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Abstract In this study, the numerical investigation of Al2O3-Water nanofluid mixed convection in

a T-shaped lid-driven cavity in the presence of a thermal barrier with positioning at different posi-

tions is investigated by the two-phase mixture model. Variable parameters in this study are the cav-

ity aspect ratio (AR), the volume fraction of nanoparticles (/), Richardson numbers (Ri), and

different thermal barrier placements in the cavity. The results indicated that the increase in the

Richardson number leads to an increase in the local and average Nusselt number (Nuave) and heat

transfer. Increasing the / also increases the heat transfer while increasing the aspect ratio decreases

the heat transfer. Regarding the geometrical position of the thermal barrier, the results show that

the geometrical position of the thermal barrier near the lid has the highest heat transfer and the

Nusselt number. Numerical investigation of nanofluid mixed convection in a T-shaped cavity by

considering a thermal barrier is the originality of this work.
� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Nanostructures are very important in many applications of
engineering, technology and natural processes [1–6]; among
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Nomenclature

V
!

velocity [m/s]

g gravity [m/s2]
T temperature [K]
AR aspect ratio
L length [m]

k thermal conductivity [W/m.K]
Nu Nusselt number
Gr Grashof number

Ri Richardson number
fdrag drag function
X dimensionless longitudinal component

Y dimensionless transverse component
x longitudinal component [m]
y transverse component [m]

Greek symbols

/ volume fraction

q density [kg/m3]

b thermal expansion coefficient [1/K]
l viscosity [Pa.s]

Abbreviations
f fluid

p particle
eff effective
h hot

c cold
loc local
ave average
m mixture

k kth phase
lid lid-driven
dr drift
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these applications, these applications include cooling systems

that are used today in industries such as power generation,
transportation and electronics. Nanofluids can be used to
achieve greater heat transfer [7–17]. In recent decades, a lot

of research was done on nanofluids [18], MEMS [19], and
structural, morphological and optical properties of nanosttruc-
tures [20–23]. Their research showed that the Richardson num-
ber was the cause of the increase in heat transfer. Mirmasoumi

and Behzadmehr [24] investigated the heat transfer of nano-
fluid in a cavity. They showed that the convective heat transfer
coefficient increases with decreasing nanoparticle’s diameter.

Aminossadati and Ghasemi [25] conducted a numerical study
of mixed convection in an open cavity. They proved that in
low Richardson numbers, the streamlines are not drawn into

the cavity, and in the high Richardson numbers, the streamli-
nes are inclined inward and contain vortices. Wong and Saeid
[26] studied the mixed convection around the cooling jet inside

the open cavity. They found that Nuave increased with increas-
ing Péclet number and decreasing the depth of the cavity. Abu-
Nada and Chamkha [27] studied the mixed convection of a
nanofluid in an inclined cavity, numerically. Their cavity was

square-shaped, and its upper and lower walls were exposed
to hot and cold temperatures, respectively. They used water-
alumina nanofluid. They found that the heat transfer coeffi-

cient increased significantly in the presence of nanoparticles.
Mahmoudi et al. [28] conducted a numerical study of free con-
vection in an open cavity with two hot sources attached to hor-

izontal walls. They concluded that the streamlines and the
isotherm lines were highly dependent on Rayleigh numbers
and the distance between the hot sources. In a study of the
combined effect of Joule heating and hydrodynamic mag-

netism, Rahman et al. [29] showed that as the aspect ratio
increases, the Nusselt number decreases, the Sherwood
increases, and the temperature function remains almost con-

stant. Barnoon et al. [30] studied mixed convection heat trans-
fer of a nanofluid in a porous enclosure. In their work, the
enclosure was equipped with rotating circular cylinders and

filled. They examined the heat transfer using LTE and LTNE
models. They found that the use of rotating cylinders could

play an amazing role in improving heat transfer. The same
author investigated the effect of heat transfer on the destruc-
tion of the gland in biological tissue [31]. Using intense heat-

ing, it was shown that tissue can be easily destroyed.
Mahmoodi [32] studied the free convection of water-copper
nanofluids with a finite volume method in an ‘‘L-shaped” cav-
ity. He found that in all aspect ratios, the average Nusselt

number improves with increasing Rayleigh number and vol-
ume fraction of nanoparticles. Mahmoudi et al. [33] examined
the effect of a baffle movement on the convective heat transfer

in a channel with heating components. The increase in baffle
height at different Richardson numbers is not so great. Parvin
and Nasrin [34], similar to Mojumder et al. [35] examined a

cavity containing a hot cylindrical piece. They showed that
increasing the Reynolds number caused the Nusselt number
to increase. Sebdani et al. [36] investigated the mixed convec-

tion of water-alumina nanofluid in a square cavity. The left
and right walls of the cavity were exposed to cold temperatures
and had a constant velocity. The other walls were insulated
and only part of the lower wall was exposed to hot tempera-

ture. They concluded that as the heat source moves toward
the sidewall, the heat transfer rate also increases. Parvin
et al. [37] studied the impacts of Soret and Dufour coefficients

on natural convection flow phenomena in a partially heated
square cavity saturated with water-alumina nanofluid. The
upper and lower walls of the cavity were exposed to hot and

cold temperatures, respectively, and the other walls were insu-
lated. They found that that both heat and mass transfer were
increased by Soret and Dufour coefficients. Sheikhzadeh
et al. [38] investigated the free convection in a square cavity

with a central heat source. They found that in the studied
geometries, as the Rayleigh number increased, the boundary
layer became thinner and the heat transfer improved. Mansour

et al. [39] investigated the free convection of fluid flow and heat
transfer in a ‘‘T-shaped” cavity containing a water-Copper
nanofluid numerically. The results showed that Nuave increased

with increasing Rayleigh number and /. Abbasian et al. [40]



Numerical investigation of nanofluid mixed convection in a T-shaped cavity by considering a thermal 7395
examined free convection in a sloping ‘‘L-shaped” cavity con-
taining a water-copper nanofluid. Their results showed that a
decrease in the shape factor and an increase in / led to an

increase in Nuave. Sheikholeslami et al. [41] investigated the free
convection of a nanofluid in a cavity. The results showed that
Nuave decreased with increasing the Buoyancy force. Bakier

[42] studied the numerical free convection in an open C-
shaped cavity containing nanofluid along with a hot source
on the cavity wall and found that the density of streamlines

and isotherm lines at the top of the cavity was higher. Nasrin
and Alim [43] talked about free convection in a closed cavity
filled with nanofluids. Their results show that the size of the
largest and smallest vortices between the horizontal wall and

the hot obstacle did not differ much. Esfe et al. [44] studied
the mixed convection in a cavity containing a water-alumina
nanofluid with a hot internal source. They found that Nuave
for all / increases with decreasing Richardson number. Fur-
ther studies on heat transfer within T-shaped cavities in Refs.
[52–54] are recommended. In Ref. [52–54], there was only one

T-shaped cavity (without thermal barrier) to which a magnetic
field was applied and a single-phase nanofluid flowed through
it. However, the effect of the magnetic field was considered as a

negative factor. Fluid flow and nanofluid heat transfer in cav-
ities using new mechanisms are introduced as valuable numer-
ical studies [55–60]. Also, These mechanisms can be merged
with other nanostructures in Refs. [49–51].

A review of the literature shows strong studies on the heat
transfer of nanofluids within cavities. However, heat transfer
in the T-shaped cavity has received less attention. This study

investigates fluid flow and heat transfer in a T-shaped cavity
using a thermal barrier. The thermal barrier is placed in differ-
ent places inside the cavity to achieve the best heat transfer

rate. Different aspect ratios are investigated to achieve the best
heat transfer rate using a two-phase model.

2. Problem statement and governing equations

2.1. Definition of the problem

The geometry studied in this study is a T-shaped lid-driven
cavity and a thermal barrier. The studied cavity is examined
in different aspect ratios of AR = 0.2, 0.3, and 0.4, as well

as the different positions of the thermal barrier in the cavity.
The lid of the cavity moves from left to right at the velocity
of Vlid and is located at a temperature of 300 K. All walls of

the cavity, except for the thermal barrier walls, are considered
adiabatic, and the thermal barrier walls are at a constant tem-
perature above the cover temperature. The temperature differ-

ence between the thermal barrier walls and the cover is
determined by Ri = 0.1, 1, and 10. The schematic of the prob-
lem is shown in Fig. 1. The driving force in the geometry under

study is the high velocity of the lid and the buoyancy force due
to the temperature difference between the thermal barrier and
the moving lid. This flow is considered to be the incompressible
water-alumina nanofluid in / ¼ 0, 1, 2, and 3 % inside a cav-

ity. The Newtonian base fluid is assumed, and density changes
are considered in such a way that the motion factor can be
quickly attributed to the moving lid and the density changes.

Any heat effect from the pressure field is ignored. Mixed
convection in the cavity includes natural convection due to
constant temperature wall temperature differences and forced
convection due to lid movement.

Also, the information about the present problem is pre-
sented in Table 1.

2.2. Mixture two-phase model

Continuity equation [45]:

r!: qmV
!

m

� �
¼� ð1Þ

Momentum equation [45]:

r!: qmV
!

mV
!

m

� �
¼ �r!Pþ r!: lm r!V

!
m þ r!V

!T

m

� �h i
þqm g!þ F

!� V
!
:
Pn
k¼1

/kqk V
!

dr;k V
!

dr;k

� � ð2Þ

The k subscript represents the number of phases distributed
in the base fluid. In this part, k = 1 and the third statement in
Equation (2) are defined as follows [45],

r!:
Xn
k¼1

/kqk V
!

dr;k V
!

dr;k

 !
¼ r!: /pqp V

!
dr;p V

!
dr;p

� �
ð3Þ

Energy equation [28]:

r!:
Xn
k¼1

qkckð Þ/k V
!

kT

 !
¼ r!: keffT

� � ð4Þ

The equation for the volume ratio of particles is defined as
follows:

r!: /pqp V
!

m

� �
¼ �r!: /pqp V

!
dr;p

� �
ð5Þ

In the equations presented, the parameters are defined as
follows:

V
!

m ¼
Pn

k¼1/kqk V
!

k

qeff

ð6Þ

s!¼ leffr
!
Vm ð7Þ

In Eq. (3), V
!

dr;k is the buoyancy velocity for the second

phase is defined as the difference between the nanoparticle
velocity and the mixture velocity,

V
!

dr;k ¼ V
!

k � V
!

m ð8Þ
Relative velocity is defined as the difference between the

velocity of the second phase (nanoparticles) and the velocity
of the first phase (base fluid):

V
!

pf ¼ V
!

p � V
!

f ð9Þ
and

V
!

dr;p ¼ V
!

pf �
Xn
k¼1

/kqk

qeff

V
!

fk ð10Þ

In Eq. (10), the drag function is represented as follows [45],

V
!

pf ¼
qpd

2
p

18lffdrag

qp � qeff

� �
qp

a! ð11Þ



Fig. 1 Schematic of the problem.

Table 1 The information of the present research.

/ ð%Þ Ri Gr Re DT ðKÞ Vlid ðm=sÞ
0 0.1 100 31.622 13.79 0.0221

0 1 100 10 13.79 0.007

0 10 100 3.16 13.79 0.00221

1 0.1 100 31.622 15.915 0.0233

1 1 100 10 15.915 0.00337

1 10 100 3.16 15.915 0.00233

2 0.1 100 31.622 18.797 0.0249

2 1 100 10 18.797 0.00786

2 10 100 3.16 18.797 0.00249

3 0.1 100 31.622 22.725 0.0268

3 1 100 10 22.725 0.00849

3 10 100 3.16 22.725 0.00268
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Fig. 2 Validation diagram.
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fdrag ¼
1þ 0:15Re0:687p Rep 6 1000

0:15RepRep > 1000

(
ð12Þ

a! in Equation (11) is defined as follows [45],

a!¼ g!� V
!

m:r!
� �

V
!

m ð13Þ

The relationships used to calculate the effective properties

of nanofluid are as follows:
Effective density:

qeff ¼ 1� /ð Þqf þ /qp ð14Þ
Effective thermal expansion coefficient [46]

beff ¼
1

1þ 1�/ð Þqf
/qp

bp

bf

þ 1

1þ /
1�/ð Þ

qp
qf

2
4

3
5:bf ð15Þ

Effective viscosity [47],

leff ¼
lf

1� /ð Þ0:25 ð16Þ

Effective thermal conductivity [46],

keff
kf

¼ kp þ 2kf � 2/ kf � kp
� �

kp þ 2kf þ / kf � kp
� � ð17Þ

The properties calculated for the nanofluid are also given in
Table 2.

The local Nusselt number along the hot wall can be

obtained by the following formula:

Nuloc ¼
@T
@n
L

Th � Tc

ð18Þ

The average Nusselt number along the cavity is calculated

as follows:

Nuave ¼ 1

L�
Z L�

0

NulocðdL�Þ ð20Þ

Richardson, Grashof, and Reynolds numbers for nanoflu-
ids are defined as follows:

Ri ¼ Gr

Re2
; Gr ¼ q2

effgbeffDTL
3

l2
eff

; Re ¼ qeffVlidL

leff

ð21Þ

The dimensionless length of the thermal barrier, aspect
ratio, and other dimensionless numbers of the problem are also

given below,

L1 þ L2 þ L3 ¼ L� ð22Þ

Lenght

L� ¼ L � �

AR ¼ l=L
Table 2 Thermophysical properties of base fluid (water) and

nanoparticles (alumina) [61].

q ðkg
m3Þ Cp ð J

kgKÞ k ðWmKÞ l ðkgmsÞ
water 993 4178 0.628 0.000695

Al2O3 3880 733 36 –
DT ¼ Th � Tc

Y� ¼ y

L

X� ¼ x

L

2.3. Methods and boundary conditions

In this research, for simulation, the steady two-dimensional
method was studied with double-precision. The solver type

in this study is pressure-based, which has been used to link
the velocity and pressure. Also, for discrete equations, the
second-order UPWIND method is used. A convergence crite-

rion in this paper for all residues is 10-6 for all equations
[32–34]. The boundary conditions used in this study are:

� The constant temperature on thermal barrier walls
� A constant temperature of 300 K on the lid
� Fixed velocity corresponding to Richardson number for the
lid
Fig. 3 The Nu ave versus the number of computational grids in

Ri = 0.1, / ¼ 3%, and AR = 0.2 for case.



Fig. 4 An example of the computational grid used in this study.
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� Other walls are considered adiabatic.
� The gravitational acceleration is equal to 9.81 m /s2, and the
working pressure is equal to 1 atm.

� Properties are independent of temperature and are only a

function of /.
� The Boussinesq approximation has been used to investigate
the effect of temperature on fluid density difference.

coldwallVm ¼ Vm;x;T ¼ Tc ð23Þ

hotwallVm;x ¼ Vm;y ¼ 0;T ¼ Th

otherwallsVm;x ¼ Vm;y ¼ 0;
@T

@x
¼ @T

@y
¼ 0
2.4. Validation, grid computing, and grid independency

To ensure the accuracy of the results of the present study sim-
ulation, the method used in this study is compared with Alinia
et al. [48]. They investigated the mixed convection of a nano-

fluid in a square cavity in the Richardson number range is 0.
01 < Ri < 100 using a two-phase mixture method. Because
the range of Richardson numbers in the present study is 0.1
< Ri < 10, the results were compared in Ri = 0.1, 1, and

10. As can be seen in Fig. 2, the results are well overlapped.
The difference in results in most cases is<1.5%. Given that
the error below 3% is generally acceptable for comparison

with numerical tasks, these results are quite acceptable.
This study uses a uniformly structured computational grid.

Also, to grid independency, the Nuave in Ri = 0.1, / ¼ 3%,

and the case a in AR = 0.2 have been investigated. Therefore,
to investigate and compare this parameter, the results of five
computational grids have been compared and shown in

Fig. 3. Fig. 3 shows the graph of the Nuave versus the number
of computational grids in Ri = 0.1, / ¼ 3 %, and AR = 0.2
for case a. As can be seen from step 3, Nuave changes from very
small to very small, so that the error rate drops below 3 %. As

a result, 250,000 cells will be used in the research, and the
computational grid will be optimal. An example of the compu-
tational grid used in this study is also shown in Fig. 4.

3. Results and discussion

3.1. Effect of Richardson number on hydrodynamic and thermal

parameters

3.1.1. The local Nusselt number

Fig. 5 shows a diagram of Nuloc versus dimensionless length in

Ri = 0.1, 1 and 10, AR = 0.2, 0.3 and 0.4, and cases a, b, and
c in / ¼ 1 %. The Nuloc is calculated on the thermal barrier.
Since the three sides of the thermal barrier are related to the
fluid, it can be seen that in all diagrams, the Nuloc graph is

divided into three sections with three different behaviors. Each
section corresponds to one side of the barrier. Based on the fig-
ures, it can be seen that in all cases, as the Richardson number

increases, the overall level of the Nuloc decreases, so that the
highest Nusselt number is related to the Ri = 0.1 and the low-
est is related to Ri = 10. The reason for this can be better

understood by considering the Richardson number formula.
As Richardson number increases, the velocity of the lid
decreases, and as a result, the intensity of the secondary flow

created also decreases. In other words, with the increase in
Richardson number, the rate of forced convection decreases,
and the share of natural convection increases.

3.1.2. Average Nusselt number

Fig. 6 shows the Nuave versus Richardson number in
AR= 0.2, 0.3 and 0.4, / ¼ 0, 1, 2 and 3%, the geometric cases
a, b and c, and Ri = 0.1, 1 and 10. As can be seen, the relation-

ship between the Nuave and the Richardson number is reversed,
so that with the increase in Richardson numbers, the Nuave
decreases. The reason is the decrease in the share of heat trans-

fer of forced convection and the dominance of free convection
over forced convection. For case a, and AR = 0.2, the rate of
decrease in the Nuave in Ri = 1 and 10 compared to the

Ri = 0.1 in / ¼ 0% is 36.34 and 79.98%, respectively. The
rate of these reductions in / ¼ 1% was 34.12% and 80.47%,
respectively; in / ¼ 2% equal to 33.85 and 80.93% and in



Fig. 5 Nu loc versus dimensionless length.
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/ ¼ 3% equal to 33. 38 and 81.19 %. It can also be seen that
the highest Nuave is related to Ri = 0.1 and / ¼ 3%, which is
equal to 4.87 and the lowest Nuave is related to Ri = 10, which

is equal to 2.58. For case a and AR= 0.3, the rates of decrease
in the Nuave in Ri = 1 and 10 compared to Ri = 0.1 in / ¼ 0%
are 22.3 and 50.27%, respectively. The values of these reduc-

tions in / ¼ 1% are equal to 22.06 and 50.52%, in / ¼ 2%
are equal to 21.69 and 50.66% and in / ¼ 3% are equal to
21.34 and 50.87%. It can also be seen that the highest Nuave
is related to Ri = 0.1, and / ¼ 3%, which is equal to 3.18,
and the lowest Nuave is related to Ri = 10, and / ¼ 0% which
is equal to 2.05. For geometric case a and AR = 0.4, the rates
of decrease in the Nuave in Ri = 1 and 10 compared to the

Ri = 0.1 in / ¼ 0% are 10.5 and 22.33%, respectively.
Decrease in these values in / ¼ 1% equal to 10.37 and
22.46%, in / ¼ 2% equal to 10.19 and 22.56% and in / ¼
3% equal to 9.94 and 22.62%. It can also be seen that the high-
est Nuave is related to Ri = 0.1 and / ¼ 3% which is equal to
1.45 and the lowest Nuave is related to the Ri = 10 number and

/ ¼ 0% which is equal to 1.17. For the geometric case b and
the AR = 0.2, the rates of decrease in the Nuave in Ri = 1
and 10 compared to the Ri = 0.1 in / ¼ 0% are equal to

3.87 and 70.96%, respectively. The values of these reductions
in the / ¼ 1% are equal to 30.66 and 71.32%, in the / ¼
2% are equal to 30.43 and 71.63% and in the / ¼ 3% are
equal to 30.01 and 71.76 %. It can also be seen that the highest

Nuave is related to Ri = 0.1, and / ¼ 3%, which is equal to
4.36, and the lowest Nuave is related to Ri = 10, and / ¼
0%, which is equal to 2.44. For case b and AR = 0.3, the rates

of decrease in the Nuave in Ri = 1 and 10 compared to the
Ri = 0.1 and / ¼ 0% are equal to 22.3% and 50.2%, respec-
tively. The values of these reductions in / ¼ 1% are equal to

22.06% and 50.47%. In / ¼ 2% these reductions are equal
to 21.79% and 50.71% and in / ¼ 3% these reductions are
equal to 21.4% and 50.8%. It can also be seen that the highest

Nuave is related to Ri = 0.1 and / ¼ 3%, which is equal to
3.19, and the lowest Nuave is related to Ri = 10, and / ¼
0% which is equal to 2.06. For case b and AR = 0.4, the
decrease in the Nuave in Ri = 1 and 10 compared to the

Ri = 0.1 in / ¼ 0% is 12.32% and 26.23%, respectively.
The values of these reductions in / ¼ 1% are equal to
12.17% and 26.38%, in / ¼ 2% equal to 11.97% and

26.52% and in / ¼ 3% are equal to 11.69% and 26.61 %. It
can also be seen that the highest Nuave is related to Ri = 0.1
and / ¼ 3%, which is equal to 1.72. The lowest Nuave is related

to Ri = 10, and / ¼ 0% which is equal to 1.34. For case c and
AR= 0.2, the rates of decrease in Nuave in Ri = 1 and 10 com-
pared to the Ri = 0.1 in / ¼ 0% are equal to 19.03% and
30.65%, respectively. The values of these reductions in / ¼
1% are equal to 18.03% and 28.18%, and in / ¼ 2% these
reductions are equal to 18.69% and 29.51% and in / ¼ 3%
these reductions are equal to 19.38% and 31.04%. It can also

be seen that the highest Nuave is related to Ri = 0.1 and / ¼
3%, which is equal to 11.87, and the lowest Nuave is related
to Ri = 10 which is equal to 9.05. For case c and

AR = 0.3, the rates of decrease in the Nuave in Ri = 1 and
10 compared to the Ri = 0.1 in / ¼ 0% are equal to
17.74% and 27.28%, respectively. The values of these reduc-
tions in / ¼ 1% are equal to 18.25 and 28.32%. Average Nus-
selt number in the case c is far higher than the case b and a

because of lid-driven and thermal barrier in close vicinity.
Moreover, in case c, when AR grows, Average Nusselt reduces
more slowly as Ri number intensifies from Ri = 1 to Ri = 10



Fig. 5 (continued)

Fig. 6 Nu ave versus Richardson number at a different.

Fig. 6 (continued)
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than Ri intensifies from Ri = 0.1 to Ri = 0.1. This is because
of thermal barrier position, which is close to the top of the cav-
ity. As the volume fraction increases due to the increased ther-

mal conductivity of the nanofluid, the heat transfer increases in
all cases.

3.1.3. Temperature and velocity contours

Fig. 7 shows the temperature distribution contour in case a
and AR = 2.0, / ¼ 0%, and Ri = 0.1, 1, and 10. As can be
seen, the density of the isotherm lines near the thermal barrier

is higher in lower Richardson numbers. The higher density of
the isotherm lines near the thermal barrier indicates a higher
temperature gradient. A higher temperature gradient is also

one of the signs of a higher heat transfer rate, which can be



Fig. 6 (continued) Fig. 6 (continued)
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seen in the lower Richardson numbers. It can also be seen that

as the Richardson number increases, the isotherm lines become
more uniform (horizontally). The reason for this can be
described by the fact that with the increase in the Richardson

number, the share of heat transfer of forced convection
decreases, and the share of heat transfer of free convection
increases.

Figs. 8 and 9, respectively, show the velocity distribution
contour and velocity vector in geometric case a, AR = 0.4,
/ ¼ 0%, and Ri = 0.1, 1, and 10. As can be seen, the line den-

sity in the velocity contour is inversely related to Richardson
number so that as Richardson number increases, the line den-
sity decreases. The main density of lines in all cases is near the
moving lid. As Richardson number increases, the velocity of

the moving lid decreases, so the density of the lines, which also
indicates the velocity gradient, also decreases. Also, according
to Fig. 9, which shows the velocity vector, it can be seen that as

the Richardson number increases, the order of magnitude of
the velocity vectors decreases at all points. Also, the velocity
vectors near the moving lid are more significant than other

points.
Figs. 10 and 11 show the streamlines and vorticity contours

for case a, in / ¼ 0%, AR= 0.2, and Ri = 0.1, 1, and 10. Due
to the streamlines, it can be seen that the density of the stream-
lines on the sides of the cavity is higher than the center of the

cavity, which indicates more velocity in the parts where the
density of the streamlines is higher. The highest density of
streamlines is also near the driving lid.

3.1.4. Velocity profile

Fig. 12 shows the velocity profile in the y-direction in the cen-
ter of the cavity in geometric cases a, b, and c, Ri = 0.1, 1, and

10, / ¼ 1%, and AR = 0.2, 0.3, and 0.4. As can be seen, the
velocity profile behavior in all cases has a prominent feature,
so that by moving from the highest amount of Y* to its lowest

level, first the velocity is in its maximum state and then rapidly
decreases to 0. This behavior occurs in the range of 0.75 < Y*
<1. Then, as the amount of Y* decreases, the value of the

velocity increases again, but in the negative direction, and by
reaching another maximum value, it decreases again and tends
to zero, which is the same point Y*=0. Therefore, it can be
concluded that the behavior of the velocity profile is divided

into two main parts (in AR = 0.2). The first part is approxi-
mately 0 < Y*<0.75, and the second part is approximately
0.75 < Y*<1. The reason for this can be attributed to fluid

circulation in the first part. In the second part, the movement
of the moving lid has affected the fluid layers around it.



Fig. 6 (continued)

Fig. 7 Isotherm contours in case a and / ¼ 0%, AR = 0.2.
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Another point that can be mentioned is the slope of the veloc-
ity profile chart; so that, with the increase of Richardson num-

ber, the velocity profile becomes flatter, which can be
attributed to the decrease in lid’s velocity, which also leads
to a reduction in circulation. Therefore, with the increase in

the Richardson number, the amount of velocity in both areas
decreases.

3.2. Investigating the effect of aspect ratio

3.2.1. Check the velocity and temperature contours

Fig. 13 shows the velocity contour in case a, Ri = 0.1, / ¼
0%, and AR = 0.2, 0.3, and 0.4. As can be seen, by increasing
the aspect ratio, the density of the streamlines distances from
the thermal barrier. In other words, in smaller aspect ratios,

the line’s density is also higher near the thermal barrier, and
this density decreases with increasing aspect ratio. Since one
of the factors in increasing heat transfer is the increase in

velocity gradient on the thermal barrier walls and by consider-
ing that the higher density of velocity lines indicates a higher
velocity gradient, so we can see the reduction of velocity gradi-

ent on the thermal by an increase in the aspect ratio.
Figs. 14 and 15, respectively, show the stream and vorticity

lines for case a in / ¼ 0%, Ri = 0.1 and AR = 0.2, 0.3 and
0.4, respectively. As can be seen, unlike Richardson number’s
changes, which had little effect on the stream line’s behavior,
the changes in the aspect ratio had a significant effect on the

streamlines; so that, as the aspect ratio increased, the circulat-
ing area became smaller and eventually at AR = 0.4, another
circulating area is created in the lower space of the cavity,
which has a very low velocity. Also, by increasing the aspect



Fig. 8 Cantour of velocity distribution in case a and / ¼ 0%,

AR = 0.2.

Fig. 9 Velocity vectors in case a and / ¼ 0%, AR = 0.2 and

different Richardson numbers.
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Fig. 10 Contour of streamlines in case a and / ¼ 0%,

AR = 0.2.

Fig. 11 Vorticity contour for case a and / ¼ 0%, AR = 2.0.
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Fig. 12 Velocity profile along the y-axis in x = L /2 for / ¼ 1%.

Fig. 12 (continued)
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ratio, the circulation area is directed towards the upper wall of
the cavity and also stretches along the x-axis.

Fig. 16 shows the contour of the isotherm lines in case a,
/ ¼ 0%, Ri = 0.1 and AR= 0.2, 0.3, and 0.4. As can be seen,
as the aspect ratio increases, the density of the isotherm lines

decreases near the thermal barrier, indicating a decrease in
temperature gradient and a decrease in heat transfer. The rea-
son for this can be described as the fact that by increasing the

aspect ratio, does not only the circulation in the vicinity of the
thermal barrier decrease, but also the fluid range around the
thermal barrier decreases. This reduction causes the surround-
ing fluid to lose its heat-cooling potential.

3.2.2. Local Nusselt number

Fig. 17 shows a diagram of the local Nusselt number in terms
of dimensionless length L** for geometric cases a, b and c,

AR = 0.2, 0.3, and 0.4, in / ¼ 1% and Ri = 0. 1. As can
be seen, in geometric cases a and b, as the aspect ratio

increases, the overall level of the local Nusselt number chart
on all sides of the thermal barrier decreases, but this is not
the case in case c, and the Nusselt number increases in some

areas with increasing aspect ratio and reduced in others. As
explained, the reason for this is related to the distance of the
thermal barrier to the lid as well as the more limited circulation

area.
Fig. 18 shows the Nuave versus AR in Ri = 0.1, 1, and 10,

/ ¼ 0, 1, 2, and 3 %, for the geometric case a. As can be seen,
in case a, increasing the aspect ratio in all Richardson numbers

and / leads to a decrease in the Nuave. In all cases, the highest
Nuave is related to the lowest Richardson number and the low-
est aspect ratio, and the highest Nu ave is related to the highest

Richardson number and the highest aspect ratio. In / ¼ 0%,
the values of the Nu ave in Ri = 0.1 and in AR = 0.2, 0.3,



Fig. 12 (continued)

Fig. 12 (continued)
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and 0.4, respectively, equal to 4.64, 3.08 and 1.43. These values

for Ri = 1 are equal to 3.45, 2.52, and 1.29 and in Ri = 10 are
equal to 2.58, 2.05, and 1.17. The rate of decrease in the Nu ave

in AR = 0.3 and AR = 0.4 compared to the AR = 0.2 in

Ri = 0.1 is equal to 50.33 and 224.25 %, respectively. The val-
ues of these reductions in Ri = 1 are equal to 36.84 and 166.68
%, and in Ri = 10 are equal to 25.51 and 120.41 %. In / ¼
1%, the values of the Nu ave in the Ri = 0.1 in AR 0.2, 0.3

and 0.4, respectively, equal to 4.7, 3.11, and 1.43. The values
of these reductions in Ri = 1 are equal to 3.5, 2.55, and 1.3
%, and in Ri = 10 are equal to 2.6, 2.06, and 1.17 %. The rate

of decrease in the Nu ave in AR = 0.3 and 0.4 compared to
AR = 0.2 in Ri = 0.1 is equal to 51.06 and 227.21%, respec-
tively. The values of these reductions in Ri = 1 are equal to

37.48 and 169.28%, and in Ri = 10 are equal to 25.99 and



Fig. 13 Velocity contours in case a, Ri = 0.1, / ¼ 0%.

Fig. 14 Streamline contours in case a, Ri = 0.1, / ¼ 0%.
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122.04%. In / ¼ 2%, the values of the Nu ave in Ri = 0.1 in
AR = 0.2, 0.3 and 0.4, respectively, equal to 4.78, 3.14 and

1.44. The values of these reductions in Ri = 1 are equal to
3.57, 2.58 and 1.31 and in Ri = 10 are equal to 2.64, 2.09
and 1.17. The rate of decrease in the Nu ave in AR = 0.3 and

0.4 compared to the AR = 0.2 in Ri = 0.1 is equal to 51.88



Fig. 15 Vorticity contour in case a, Ri = 0.1, / ¼ 0%.

Fig. 16 Contour of isotherm lines in case a, Ri = 0.1, / ¼ 0%.
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and 231.1%, respectively. These values in Ri = 1 are equal to
38.08 and 172.56 and in Ri = 10 are equal to 26.47 and 124.28

%. In / ¼ 3%, the values of Nu ave in Ri = 0.1 and AR = 0.2,
0.3, and 0.4, respectively, equal to 4.87, 3.18 and 1.45, respec-
tively. The values of these reductions in Ri = 1 are equal to

3.65, 2.62, and 1.32 and in Ri = 10 are equal to 2.68, 2.1,
and 1.18. The rate of decrease in the Nu ave in AR = 0.3 and
0.4 compared to the AR = 0.2 in Ri = 0.1 is equal to 53.07
and 235.46%, respectively. These values in Ri = 1 are equal
to 39.24 and 176.5 and in Ri = 10 are 27.45 and 127.02%.

Fig. 19 shows the Nu ave versus aspect ratio in Ri = 0.1, 1
and 10, for the geometric case b in / ¼ 0, 1, 2 and 3%. In
/ ¼ 0%, the amount of Nu ave in Ri = 0.1 and AR = 0.2,

0.3 and 0.4, respectively, equal to 4.17, 3.09 and 1.69. These



Fig. 17 The local Nusselt number versus dimensionless length in

Ri = 0.1 and / ¼ 1%.
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values in Ri = 1 are 3.19, 2.53 and 1.51 and in Ri = 10 are
2.44, 2.06, and 1.34. The rate of decrease in the Nu ave in
AR = 0.3 and 0.4 compared to AR = 0.2 in Ri = 0.1 is equal

to 25.8 and 59.29%, respectively. These values in Ri = 1 are
equal to 20.6 and 52.57 and in Ri = 10 are equal to 15.55
and 44.87%. In / ¼ 1%, the amount of Nu ave in Ri = 0.1

and AR = 0.2, 0.3 and 0.4 is equal to 4.22, 3.12 and 1.7,
respectively. These values in Ri = 1 are equal to 3.23, 2.55
and 1.52 in Ri = 10 are equal to 2.46, 2.07 and 1.35. The rate

of decrease in Nu ave in AR = 0.3 and 0.4 compared to
AR = 0.2 in Ri = 0.1 is 26.09 and 59.6%, respectively. These
values in Ri = 1 are equal to 20.89 and 52.94 and in Ri = 10
are equal to 15.85 and 45.24%. In / ¼ 2%, the amount of

Nu ave in Ri = 0.1 in AR = 0.2, 0.3 and 0.4 is equal to 4.29,
3.15 and 1.71, respectively. These values in Ri = 1 are equal
to 3.29, 2.59 and 1.53 and in Ri = 10 are equal to 2.5, 0.2,

and 1.35. The rate of decrease in Nu ave in AR = 0.3 and 0.4
compared to AR = 0.2 in Ri = 0.1 is equal to 26.46 and
60%, respectively. These values in Ri = 1 are equal to 21.25

and 53.41 and in Ri = 10 are equal to 16.26 and 45.74%. In
/ ¼ 3%, the amount of Nu ave in Ri = 0.1 and A = 0.2, 0.3
and 0.4 is equal to 4.36, 3.19 and 1.72, respectively. These val-

ues in Ri = 1 are equal to 3.35, 2.63 and 1.54 and in Ri = 10
are equal to 2.54, 2.11 and 1.36. The rate of decrease in the
Nusselt number in AR = 0.3 and 0.4 compared to the
AR = 0.2 in Ri = 0.1 is equal to 26.88 and 60.45%, respec-

tively. These values in Ri = 1 are equal to 21.68 and 53.96
and in Ri = 10 are equal to 16.75 and 46.35 %

Fig. 20 shows the Nu ave versus AR in Ri = 0.1, 1, and 10,

for case c in / ¼ 0, 1, 2, and 3 %. In / ¼ 0%, the amount of
Nu ave in Ri = 0.1, in AR = 0.2, 0.3 and 0.4 is equal to 11.83,
11.41, and 11.35, respectively. These values in Ri = 1 are equal

to 9.94, 9.69 and 9.61, and in Ri = 10 are equal to 9.05, 8.96
and 8.91. The rate of decrease in the Nu ave in AR = 0.3 and
0.4 compared to AR = 0.2 in Ri = 0.1 is equal to 3.57%

and 4.04%, respectively. These values in Ri = 1 are equal to
2.51 and 3.28 and in Ri = 10 are equal to 1.02 and 1.55%.
In / ¼ 1%, the amount of Nu ave in Ri = 0.1 and
AR = 0.2, 0.3 and 0.4 is equal to 11.54, 11.52 and 11.47,

respectively. These values in Ri = 1 are equal to 9.78, 9.74
and 9.66 and in Ri = 10 are 9, 8.98 and 8.93. The rate of
decrease in the Nu ave in AR = 0.3 and 0.4 compared to

AR = 0.2 is 0.17% and 0.65%, respectively. These values in
Ri = 1 are equal to 0.36 and 1.15% and in Ri = 10 are equal
to 0.28% and 0.84 %. In / ¼ 2%, the rate of local Nusselt

number in Ri = 0.1 in AR = 0.2, 0.3, and 0.4 is equal to
11.69, 11.67, and 11.62, respectively. These values in Ri = 1
are equal to 9.85, 9.81 and 9.74 and in Ri = 10 are equal to
9.03, 9 and 8.95. The rate of decrease in the Nu ave in the

AR = 0.3 and 0.4 compared to AR = 0.2 and Ri = 0.1 is
equal to 0.17, 0.62%, respectively. These values in Ri = 1
are equal to 0.36 and 1.14% and in Ri = 10 are 0.3 and 0.8

%. In / ¼ 3%, the amount of Nu ave in Ri = 0.1 and
AR = 0.2, 0.3 and 0.4, respectively, equal to 111.87, 11.85



Fig. 18 Nu ave versus AR in case a.
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and 11.8. These values in Ri = 1 are equal to 9.94, 9.9 and
9.83, and in Ri = 10 are equal to 9.05, 9.03 and 8.97. The rate
of decrease in the Nu ave in AR = 0.3 and 0.4 compared to

AR = 0.2 and Ri = 0.16 and 0.6%, respectively. These values
in Ri = 1 are equal to 0.35 and 1.13 and in Ri = 10 are 0.31
and 0.9 %.

4. Conclusion

In this study, the numerical simulation of mixed convection of

water-aluminum oxide nanofluid in a T-shaped lid-driven cav-
ity was investigated in the presence of a thermal barrier located
in different positions of the cavity using the two-phase mixture
method. This study included Ri = 0.1, 1 and 10, / ¼ 0, 1, 2

and 3 %, AR = AR = 0.2, 0.3 and 0.4. Also, three different
positions for the thermal barrier were checked.
� Increasing the Richardson number reduces the heat transfer
rate due to the reduction of secondary flows through the

moving lid.
� Increasing the / increases in heat transfer.
� Increasing the aspect ratio of the cavity reduces the heat

transfer.
� The reduction in heat transfer rate is greater due to the
increase in the aspect ratio of the abacus in cases a and b

than in case c because the circulation caused by the sec-
ondary flow created by the lid in the vicinity of the thermal
barrier is more limited.

� Case c has a higher heat transfer than in cases a and b,
which can be attributed to the fact that it is adjacent to
the driving lid.



Fig. 19 Nu ave versus AR in case b.

Fig. 19 (continued)
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Fig. 19 (continued)

Fig. 19 (continued)
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Fig. 20 Nu ave versus AR in case c in different Richardson

numbers.

Fig. 20 (continued)
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