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ARTICLE INFO ABSTRACT

Article history: This study aims to investigate the conjugate natural convection heat transfer of nanoflu-
Received 17 May 2019 ids in a square enclosure with two solid triangular walls. The left and right walls
Received in revised form 28 August 2019 of the cavity are held at a constant temperature of Ty, and T, respectively, whereas

Available online 24 September 2019 the bottom and top are insulated. To assess the nanoparticles distribution inside the

cavity that induced from the thermophoresis and Brownian motion, the Buongiorno’s

Iéf){lﬁogrjtsé natural convection model was used. The governing nonlinear equations were solved in a non-uniform
Buongiorno’s model unstructured grid by employing the Galerkin finite element method. The governing
Thermal conductivity parameter parameters are Rayleigh number (10> < Ra < 10%), thermal conductivity ratio of solid
Dynamic viscosity parameter walls to the fluid (1 < Rx < 500), thermal conductivity parameter (3 < Nc < 15),

thermal viscosity parameter (3 < Nv < 15), Brownian motion parameter (5x10~7 < N,
<5x1079), Thermophoresis parameter (10~7 < N, < 107°), thickness of the triangular
walls (0.1 < m < 0.75) and the position of the blocks (normal or reverse position).
The numerical results are reported as contours of isotherms, streamlines, heatlines and
isoconcentrations and the local and average Nusselt numbers. The results show that the
presence of the triangular blocks boosts the overall rate of heat transfer. The average
Nusselt number increases as the Ry decreases. The overall rate of heat transfer decreases
when the triangular walls are placed in the reverse position.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Between all types of convection heat transfer, the natural convection, due to temperature or concentration gradient,
is the most important heat transfer procedure where external power is not required. Enormous researchers studied the
natural convection due to a large number of engineering applications such as the formation of microstructures during the
cooling of molten metals, and fluid flows around shrouded heat-dissipation fins and solar ponds. Industrial applications
of the free convection vary from air-cooling of computer chips in small scales to large scale process equipment [1].

The natural convection in the enclosures utilizing the partitions is an interesting issue for many studies [2]. According
to the principle, the presence of partitions has substantial effects on the flow field, and as a result, it improves the
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Nomenclature

C Volume fraction of nanofluid

Cp specific heat capacity (J/kg °K)

Dg Brownian motion coefficient (m?/s)

Dr Thermophoresis coefficient (m?/s)

G Gravity (m/s?)

H Height of cavity (m)

H; Height of partition (m)

H Heat functions

K Thermal conductivity (W/m °K)

Le Lewis number

L Distance of vertical wall (m)

Np Brownian motion parameter

Nc Thermal conductivity parameter

Nr Buoyancy ratio

N; Thermophoresis parameter

Nu Average Nusselt number

Nuy Local Nusselt number

Nv Thermal viscosity parameter

m Size of triangular (m)

P Pressure (atm)

Pr Prandtl number

Ra Rayleigh number

Rc Effective heat capacity ratio

Ry Thermal conductivity ratio

T Temperature (°K)

U velocity component in horizontal direction (m/s)
\Y velocity component in vertical direction (m/s)
X Cartesian coordinate in horizontal direction (m)

Cartesian coordinate in vertical direction (m)

Greek symbols

o Thermal diffusivity (m?/s)

B Thermal expansion coefficient (1/°K)
0 Non-dimensional temperature

— Dynamic viscosity (Kg/m s)

0 Density (Kg/m?)

[0 Normalized volume fraction of nanoparticles
v Kinematic viscosity (m?/s)

y Penalty Parameter

Subscript

bf Base fluid

C Cold

H Hot

nf Nanofluid

P Particles

S Solid

0 initial value

Superscript

*

Dimensional quantity
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overall thermal performance of the enclosures. An important role that the partitions can play in the enclosures is as
thermal diodes. They can have various thermal performances in different directions, depending on the thermal boundary
conditions and characteristics of the partitions [2]. In the literature, there are numerous studies about the natural
convection heat transfer in the partitioned enclosures for various simple geometries, including square [3], triangular [4],
rectangular [5] enclosures. Recently, the natural convection in complex geometries, including enclosures with partitions
and conjugate heat transfer, has attracted the attention of researchers. Costa [6] has numerically investigated the natural
convection in the partitioned square enclosure, including partitions (fixed two partitions on the top and bottom walls)
filled with air. Costa [6] has analyzed the overall thermal performance through the Nusselt number. Kandaswamy et al. [7]
performed a numerical study on the effect of baffle-cavity ratios on the buoyancy convection. Based on their study [7],
the overall heat transfer in the cavity is increased for higher values of baffle-cavity.

Furthermore, Wu and Ching [8] experimentally investigated the laminar natural convection in the square cavity filled
with air using aluminum partitions fixed on the top wall. In the study of Wu and Ching [8], the partitions have been
attached in four places of the top wall with different sizes. As an important result, they [8] concluded that the presence
of the partitions results in changes in flow and temperature fields of the fluid.

A wide range of industrial processes involves heat energy transfer. Heat transfer is an essential part of most of the
industrial equipment. Thus, the enhancement of heating or cooling in these industrial processes could be extremely
beneficial as it can save energy and decrease the overall costs. A novel fluid with unique properties called nanofluids
has been introduced for almost two decades [3,9-16]. The Nanofluid is a new kind of heat transfer medium containing
nanoparticles (1-100 nm) which are uniformly and stably distributed in a base fluid. These distributed nanoparticles,
which are generally a metal or metal-oxide, greatly enhance the thermal conductivity of the nanofluid and increase
conduction and convection coefficients and also allow more heat transfer [9].

In some of the recent studies, the investigation of natural convective heat transfer of nanofluids flow in enclosures has
been performed [17-27]. For example, Oztop and Abu-Nada [28] investigated the heat transfer and fluid flow of natural
convection in partially rectangular enclosures filled with nanofluids. They [28] found the increase of mean Nusselt number
with boosting the nanoparticle volume fraction for whole values of Rayleigh number. Abu-Nada and Chamkha [29] have
examined the effect of the CuO-EG-Water nanofluid properties on natural convection flow in enclosures using different
thermal conductivity and variable viscosity models. In another work, they [30] have numerically studied the mixed
convection flow of the water-Al,03 nanofluid in a square enclosure. In their study [30], it is found that the presence
of nanoparticles can substantially enhance the heat transfer. Moreover, Abu-Nada et al. [29] studied the effect of variable
properties of the Al,03-water and CuO-water nanofluids on the natural convection in enclosures and showed that CuO-
water nanofluids cause a continuous decrease in Nusselt number with the increase of the volume fraction of nanoparticles
at high Rayleigh numbers. Besides, a numerical study on the free convection in a square enclosure with curve boundaries
filled with the Cu-water nanofluid has performed by Sheikholeslami et al. [31].

The present study aims to model and analysis the conjugate natural convection flow and heat transfer of nanofluids
by considering the concentration distribution of nanoparticles in the enclosure. The conjugate heat transfer consists of
two metallic enhancers. The heatlines, as suggested by Bejan [2], are utilized to demonstrate the flow of heat in the
nanofluid and conjugate parts of the cavity. The conjugate enhancers, in the present work, do not play a role of the
internal heater or cooler, but they have a significant effect on the local concentration of nanoparticles and the heat transfer
process. To accomplish a realistic study, a substantial length, finite thickness, and thermal conductivity of the conjugate
parts are considered as design parameters. The governing equations are transformed in a non-dimensional form and
solved numerically using the finite element method. Finally, a case study has been accomplished for Kerosene-AL;03
nanofluid. The present study aims to answer the following questions: What is the effect of the conjugate blocks on the
local Nusselt number? What is the effect of conjugate blocks on the distribution of nanoparticles in the enclosure? Do
conjugate blocks (the metallic part of the cavity) improve the heat transfer of nanofluids? With these questions in mind,
a model of nanofluid for the conjugate heat transfer in an enclosure is introduced in the next section.

2. Geometric and mathematical models

2.1. Physics of the problem

A two-dimensional steady conjugate natural convection heat transfer of the nanofluids in the LxL square enclosure
with two solid triangular walls is considered. The two solid walls are fixed on the top-right corner and bottom-left corner
with triangular yield t*. The Cartesian coordinate is considered and located at the center of the physical model. A schematic
of the physical model is represented in Fig. 1. It is assumed that the temperatures of the left and right walls are T, and
T. respectively, where T,>T,. The bottom and top walls are insulated. The enclosure walls are considered to be rigid,
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Fig. 1. Schematic diagram of the physical model.

conducting, and impermeable. Besides, the partitions are considered to be heat conductive. The nanofluid flow is assumed
to be laminar and incompressible. The local physical properties of the nanofluid are to be constant. Moreover, Boussinesq’s
approximation is adopted.

2.2. Governing equations

Taking into account that the nanofluids are a dilute suspension of nanoparticles, the steady form of governing equations
for mass, momentum and thermal energy, and the conservation for nanoparticles are represented here in dimensional
Cartesian coordinates x*, y*as follow [32] and [33]:

au*  ov*

ox* + ay* M
u*av* N L ov* ap* N a2u* N a%u* 2)
v = — —_— 4+ —
Prr \ M e dy* ax T H G2 ay*
v* v* op* 9%yt 9%y
u* * =— — C 1-C 1-8(T—-T, 3
Pnf ( I +v ay*> oy + Unf (8 2 P + {,op =+ ( )[pbf( B( c))]}g (3)

aT aT d aT d aT
(pC)nf (u*w —+ U*W) = 3 (knfﬁ) + b (k"faT*)

aT aC ac aT D aT \2 ot \2
+(pcy), [DB (WW + WW) +7 | (Ge) "+ (W) )]

" ac 4ot ac D 92C N 9%C N Dy (0T N 9T 5)
=4 — et
ox* ay* B 8)(*2 ay*Z Tc ax*Z ay*Z

In addition, the heat conduction equation for the temperature in wall partitions which are mounted on the top and
bottom walls is introduced as [6,15] and [34]:

3°T  3°T

ax* ay*
where Ry = ks/kyr. The three sets of dimensional boundary conditions corresponding to the velocity, temperature, and
nanoparticles concentration for Eqs. (1)-(6) are represented, respectively as:

u* = v* = Oon the solid walls (7a)
T(=5.¥) =TT (5.y") =T
o) =" ey
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9C =0, € =0
ay* ( Lyme<pr<lt _%> 3y ( Loxe<lome %> >
( Dr 9T
D, 2€ Jr T =0 7c¢
B (< —bemezyr <) T T B (hbimegprt) =0 (7¢)
Dr aT _

Ds 5 (%,7%5y*5%7m*) T T (%,7%<y*5%7m*) -
D 4 B Of =

B 9n* (—§§x*§—§+m*,—(x*+L)+m*) T on* (—%5x*§—§+m*,—(x*+0+m*) ’

Dr 9T —

Dg 5o (%—m*gx*g%,—(x*+m*)+L) + Tc on* (j—m*<x*<— 7(x*+m*)+L) =0.

and the boundary conditions on the interfaces (dimensionally) are introduced as:

L L L L
T(—- <X <——+m' —(xX+L)+m" ) =T | —< <x* <—=+m", — (x* +L) +m*
2 2 2 2
S —mf<x* X +m = Somt<xt <<, —(x*+m
2 =7 *\2 -% =2
T, aT (8)
Rk * = *
an —L e b (et an —hsxr s bame (et

oT; ) oT )
on* (§7m*§x*§é.7(x*+m*)+L) an* ( —m*<x*<k, 7(x*+m*)+L)

For a general analysis, it is appropriated to express Egs. (1)-(6) into the non-dimensional forms using dimensionless
variables as following:

Ry

* * * *L L p*[? T—T Ty — T, C
X=X—,y=yf,m=m—,v=v—,u=u—,P= 5,0 = S =" p=— 9)
L L L opf Opf Pof Ty — T T, — T oo
substituting Egs. (9) into Egs. (1)-(6), the set of Egs. (10)-(15) is obtained as:

u 9

ML (10)
ax  dy

1/ du  du P e (0u du

—|(u—+v—) = Pr{— + — 11
R(u8x+v8y) 8x+ bf ' ax2+8y2 (1)
1 uav N v P LB %v N %v N NrRa Pr d—d)+ Rb PrRa# 1 — ddo) (12)
L PP gv . ov _ ARV

R\ ox ' “ay) oy oy \0x2 ' ay? R R 0

30 30 ky 320 9% dp 00 0¢ 00 0\> (00’
—4v—=-"Re.|—+— ) +Nb Ne [ = — 13
u8x+U8y kps C(8x2+8x2 + ox 8x+8y8y + ox + 0x (13)

g ¢ ¢ 3% 920 9%
L - — — 4 — 14
e (”a tv 8y> a2 1 Nb \ax2 T 9y2 (14)
3%0,  9%0
> > =0 (15)

0x2 0y?

where u, v and P are non-dimensional velocity components in horizontal and vertical directions and non-dimensional
pressure respectively. Also 6 and ¢ are the non-dimensional form of temperature and the volume fraction of nanoparticles
respectively. The four parameters Nr, Nb, Nt, and Le denote a buoyancy ratio parameter, a Brownian motion parameter, a
thermophoresis parameter, and Lewis number respectively. The parameters of Ra, Pryf, R, Rc, Rb, and Ry, are described as:

(,Op — pbf) bo Nb (,OCp)p Dgeho . (Pcp)p (Th — Tc) Dr Le apf
- ) = [ = ) bf = >
IBbf (Th —T¢) Pnf (pC )bf Opf (pC ) O{bfT / Dg (]6)
Ty — To) L3 k
Ra — 8Py (Th = Tc) pr= U g P R _ (PO Rb— B Re=
Qlpf Upy bf  apy Pnf (0C)ys” Bos’ ke

The thermal conductivity and the dynamic viscosity of the nanofluid are evaluated as a function of the volume fraction
of the nanoparticles in the base fluid as follows [35]:

Ky _ 1 4 Nego) (17)
’bf
B (1 + Nogy) (18)

Mbf
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where Nc and Nv are conductivity parameter and viscosity parameter, respectively. These parameters are generally
functions of the size, shape and constructive material of the nanoparticles, the base fluid, and its working temperature.
For simplicity, in this study, the values of parameters R, Rc, and Rv are considered constant as they approximately always
approach unity for low concentration of nanoparticles. Thus, with mentioned thermal properties of the nanofluid, the
resulting equations can be obtained as:

u8u+ ou 8P+(1+N $0) P 82u+82u (19)

oL v cr. ot

0x ay 0x 0 ax2  0y?
v v aP v 9%

U— +v—=——+ 1+ Nvgy)Pr| — + — ) + NrRaPr (1 — ¢) + (1 — ¢¢o) PrRad (20)
ax  dy dy ax?  9y?

20, 39_(1+NC¢) 329+329 (2000 9000 ([0 2+ 36\ ? 1)
ax Y ay U\ ox2 T ax2 ax 9x  dy dy ax Ay

Three sets of non-dimensional boundary conditions correspond with the velocity, temperature, and the concentration
of nanoparticles. (see also [36] and [37]):

u = v = Oon the solid walls (22a)
0(=39) =10(3y) =0,
30 L, e (22b)
ety )
¢ _o 2 —0
Wl-prmact—t)  Wl(goctnt)
a¢ a6
Np X + N; 9% =0,
X1(-5-4+msy<}) X1(-4.~4+msy=1)
N, 22 N 2 0
b 7o t oo =0, 22
51y gz (g pomgon) e
3¢ 36
N — + Nt — =0,
an (—%5x§—%+m.—(x+1>+m) an (7%§x57§+m.7(><+1)+m)
) 96
Ny 22 N Z —o.
ax (%—mgxs%,f(ﬂ»m)wtl) dx (}msxsés(wm)ﬂ)

and the non-dimensional boundary conditions on the interfaces are introduced as:

1

1 1 1
6’;(—<XS—2+m,—(X+1)+m>=0(— §X§—2+m,—(X+1)+m>

2= 2
6. ! m<x<1 x+m+1) = ! m<x<1 x+m)+1
*\2 -t 2 A
R aes) ae) (23)
kK 7o =
an (7%SX§7%+m.7(X+I)+m) an (7%§xs7§+mr(><+1)+m)

36 L
‘ on (1—m<x<l —(x+m)+1) B % (17m<x<1 7(X+m)+1)
zTM=X=3, <x<3,

2

In most studies corresponding to the cavities, the local Nusselt number on the left wall is adapted to analyze the overall
rate of heat transfer:

a0 06
Nuy = — | (1 + Ncgo) = : + Ry X 1 (24)
x=—% x=—%

where n is the normal of the surfaces. In the present study, the top and bottom walls of the enclosure are isolated, and
the left and right walls have a constant temperature. Since the heat flow is transferred from the high temperature to the
low temperature, it is obvious that the mentioned quantities are being corresponded to the left and right walls.

In addition, the average Nusselt number on the left wall of the enclosure is defined as:

1
m 96, 2 00
Nitgg = — {Rk/ Py +a +Nc¢o)f 8xdy} (25)

1
-5 m
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The non-dimensional form of the heat function for the nanofluid and the solid walls are respectively defined as [6]:

3%h  3%h

§+W+—(6’v)——(9u)—0 (26)
and,

°h  9°h

ox2 y? )

The boundary conditions on the left and right walls can be obtained by integrating over the Eqgs. (1), (2), (5), and (6).
On the bottom wall:

1 1 1
h(—= <x<-,—=)=0 28
( 5 SX<3 2) (28)
On the left wall
1 m 1 1 2
(—=,—=<y<m)= —Rk/ —dyandh(——, m<y< =)= —(1 +NC¢0)f —dy (29)
2 -1 2 2 3
On the right wall:
1 1 m 50 1 1 3 36,
W=, —=<y< 1+N —dyandh(=,m<y < =)= —-R —d 30
(3 -3 sy=m= (+c¢o)f;axyan (3m=y=3) kfm o (30)
On the top wall:
1 11 m 50 3 96,
——<x<-—.-)=—-1(1+N — R — = Nuyg, 1
h(—5 <x<3.5) :(+ WM/;a;W+k[;3X@} Uavg 31

where h is the dimensional heat function as h = h* /kbf (T, — T.).
3. Numerical method

To solve the coupled, non-linear and non-dimensional governing Eqs. (14), (15), (19)-(21), (26) and (27) along with
the boundary conditions applied (22), (23), (28)-(31), the Galerkin finite element method is employed. The finite element
method can be seen in details in [38]. To solve the discussed equations, the penalty finite element method is taken into
consideration in which the pressure term in the momentum equations can be eliminated by a penalty parameter defined
as follows [39]:

Py (M2 (32)
AT Ay

The mass conservation equation is automatically satisfied for large amounts of y. Substituting this penalty parameter
for pressure term in momentum equations gives the following:

uau 8u B (du L v (1 + Nvgo) Pr aZu “y 0%u (33)
= v =77
ax 8y ax ay 0 0y?
av av d (odu dv 2v 9%v
U—4+v—=y— + — )+ T+ Nvgy)Pr{ — + — | + NrRaPr (1 — ¢) + (1 — ¢¢p) PrRab (34)
0x ay ay \ax = ay 0x2  9y?

Using basis set éklgzl to expand the existing variables, namely velocity components in x and y directions, temperature,
the concentration of the nanoparticles and the heat lines for 0 <x, y< 1 as

N N N N
UR Y wEEY), v Y uEXy), 05 06X, 0 Y ¢k (X)) (35)

k=1 k=1 k=1 k=1

and h ~ Zgzl he&k (x, y), the Galerkin finite element method results in the following seven residual equations for the
mentioned Eqs. (14), (15), (19)-(21), (26), and (27) at the internal domain nodes:

R = zg:ll jgj 9k 5 dxd 451§§5d dy
P = k o[\ & bk o + Z vk & XY+VZUI< | ox o

08 9&; 3$/< 0&; d&
+VZ Ve ——d dy+(1+Nv¢o)PrZuk oxax oy oy |2
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ool o) e [R5

k=1
3& 0
+ Zk: v [, Tia%k] dxdy+

0&; 08 8& 08 N (37)
(1+Nv¢0)PrZ / [ax o ayay}d dy+1\JrRaPr<1—/Q;¢>kgk(x,y)>4r
N
(1 —¢o/ Z¢k§k *, Y)> RaPr/ D Ok (x.y)
2 k=1 2 k=1
N N 0 l o0&k 0& 0&  0& &
_ ; /Q [(kz uk§k> =t (; v,<§k> i|§ldxdy+ (1 + Ncgo) kZek/ [axax + ayay] dxdy
N
[( s,dxdy> (Zek |3 s,dxdy) (Zm sy ) (Zek | Greax dy)]
k=1
! o5\
Z / Sledxdy | + Zak/ —= £idxdy
=1 k=1
(38)
. o¢
RE=D o / [(Z e (X, y)) (Z vk (%, y)) k} Eidxdy+
s (39)
0§ 3& 0&; 98 Nt 0&; 08 3&- &
E(p’(/‘ [ax ax | dy 8y:|d 4 Z / [ax ax ByBy]dXdy
5 _ 08 & | 08i &k
R _RkZGS,k/ [8)( Tt % ay]dxdy (40)
0 & 0% & J
R® —Z / [Bx w3y ay]d xdy + (Zekf Sﬁxdy) (; vk ;-‘,dxdy>
- (41)

N
<Z 91( ﬁéﬁd d ) (Z;:;l U f_Q %S,dxdy)

k=
R Z f [851 £k 8& Sk}d xdy (42)
Rk ax ax  Jy dy

The iterative process is stopped when the convergence criterion ,/ Z(R{)2 < 10771 < j < 7 is reached. A constraint,
overall integration of nanoparticles concentration over the domain of solution shall remain unity, is added to keep the
concentration of nanoparticles constant.

3.1. Grid check

Various grid sizes were utilized to ensure that the results are independent of the grid size. Here, the mean Nusselt
number is used for comparison. Table 1 illustrates the average Nusselt number for two values of nanoparticles concen-
tration, namely 0 and 2%, and for five different grid sizes. It is evident that the grid with 31626 elements can provide
acceptable accuracy. Thus, the results of the present study are carried out using the mentioned grid.

3.2. Validation of computation

To check the solution validity, results of the current study has been compared with some of the relevant published
articles. For the first investigation, the conjugate heat transfer in a partitioned enclosure adopted by Costa [6] is considered.
Costa [6] studied the natural convective heat transfer of a pure fluid (C = 0%) in a partitioned enclosure. Assuming ¢g = 0%
(pure fluid) and a different formation of solid walls, the present study shifted to the study of Costa [6]. In this case, the
contour of the isotherm is compared with those shown in the work of Costa [3] for Ra = 10%%, Pr = 0.71 (air) and
R, = 10. The results are depicted in Fig. 2. For the second investigation, considering the enclosure without any partition,
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Fig. 2. Comparison of the isotherms of the current study (red lines) and those provided by Costa [6] (dashed blue lines).
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Fig. 3. Comparison between the current study and results of Celli [37] in the absence of the partitions.

Table 1
Grid independency test (Pr = 7, Ra = 10% Ry = 500, Nc = Nv = 7,
Nb = 1x1075, Nt = 5% 1077, Nr = 10, Ley; = 6000 and m = 0.25).

NUAvg
Grid size $o = 0% b0 = 2%
6604 2.6414 2.7428
14558 2.6403 2.7418
22818 2.6402 2.7417
31626 2.6398 2.7413
40440 2.6399 2.7414

the average Nusselt number of Water-Al,03 is compared with those reported by Celli [37]. In the study of Celli [37], a
side-heated two-dimensional square cavity filled with a nanofluid using non-homogeneous Buongiorno model was taken
into consideration. In the study of Celli [37], a different model for thermal conductivity and dynamic viscosity was utilized.
In the present study, the values of the Nc and Nv are considered to be equal. Fig. 3 depicts the comparison between the
present results and the results reported by Celli [37] for the case study of water-Al,03 nanofluid when the nanofluid
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Fig. 4. Effect of the Rayleigh number and thermal conductivity ratio on the (a) contour of isotherms, (b) streamlines, (c) heatlines and (d) surface
of nanoparticles concentration (Nc = Nv = 7, Nb = 2Nt = 105, m = 0.25).

contains nanoparticles sized 10 nm and concentration, ¢ = 1%. According to Figs. 2 and 3, an excellent agreement
between the results of the present work and Celli [37] and Costa [6] can be found.

4. Results and discussion

Results of the current study are presented in two separate parts. Impact of the parameters and non-dimensional
numbers on the rate of heat and mass transfer is investigated in the first part, while the second part is dedicated to the
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= 0.25).

effect of geometrical parameters on the heat and mass transfer. Influence of parameters such as the Rayleigh number (103
< Ra < 10%), thermal conductivity ratio of solid walls to the fluid (1 <Ry< 500), thermal conductivity parameter (3 < Nc
< 15), thermal viscosity parameter (3 < Nv < 15), Brownian motion parameter (5x 107 <N, < 5x 107%), Thermophoresis
parameter (10~ <Ny < 1079), thickness of the triangular walls (0.0 < m < 0.75) and position of the wall is studied. Other
parameters such as the Prandtl and Lewis numbers, initial value of nanoparticles concentration and the buoyancy ratio
of nanoparticles are kept constant in this study at 7, 6x10%, 0.02 and 10, respectively.

4.1. Parametric discussion

Effects of the discussed parameters on the rate of heat transfer is studied in this section. The Rayleigh number and
thermal conductivity ratio (Ry) are measures of the natural convection and conduction heat transfer and thus are used
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in this study for comparison. Fig. 4 depicts the effects of mentioned parameters on the isothermal lines (the first row),
the streamlines (the second row), the heatlines (the third row) and the distribution of the nanoparticles (the last row)
in the cavity. As it is obvious from the first and the second columns, reducing the Ra decreases the deviation of the
isothermal lines indicating a reduction in the rate of heat transfer. Moreover, when the conductivity ratio decreases, the
isothermal lines pass through the solid triangular walls. As the crowdedness of the isothermal line indicates the higher rate
of heat transfer, decreasing the Ry reduces the overall rate of heat transfer. As expected, the reduction of the Ra leads to a
drastic reduction on the values of streamlines. Moreover, increasing Ry, improves the strength of the flow field. Heatlines
are almost horizontal for low Rayleigh numbers, indicating the dominance of the conduction heat transfer. Moreover,
the patterns of heatlines deviate from the triangular walls when the Ry reduces, which shows that the lower portion of
the heat is transferred from triangular walls. The boundary layers thickness of the nanoparticles along the hot and cold
walls on the fourth-row increase as the Rayleigh number decreases results in a reduction in the concentration gradient
of the nanoparticles. The decrease in the thermal conductivity ratio leads to the slight increase of the nanoparticles’
concentration along triangular walls.

Fig. 5 depicts the effects of the Ra and Ry on the rate of heat transfer. For this purpose, the hot wall is taken into
consideration to calculate the values of the local Nu. As expected, decreasing the Ra reduces the values of the local Nusselt
number. Lowering the thermal conductivity ratio results in a drastic effect on the local values of the Nu. For low values
of the Ry, the triangular walls act as a resistance to heat transfer, and because of that, the local values of the Nu increase
(—0.5 <y < —0.25) along the wall. This can be explained by the fact that due to a decrease in the thickness of the wall,
the overall heat resistance in solid triangular wall diminishes. Due to the reduction of the temperature gradient along the
hot wall (y > —0.25), the local Nu of the nanofluid decreases on the left wall. Finally, and as expected, the values of the
average Nusselt number increases as the Ra increases or the Ry decreases.

The effects of the thermal conductivity (Nc) and thermal viscosity (Nv) parameters on the average Nusselt number
are shown in Fig. 6. The average Nusselt number enhances with the increment of the Nc, as it boosts the heat diffusion.
Moreover, the flow strength decreases with the augmentation of the thermal viscosity parameter, results in the decline
of the overall rate of heat transfer. Evidently, for low values of the Ra, when the conduction is more dominant than the
convection heat transfer, the impact of the Nv on the Nu is negligible.

Impact of Nb and Nt on the mean Nu are depicted in Fig. 7. Obviously, while the thermophoresis effect shifts the
nanoparticles from hot areas to the cold regions, the Brownian motion impact generally homogenizes the nanoparticles
in the fluid. For the current study, the Nu, is not sensible to the mentioned parameters.

4.2. Geometrical discussion
The size and position of the triangular walls are also of the influential factors on the rate of heat and mass transfer in

enclosures. In this section, various geometries consisting of three different thicknessess (m = 0.0, 0.25, 0.75) and locations
(normal and reverse positions) of the triangular walls are studied.
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Fig. 8 illustrates the effects of mentioned geometrical parameters on the patterns of the isotherms (the first row), the
streamlines (the second row), the heatlines (the third row) and the concentration of the nanoparticles (the last row). The
size of the solid walls shown to have a drastic impact on the flow and thermal fields of the nanofluid as the isotherms
and streamlines are formed parallel to the inclined surfaces. The isotherms move slightly toward the hot and cold walls
when they are reversely positioned, indicating an overall decrease in the rate of heat transfer (compare with Fig. 4-a). The
flow and thermal fields are highly affected by the presence and the thickness of the triangular walls. Comparing with the
normal position of the triangular walls, while the heat is mainly transferred through the thin walls when the triangular
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blocks are placed on the reverse position, it is mostly transferred through the solid walls when their thickness increases
(m = 0.75). The concentration of the nanoparticles along the hot and cold walls increases as the area of the solid walls
rises. Moreover, a uniform concentration of the nanoparticles can be observed when the triangular walls are placed on
the reverse position.

Fig. 9 compares the effect of the geometrical factors on the local Nusselt number over the hot wall. The temperature
difference between the hot wall and the fluid in the upward direction of the flow reduces, resulting in a decrease of the
local values of the Nusselt number. The value of the local Nu approaches to about zero on the corner of the triangular
wall on the hot wall, specifying the dominant of the conduction heat transfer to the convection mechanism. The total heat
transfer decreases when the triangular walls are placed in the reverse position (compare with Fig. 5). Increasing thickness
of the triangular walls enhances the local and overall Nusselt number. Moreover, the overall heat transfer boosts in the
presence of the triangular walls as it intensifies the rate of heat conduction in the corner of the cavity.

5. Conclusions

In the present paper, the conjugate natural convection heat transfer of a nanofluid in a square enclosure with two
solid triangular walls was studied numerically. The left and right walls of the cavity are held at isothermal hot and cold
temperatures, T, and T, respectively and the bottom and top are insulated. The Buongiorno model was employed to draw
the effects of the thermophoresis and Brownian motions. The outcomes of the study, including streamlines, isotherms,
heatlines, and nanoparticles concentration, were depicted and studied. Moreover, the local and mean Nusselt numbers
over the entire left hot wall was defined. The influence of varying parameters as well as geometrical factors were studied.
Finally, the following conclusions may be drawn:

1. The thermal conductivity ratio affects the patterns of the streamlines, isothermal lines, heatlines and the concen-
tration of the nanoparticles. Decreasing the Ry reduces the overall rate of heat transfer and the strength of the flow
field. The nanoparticles’ concentration along triangular walls slightly increases as the thermal conductivity ratio
decreases.

2. The average Nusselt number enhances with the increment of the thermal conductivity parameter. The flow strength
decreases with the augmentation of the thermal viscosity parameter.

3. The thickness and the position of the solid triangular walls influence the flow and thermal fields of the nanofluid
drastically. While increasing the thickness of the walls boosts the rate of heat transfer, placing the triangular walls
on the reverse position reduces the average Nusselt number. Moreover, the concentration of the nanoparticles along
the hot and cold walls increases as the thickness of the solid walls rises.
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