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The effect of nanoparticle shape on the natural-convection heat transfer of Cu-
ALOs-water hybrid nanofluid inside a U-shaped enclosure is presented in this pa-
per. The governing equations are transformed into the dimensionless form using
dimensionless variables. A three-node triangular finite element method is used with
the Newton-Raphson method to solve the problem numerically. The streamlines
and isotherms as well as the local and average Nusselt numbers are presented for
the fluid-flow with Rayleigh number of 10* to 10°. It is found that blade nanoparti-
cle shape produces the highest heat transfer rate while sphere is the lowest.
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Introduction

Heat transfer through natural-convection in an enclosure has been an ongoing re-
search topic worldwide especially in engineering and industrial applications. Some of the ex-
amples are the cooling system inside smartphones and nuclear reactors. Lately, the study of
natural-convection heat transfer has been directed towards the usage of nanofluids. Nanoparti-
cles such as Cu and Al,O; are suspended in the base fluids such as water or oil which enhances
the heat transfer due to the high thermal conductivity of the nanoparticle. The exploration of
nanofluid in a U-shaped or C-shaped cavity has been done by Cho et al. [1], Ghasemi [2], Mo-
hebbi [3], and Ma et al. [4], which show a great improvement in the thermal enhancement of
nanofluid compared to pure water. Ali et al. [5], Kilic and Ali [6] investigate the application of
nanofluids in car radiator and impinging jets, respectively.

Metallic nanoparticles have a relatively high thermal conductivity and reactivity with
the base fluids. It is expensive to produce. In contrast, metallic oxides nanoparticles have a
relatively low thermal conductivity, more stable and cheaper than metallic particles [7]. By
exploiting the positive characteristics of both nanoparticles, a hybrid nanofluid is explored by
mixing a metallic and metallic oxide nanoparticles dispersed in a common base fluid. The ad-
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vantage of the positive enhancement in both nanoparticles can be taken without loses the other.
For example, Cu-Al,Os-water hybrid nanofluid has a relatively high thermal conductivity, low
reactivity and can be procured at a lower cost. Investigation of natural-convection of hybrid
nanofluid is extensively studied by Hayat and Nadeem [8], Tayebi and Oztop [9], Tayebi et al.
[10], Al-Srayyih et al. [11], and Tayebi and Chamkha [12].

Based on the literature review, there is a very little investigation done on the natu-
ral-convection inside a U-shaped enclosure with a single heating source (bottom wall) with
varying nanoparticle shape. Most of the study focused on three heating sources located on
the left, bottom and right wall. This paper aimed to explore the effect of hybrid nanoparticle
shape on the heat transfer of Cu-Al,Os-water hybrid nanofluid inside a U-shaped enclosure.
The governing equations are transformed into a dimensionless equation by using dimensionless
variables. The problem is solved numerically by employing a robust three-node triangular fi-
nite element method (FEM) with Newton-Rahpson iterative method. The effect of nanoparticle
shape and the size of the cold rib are studied by varying selected parameters. The heat transfer
rate is presented in the form of the local and averaged Nusselt number.

Mathematical formulations

The schematic diagram of the enclosure is presented in fig. 1(a). The enclosure is a
square with the length and height of W7, and the cold rib EFGJ has the length of Lc and height
of Hc, with Lc = Hc. The bottom wall BC is heated with a constant temperature 75 and the cold
rib EFGJ is cooled with a constant temperature 7¢, where Ty > T¢. The walls AB, CD, DE, and
JA are thermally insulated. The velocity direction of u and v are in the direction of x- and y-ax-
is, respectively, with the gravity force is in the direction of the negative y-axis. The enclosure
is filled with Cu-Al,Os-water hybrid nanofluid. By employing Boussinesq approximation, the
dimensionless governing equations of the aforementioned system are:
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where Pr = vyi/oye and Ra = [gh W3 (Ty — T¢)]/awver are the Prandtl and Rayleigh numbers,

respectively. The subscripts hnf, bf, hp, Cu, and Al,O; correspond to the hybrid nanofluid,

base fluid, hybrid nanoparticles, copper, and alumina, respectively. Equations (1)-(4) are trans-
formed using dimensionless variables:
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where T, a = kipC,, p, C,, B, 1, and v are temperature, thermal diffusivity, density, heat capac-
ity, thermal expansion coefficient, dynamic viscosity, and kinematic viscosity of the fluid or
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Figure 1. Schematic diagram of: (a) the enclosure and
(b) a triangular meshing of the enclosure

nanoparticle, respectively. The thermophysical properties of the base fluid and nanoparticles
are shown in tab. 1. The dimensionless velocity boundary conditions to the enclosure as shown
in fig. 1(a) are:

at all surface:U =V =0

at AB, CD, EF and GJ:a—Uz 0
oY (6)

at BC, DE, FG and JA:a—V=O
oxX

Table 1. Thermophysical properties of the materials used in this study [13]

Materials Water Cu AlLO;
Specific heat capacity, C, [Jkg 'K'] 4179 385 765
Density, p [kgm ] 997.1 8933 3970
Thermal conductivity, £ [Wm'K™"] 0.613 401 40
Thermal expansion coefficient, f [K™] 21 1.67 - 107 0.85-10°
The dimensionless temperature boundary conditions to the enclosure as shown in fig.
1(a) are:
at BC:6=1
at EF, FG and GJ:6=0
00
at AB and CD:—=0 (7)
oX
00

at DE and JA:—=0
oY

The dimensionless stream function, ¥, is defined where U = 0¥/0Y and V = —0W/0X.
The hybrid nanoparticle volume fraction, ¢,, hybrid density, py,, hybrid thermal expansion
coefficient, f,,, hybrid thermal conductivity, ki, and hybrid heat capacity, (C,), respectively,
are [12]:

$up = Peu + Pas,0, (®)
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The effective density, pu.r, effective specific heat capacity (pC,)ms, effective thermal
diffusivity a,g, and effective thermal expansion coefficient S, respectively are [12]:

Phnt = (1_¢hp)/?bf + Gp Pip (13)
(’DCP )hnf = (1_¢hp)(pcp )bf +¢hp (’DCP )hp (14)
Buot = (1= 8y ) ot + b oy (15)
khnf
A =
hnf (pCp )hnf (16)

The effective dynamic viscosity, iy, given by Brinkman [14] is used due to the sim-
plicity and acceptable to use as a general governing behavior of nanoparticles. The uy,¢ is given:

Hyp (17)
25
(1 =y )
The thermal conductivity of the hybrid nanofluid given by Hamilton and Crosser [15]

Hinf =

is given:

kg (m =1 ke ~(m—1) 43, (Kot =) as)
kot i+ (m=1) kg + G (Ko = ki )
where m is the nanoparticle shape factor as listed in tab. 2. In this study, the nanoparticle shape
for both Cu and Al,O; are equivalent.
The rate of heat transfer in the enclosure is measured using local and averaged Nus-

selt number. The rate of heat transfer at a local position relative to the wall is denoted as Nuy,,
where [9-12]:

ks 00
The averaged rate of heat transfer, Nu along the hot wall BC:

Nu loc =

1
Nu = J.NuloC dx (20)
0
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Table 2. Nanoparticle empirical shape factor [16]

Shape Shape factor, m
Sphere 3
Cube/brick 3.7
Cylindrical 4.9
Platelet/discoid 5.7
Blade/oblate spheroid 8.6

Method of solution

The governing equations in egs. (1)-(4) are numerically solved by employing the
three-node triangular FEM [17]. The enclosure is discretised into a triangular mesh of a certain
number of elements.

An example of the meshing is shown in fig. 1(b). The Galerkin weighted residual
FEM is chosen to solve the problem. Each node of the triangular element in the enclosure is
assigned with a value corresponding to their velocity, temperature and pressure at the nodes ac-
cording to the boundary conditions in egs. (6) and (7). The values assigned are then coupled and
compiled into a matrix and is solved using LU decomposition algorithm. The solutions are then
iterated using damped Newton-Raphson non-linear iteration method [18] until the residuals are
within the tolerance level of ¢ = 107,

Mesh dependency test is carried out to ensure the independence of the results to the
mesh sizes. Table 3 shows the mesh configurations along with their resulting averaged Nusselt
number, and maximum stream function value, |¥p.| with Hc = Lc = 0.4, m = 3, and Ra = 10°,
The percentage errors are calculated using:

_ |Znew - Zold|

Zold

where y is Nu or |¥,..«]. Based on tab. 3, meshing VIII are chosen because the percentage error
for meshing IX are within 0.1%. This is to ensure that the results are within tolerance level
without compensating the computational time.

Error,,, x100% 21

Table 3. The value of N_u, | ¥max] and corresponding error [%]
for different type of meshing

Meshing Number of Nu |

type triangular elements Value Error [%] Value Error [%]

I 360 5.7785 | 0.000000 | 6.1170 | 0.000000
11 606 5.7600 0.321181 6.3624 3.856261
11 870 5.7438 | 0.282043 | 6.5877 | 3.419581
v 1590 57314 | 0.216352 | 6.7962 | 3.069197
\Y% 2280 57199 | 0.201052 | 6.8927 | 1.398879
VI 3430 577091 | 0.189172 | 6.9432 | 0.727478
VI 9034 5.7012 0.138567 6.9909 0.682461
VIII 23674 5.6964 | 0.084264 | 7.0233 | 0.461465
IX 28864 5.6950 | 0.024583 | 7.0290 | 0.081093




Asmadi, M. S., et al.: Nanoparticle Shape Effect on the Natural-Convection Heat ...
468 THERMAL SCIENCE: Year 2022, Vol. 26, No. 1B, pp. 463-475

Table 4 shows the comparison of averaged Nusselt number, for different Rayleigh
number between [19] and present work for CuO-water nanofluid with He = Lc = 0.4 and m = 3,
and hot wall at AB, BC, and CD at an inclination of 90 °C (C-shaped enclosure configuration).
Good agreement between the results is observed, as indicated in tab. 4, with percentage error
is less than 3%. Thus, our numerical code and mathematical calculations are indeed verified.

Table 4. Comparison of Nufrom [19]
with the present results

Ra [19] Present Error [%]
10° 1.834 1.8133 1.129
10 1.883 1.8352 2.539
10° 2.611 2.6058 0.1992
10¢ 4.733 4.7380 0.1056

Results and discussion

In this study, the ratio of the nanoparticle volume fraction is fixed at @c,:@ano; = 1:1
unless stated otherwise. The values of Nu for several nanoparticle volume fractions ¢y,
are plotted with different Rayleigh number with Hc = Lc = 0 and m = 3 in fig. 2(a). From
fig. 2(a), the values of Nu increase with an increase in ¢y, for 10* < Ra < 10° The values
of Nu increase significantly as ¢, increases. That means the addition of hybrid nanoparticles
to the base fluid of higher Rayleigh number value greatly helps the heat transfer inside the
enclosure than the base fluid with lower Rayleigh number value. Figure 2(b) shows the vari-
ations of the Nu at the hot wall against the nanoparticle volume fraction for different types
of nanofluid with H. = Lc = 0.4, m = 3, and Ra = 10°. Based on fig. 2(b), the values of Nu
for Cu-Al,Os-water hybrid nanofluid are higher than Cu-water and Al,Os;-water nanofluids for
0 < ¢, <0.08. For ¢y, = 0.1, the values of Nu for Cu-water nanofluid are higher than Cu-AlO;-
water and Al,Os-water nanofluids. Based on the literature survey, the value of Nu is expected
to be Nuc, < Nupypria < N0, for all @y, The unusual behavior of Nu for lower ¢y, is suspected
due to the shape of the enclosure, the heating and cooling position and the aspect ratio of the
cold rib EFGJ. This shows that addition of Cu nanoparticles to Al,O;-water nanofluid increases
heat transfer.
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Figure 2. The variation of average Nusselt numbers at the hot wall for different
nanoparticle volume fractions with (a) different Rayleigh numbers and
(b) different type of nanofluids and hybrid nanofluid with Hc = L = 0.4, m = 3, and Ra = 10°
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The high thermal conductivity of Cu
nanoparticles helps the heat dissipation of el
AlOs;-water nanofluid without losing the low  Nu
reactivity of AL,O; with a fraction of cost. >
Figure 3 presents the effect of nanopar-
ticle volume fraction ratios to the Nu with 8
¢np=0.1, Ho = Lc = 0.4, m = 3, and Ra = 10°. csl
It is found that by replacing 25% of Al,O; by ’
volume with Cu nanoparticles (indicated by the srsl. ‘ ‘
0:0.1 0.025:0.075 0.05:0.05 0.075:0.025 0.1:0

ratio of ¢cy,: Pano; = 0.025:0.075, the values of
Nu increase significantly. Subsequent nanoparti-
cle replacing does increase the value of Nu but
not as significant as the first 25%. That means
the hybrid nanofluid of Cu-Al,O;-water is better
in terms of heat transfer than Al,Os;-water with

¢cu:¢AI;0\

Figure 3. The effect of different nanoparticle
volume fraction ratios of Cu and Al,O; to the

Nuwith He= L= 0.4, m =3, and Ra = 105

the same value of ¢y,. Replacing a small volume of A,O; with Cu nanoparticles is the best con-
figuration enhance heat transfer due to its significant increase of Nu while keeping the cost down.

Figure 4 shows the effects of Rayleigh number and the dimension of the cold rib to the
streamlines of the fluid-flow inside the enclosure for m = 3 and ¢y, = 0.05. Based on fig. 4, all
configuration of Rayleigh numbers 10* < Ra < 10°and cold rib dimension 0.2 < L. = H: < 0.6
produce two symmetric Rayleigh-Benard cells. The presence of the symmetric cold rib forces

(@)

(a]

fi i

Figure 4. The effects of Rayleigh number and the dimension of
the cold rib to the streamlines with m = 3 and ¢, = 0.05;

(a) Lc = H:=0.2 and Ra = 10%, (b) Lc = H: = 0.4 and Ra = 10°, and

(¢) Lc = H:= 0.6 and Ra = 10°
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the fluid-flow to separate into two identical cells with opposing direction. It can be seen that for
a constant Rayleigh number, the size of cells decreases as the cold rib dimension increases. This
is due to the decreasing space available for the fluid to flow inside the enclosure. As the cold rib
dimension increases, the streamlines become closer to each other, especially at the vicinity of
the cold rib corner F and G. The longer cold rib side causes the fluid to be contained in a narrow
space before being released at the bottom part of the enclosure. This produces a higher fluid ve-
locity at the area of the corner F and G. It is also noted that as the cold rib dimension increases,
streamlines do not reach the area to the left and right of the cold rib for 10* <Ra < 10°, but not for
Ra = 10°. This is due to the increase of the buoyancy force as Rayleigh number increases, which
is enough to overcome the gravity force. Thus the fluid is able to flow towards the upper part
of the enclosure. For a constant cold rib dimension, the streamlines are closer to the side wall
as Rayleigh number increases. The higher buoyancy force presents in the enclosure produced
a higher fluid velocity near to the side wall of the enclosure. This is due to the fluid-flow be-
coming more turbulent than laminar flow at the lower Rayleigh number. It is also noted that the
maximum stream function value |¥,.,| increases as Rayleigh number increases, but decreases
as the cold rib dimension increases.

Figure 5 shows the effects of Rayleigh number and the dimension of the cold rib to
the isotherms of the fluid-flow inside the enclosure for m = 3 and ¢y, = 0.05. For a constant
cold rib dimension, the isotherm lines are about parallel for Ra = 10, but becoming more tur-
bulent as Rayleigh number increases. This behaviour is due to the increasing heat convection
mechanism as Rayleigh number increases. Heat convection becomes more dominant than heat
conduction at higher Rayleigh number due to the turbulent flow produced by higher buoyancy

(c) | st oG oo ;’E/'; =

Figure 5. The effect of Rayleigh number and the dimension of the
cold rib to the isotherms with m = 3 and ¢,, = 0.05; (a) Lc = H- = 0.2
and Ra=10% (b) Lc = H:= 0.4 and Ra=10% and (¢) Lc = H. = 0.6
and Ra =10°
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force in the enclosure. As Rayleigh number increases, the isotherm lines pattern follows more
the corresponding streamlines pattern. As a result, the heat transfer of the fluid increases. At
Ra = 107, the isotherm lines are about parallel and follow the shape of the cold rib for lower
cold rib dimension, but they became parallel to the hot wall as Rayleigh number increases. This
phenomenon occurs because the width of the cold rib becomes longer and the cold rib is closer
to the side walls of the enclosure, producing narrower area at the top of the enclosure. At lower
Rayleigh number, buoyancy forces are not strong enough to help heat transfer to undergo heat
convection and dissipate through the narrow passage. For a constant Rayleigh number, the iso-
therm lines are closer to each other due to less enclosure space and less distance between the
hot and the cold wall. For Ra = 107, the isotherm lines are very close to the vicinity of the cold
rib corners F and G. This is because the fluid has to flow through the narrower area at the top of
the enclosure before being rushed to the wider area at the bottom of the enclosure. This makes
the heat transfer of the fluid at the highest rate near the cold rib corners F and G for Ra> 10°.

Figure 6 presents the velocity vectors with velocity magnitude and isosurface with m
=3, Hc=Lc=0.4, Ra=10° and ¢y, = 0.05. In fig. 7(a), the red area denotes higher fluid ve-
locity and the blue area denotes lower fluid velocity. It can be seen from fig. 6(a) that the fluid
velocity is at the highest around the middle area of the enclosure directly below the cold rib.
The fluid-flow from the two symmetric cells merges at the middle area and produces a greater
velocity than the rest of the enclosure.

In fig. 6(b), the hottest fluid is colored white and the coldest fluid is colored red. It can
be seen that the buoyancy force brings the hot fluid towards the top of the enclosure and the cold
fluid down. It is noteworthy to mention that the less dense hot fluid tends to move upwards by
buoyancy force and the denser cold fluid tends to move downwards following gravity force. This
fluid movement produces the isosurface pattern from fig. 6(b). Hot fluid moves upwards along the
side walls while cold fluid moves downwards at the middle of the enclosure. Reason for this is
that the cold rib is closer to the hot wall in the middle, and the fact that the enclosure is symmetric
at the middle of the enclosure, results in the cold fluid to move in one flow in the middle.
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Figure 6. The velocity vectors with (a) velocity magnitude and
(b) isosurface with m =3, Hc = Lc = 0.4. Ra = 10%, and ¢,, = 0.05

Figure 7(a) shows the variation of Nu for different Rayleigh number with different
cold rib dimension at m = 3 and ¢, = 0.05. As Rayleigh number increases, the value of Nu
increases except for Lc = He = 0.9, where they are about equal. Considering that the enclo-
sure becomes too narrow for heat convection occur, this situation produces almost parallel



Asmadi, M. S., et al.: Nanoparticle Shape Effect on the Natural-Convection Heat ...
472 THERMAL SCIENCE: Year 2022, Vol. 26, No. 1B, pp. 463-475

isotherms for all Rayleigh number. It also noted that for Ra = 10°, the value of Nu for Lc = Hc
=0.7 is lower than L = Hc = 0.6, before increasing again for Lc = Hc> 0.8. This is because at
the specific cold rib dimension, the enclosure space at the left and right are small enough for
the fluid to form four Rayleigh-Benard cells, which lower the value of Nu. For L = Hc> 0.8,
the enclosure space is too small to produce four cells, so only two cells are formed, and causes
Nu to increase. For Ra = 10°, the value of Nu decreases for Lc = H-> 0.7 due to the smaller
enclosure space for the fluid to undergo heat convection. This result is in agreement with the
isotherm lines in fig. 5. Figure 7(b) presents the variation of Nu for different Rayleigh numbers
with different nanoparticle shapes at Lc = Hc = 0.4 and ¢y, = 0.05. From fig. 7(b), the value of
Nuincreases as Rayleigh number increases with sphere (m = 3) being the lowest and blade (m
= 8.6) being the highest. As the empirical nanoparticle shape factor m increase, the total surface
area of the nanoparticle increases [16]. This causes more heat can be dissipated and in turns,
produces a higher heat transfer rate. From fig. 7(b), the increase of Nu for Ra = 10° is the highest
for increasing m. At higher Rayleigh number, turbulent flows agitate the nanofluid and force the
nanoparticles to transfer heat faster.

714 ! —%—rRa-10' [ 2 —%— Ra=10° _*
Nu 2 —%— Ra=10 W Nu 3 —#— Ra=10° .

12} 3—%—Ra=10° A T 12f
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2F * * - ¥
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(a) Le=H, (b) Nanoparticle shape

Figure 7. The variation of Nu for different Rayleigh numbers with:
(a) different cold rib dimensions at m = 3 and ¢,, = 0.05 and
(b) different nanoparticle shapes at Hc = L. = 0.4, and ¢, = 0.05

Figure 8 presents the variation of local Nusselt numbers, Nuy,, at the hot wall with dif-
ferent cold rib dimension at m =3 and ¢, = 0.05 for Ra=10° and Ra= 10°. From fig. 8, the highest
Nuy, is at x = 0.5 for all Rayleigh numbers. The reason is that distance between the hot wall and
the cold rib is the shortest at that position and the fluid-flow at all cases forces the cold fluid to flow

o

Nu

- N W A U1 OO N 0O O

0.2 04 06 08 1 0 02 04 06 08 1
(@ X (b) X

o

Figure 8. The variation of Nu,,at the hot wall with different
cold rib dimensions at m = 3 and ¢,, = 0.05 for: (a) Ra = 10° and (b) Ra = 10°
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into the direction of the hot wall at x = 0.5. In both figures, the graphs are symmetric due to the
symmetric characteristics of the enclosure. It is also noted that as the cold rib dimension increas-
es, the value of Nu,,. also decreases for both Ra = 10°and Ra = 10°. The gradient of the Nu,,. for
Ra=10%is lower than Ra=10° due to the presence of turbulent flow when Ra=10°. This makes the
fluid-flow moves faster at the center of each Rayleigh-Benard cells when Ra = 10° than Ra=10°.
In addition, the heat transfer of the fluid is more concentrated at the middle of the hot wall when
Ra = 10°than Ra = 10°.

Figures 9(a) and 9(b) present the Nu,,. with different nanoparticle shapes at Ra = 10°
and ¢y, = 0.05 for hot wall and cold wall, respectively. From fig. 9(a), the maximum Nuy,
occurred at the middle of the hot wall for blade nanoparticle shape. The higher the empiri-
cal nanoparticle shape factor, m, the greater the nanoparticle surface area [16]. This means
the greater surface area is in contact with the fluid, which enhance the heat transfer inside
the enclosure. For fig. 9(b), the value of Nuy, increases before dropping until it reaches the
corner G for all nanoparticle shapes. The same behaviour can be said for side EF. This sit-
uation occurs because the two corners F and G restrict the fluid-flow between the narrower
upper part and the wider lower part of the enclosure. This change of width causes the flu-
id-flow to rush to the middle-lower part of the enclosure, and in turns, produces a relatively
higher velocity at the vicinity of the corners F and G. Since the turbulent flows dominate at
Ra = 109, the fluid-flow around this region increases rapidly. This causes the heat from bottom
to be in contact with the cold wall, specifically at the F and G corners. Both corners possess
higher fluid velocity and dissipate heat at a higher rate compared to other corners.
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Figure 9. The variation of Nu,, with different nanoparticle shape
at Ra =10° and ¢, = 0.05 for: (a) hot wall and (b) cold wall

Conclusions

In this paper, the effect of the nanoparticle shapes on the natural-convection heat
transfer of Cu-Al,Os;-water hybrid nanofluid inside a U-shaped enclosure is presented. The
conclusions that can be drawn from the work are as follows.
® Addition of metallic nanoparticles to metallic oxides nanofluid increases the heat transfer
rate inside enclosures.

® An increase in the cold rib dimension increases the rate of heat transfer, except when
Le=H-=0.7forRa=10°and L. = H-> 0.7 for Ra= 10°.

e The highest Nu occurs when using blade nanoparticle shape (m = 8.6) while sphere (m = 3)
is the lowest for all Rayleigh numbers.
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These results obtained can be used in many applications in industries such as car ra-

diators and nuclear reactor [20]. It is hoped that this investigation can be expanded to include
turbulent fluid-flow and non-uniform thermal profile.
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Nomenclature
C, - specific heat capacity, [J°C 'kg'] Greek symbols
g — gravitational acceleration, [ms] a — thermal diffusivity, [m’s ']
Hc = cold rib height, [m] B — thermal expansion coefficient, [K']
k- —thermal conductivity, [Wm™'K™'] 0  — dimensionless temperature, []
Le  —coldrib length, [m] u — dynamic viscosity, [kgm's™]
% - nanopart;\;:le sl}ape fal;:tor, [-] 1% — kinematic viscosity, [m*s™]

u  —average Nusselt number, |— _ : ; -3
Nuy,e — local %\Iusselt number. [—][ : " fluid denglty, [kem ] ;

oc ) h ’ @ — nanoparticle volume fraction, []

P — dimensionless pressure, [—] y — stream function, [-]
p — pressure, [Pa]
Pr  — Prandtl number [] Subscripts
Ra  —Rayleigh number [—] bf  — base fluid
T — temperature, [°C] C _ cold wall
U, V' —dimensionless velocity in x- and y-axis, [—] H _ hot wall
u, v —velocity in x- and y-axis, [ms™] hnf — hybrid nanofluid
W —enclosure length and width, [m] hp  — hybrid nanoparticle
x,y — Cartesian co-ordinates, [—]

X, Y —dimensionless Cartesian co-ordinates, [—]
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