the value of
the total average Nusselt number decreases according

to the following order of Cu, CuO, Al;O3, and TiO,.
These observations are similar to those of Elif [31]. The
highest heat transfer is obtained when using the Al;O3-
water nanofluid for ¢ = 5% and Ra = 10°.

Figure 12 shows contours of streamlines for pure
fluid (¢ = 0%) and four different nanofluids (¢ =
1%—5%), respectively, where r = 30°, ¢ = 0.5, ¢ = 7 /4,
and Ra = 10*. Streamlines for nanofluids are plotted in
dotted lines and those for pure fluid are plotted in red
solid lines. From these streamlines, we can see that a
primary recirculating cell is formed in the enclosure due
to the fact that the fluid flows up near the heat source
and flows down along the right and left walls with the
sinusoidal temperature distribution. Furthermore, one
can see that increasing ¢ from 1% to 5% decreases the
value of |®| which causes the fluid with nanoparti-

max’

cles to circulate slowly in the enclosure. However, the
difference between pure fluid and nanofluids with four
different nano-particles is negligible.

Figure 12. Streamlines for pure fluid ¢ = 0% (red solid lines) and different nanofluids of (a) Cu, (b) CuO, (c) Al;Os, and

(d) TiO2 with ¢ = 1% — 5% (dotted lines) at Ra = 10%.
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Figure 13. Comparison between the numerical results of the average Nusselt number and those obtained by the

correlation in Eq. (40) for different nanofluids of (a) Cu, (b) CuO, (c) AlzOs, and (d) TiO».

Finally, using the numerical results in Table 3, the
correlation of the total average Nusselt number along
the isothermal walls can be empirically expressed as:

NUavg = (A + Bg)Ra“, (40)

where ¢ = 0%, 1%, 2%, 3%, 4%, and 5%; r = 30°;
t = w/4; Pr = 6.8; and the corresponding coefficients
and values of the squared 2-norm for the residuals are
listed in Table 4. Figure 13 shows the comparison
between the total average Nusselt numbers in the
numerical results and those obtained based on the
above correlation, which indicates that they agree well
with each other.

5. Conclusion

We developed a numerical method for solving the
natural convection and heat transfer of nanofluids in an
inclined square enclosure with sinusoidal temperature
distributions. The numerical scheme was derived from
the FHOC finite difference method. From the obtained
numerical results, we reached the following conclusions:

1. When the Rayleigh number Ra is low (Ra = 103),
the average Nusselt number decreases as the solid

volume fraction parameter, ¢, increases. On the
other hand, elevating ¢ has favorable effects on the
natural convection and heat transfer of nanofluids
when Ra is high (Ra = 10%, 10°);

When the Rayleigh number is low (Ra = 10?), the
heat transfer rates are not affected by changing the
inclination angle r. On the other hand, when the
Rayleigh number Ra is high (Ra = 10%, 10°), the
heat transfer rate decreases as the inclination angle
increases;

For the same amplitude ratio, £, an increase in
Ra increases the value of |®|nax. In addition, for
the same Rayleigh number, an increase in & also
increases the value of |®|yax;

The phase deviation parameter has a significant im-
pact on the local Nusselt number along the bottom
wall. For the same phase deviation, an increase in
Ra increases the value of |®|y.x. However, for the
same Rayleigh number, an increase in ¢ decreases
the value of |®|max;

When Ra = 10*%, the total average Nusselt number
Nuayg for the four nanofluids decreases with the
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Table 4. Corresponding coefficients and values of the squared 2-norm of the residuals for Eq. (40).

Acknowledgments

Nanoparticle type Ra A B C Res-norm
10> 10.3395 —10.7424 —0.4634  2.4586E-006
Cu 10% 9.6350 18.0032 —0.2053  6.7317E-007
10° 9.4883 27.8111 —0.1442 1.5336E-006
10 10.7493 —16.4527 —0.4690  9.1729E-007
CuO 10* 9.8626 15.0124 —0.2079 1.3756E-006
10° 9.5192 26.4324 —0.1444 7.0900E-007
10 10.6119 —29.2677 —0.4673 1.1043E-007
Al O3 10* 9.9221 11.5605 —0.2084  6.8536E-006
10° 9.4655 28.6197 —0.1439 7.6889E-008
10®  10.6115 —27.0591 —0.4673 7.8265E-008
TiO, 10* 9.9675 9.5696 —0.2090  4.3343E-006
10° 9.5585 24.6427 —0.1448  2.71931E-008
nanoparticles in the order of Cu, CuO, Al;O3, and 0 Dimensionless temperature
P Dimensionless stream function
In the future work, an optimization may be 0 Dimensionless vorticity
needed to obtain the best value of the solid volume Pr Prandtl number
fraction of nanofluids in order to improve heat transfer h Mesh size
within a porous medium in the most effective way. Cp Specific heat, J kg 'K !
D Pressure, N/m?
g A transport variable
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Nomenclature

Ra Rayleigh number

t Phase deviation

Nu Nusselt number

L Length (width) of the enclosure, m
A Amplitude of sinusoidal temperature
u,v Velocity components, m/s

Uv Dimensionless velocity components
T,y Cartesian coordinates, m

XY Dimensionless Cartesian coordinates
P Dimensionless pressure

g Gravitational acceleration, m/s?

T Inclination angles

K Permeability of porous medium, m?
T Temperature, K

Greek symbols

1 Dynamic viscosity, kg/ms

p Density, kg/m3

10) Volume fraction of nanoparticles
e Thermal diffusivity, m?/s

I} Thermal expansion coefficient, K~!
~ Kinematic viscosity, u/p

K Thermal conductivity, Wm~1K~!
€ Amplitude ratio

v Kinematic viscosity, m? /s
Subscripts

c Cold (lower value)

f The base fluid

avg Average

m Nanofluid

s Nanoparticle

t Top

b Bottom
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Appendix A

For a transport variable, %, the standard second-
order central difference operators within the nine-point
stencil are given as [52]:

1
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