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A B S T R A C T

The present study is to focus on the numerical investigation of the transportation, deposition and removal of
solid particles in the range of 5 μm to 0.01 μm for mixed convection flow in the vented square cavity by
utilizing the Eulerian–Lagrangian method with one-way coupling. The change in the deposition and removal
mechanisms affected by the forces acting on the particles is addressed for mixed convection of ventilation
airflow. In the analysis of entropy generation, the irreversibilities due to the presence of solid particles are
studied with a new approach for both dominant natural and forced convection. The governing equations
for fluid phase and the Lagrangian particle tracking are scrutinized by employing the finite volume method
with SIMPLE algorithm and explicitly integrating the set of ordinary differential equations, respectively. The
examination of the thermal and flow fields is carried out in the cases of various Reynolds numbers and
Richardson numbers. The minimum and maximum values of the average Nusselt number are determined with
related operating parameters. By using the results of thermal behaviors and flow structures obtained at steady-
state condition, the particle velocity, temperature and location are presented for the combined natural and
forced convection. By investigating the particles deposited on the walls and ones removed from the exit section
for different Reynolds numbers and Richardson numbers, it is demonstrated that the sum rate of deposition and
removal is low at 1 ≤ 𝑅𝑖 ≤ 10 and high Reynolds number for 1 μm and 0.1 μm particles. For given Reynolds
number, increasing the buoyancy effect results in substantial changes in the thermal field and flow pattern,
therefore the particles remaining suspended show different behaviors when the effect of natural convection
alters from weak to dominant. It is observed that the Brownian and thermophoretic forces play an important
role in the small particle deposition and removal. As a result of entropy generation analysis, the minimum
total entropy generation is determined at 𝑅𝑖 = 5 for given Reynolds number except for 𝑅𝑒 = 50. Moreover,
it is proposed to investigate the irreversibilities due to the heat transfer between the particles and the fluid
surrounding them and the frictional total force acting on the suspended particles.
1. Introduction

The particle behavior has received the significant attention because
there is a wide range of engineering and environmental applications
including indoor environment, chemical reactor, energy system [1,2],
ventilation system, medical field [3,4], porous media [5] and so on. It
is essential to comprehend the effects of particle behaviors consisting of
deposition, removal, dispersion, agglomeration, and sedimentation on
these applications [6]. It is vital to diminish the infection risks in indoor
spaces, such as hospitals and schools [7,8]. In addition, the transmis-
sion of contaminants and diseases in an aircraft cabin can be reduced
by an effective ventilation system [9,10]. For this purpose, one of the
primary measures is appropriate ventilation design, resulting in the
removal of more particles from indoor environments [11]. Due to the
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crucial effects of mixed convection heat transfer based on the inertial
and buoyancy forces in the vented cavity, it has an important role in
many industrial applications, such as air conditioning, thermal energy
storage systems, solar energy collectors, electronic cooling, thermal in-
sulation systems and heat exchangers [12,13]. The examination of heat
transfer enhancement can be analyzed by considering the external and
buoyancy-driven flows under the various thermal boundary conditions
and geometric configurations.

In the literature, there are many studies which present the results
of mixed convection in the ventilated enclosure. Sourtiji et al. [14]
investigated the mixed convection in a vented square cavity with the
pulsating incoming flow. The findings displayed the optimal Strouhal
number related to the enhancement of heat transfer and pressure drop.
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List of Symbols

𝑎 Height of inlet section (m)
𝐴 Dimensionless height of inlet section, Eq.

(7)
𝐴𝑝 Particle surface area (m2), Eq. (19)
𝑐𝑝 Specific heat capacity (Jkg−1K−1)
𝐶 Cunningham slip correction factor, Eq. (11)
𝐶𝑇 Thermophoretic coefficient, Eq. (15)
𝑑𝑝 Particle diameter (m)
𝑓 Stokes–Cunningham drag coefficient, Eq.

(11)
𝐹𝐵 Brownian force (N), Eq. (13)
𝐹𝐷 Drag force (N), Eq. (10)
𝐹𝐺 Gravity force (N), Eq. (12)
𝐹𝐿 Saffman’s lift force (N), Eq. (17)
𝐹𝑇 Thermophoresis force (N), Eq. (14)
𝐹𝑡𝑜𝑡 Total force acting on a particle (N), Eq. (24)
𝑔 Gravitational acceleration (ms−2)
𝐺 Independent Gaussian random number
𝐺𝑟 Grashof number, Eq. (7)
ℎ Heat transfer coefficient (Wm−2K−1)
𝑘 Thermal conductivity (Wm−1K−1)
𝐾𝑛 Knudsen number, Eq. (16)
𝐿 Side length (m), Eq. (21)
𝑚𝑝 Particle mass (kg)
𝑛𝑝 Number of suspended particles
𝑁𝑔𝑒𝑛 Total entropy generation, Eq. (26)
𝑁𝑢 Local Nusselt number, Eq. (5)
𝑁𝑢𝑝 Particle Nusselt number, Eq. (19)
𝑁𝑢 Average Nusselt number, Eq. (5)
𝑝 Pressure (Nm−2)
𝑃 Dimensionless pressure
𝑃𝑟 Prandtl number, Eq. (7)
𝑅𝑒 Reynolds number, Eq. (7)
𝑅𝑒𝑝 Particle Reynolds number, Eq. (19)
𝑅𝑖 Richardson number, Eq. (7)
𝑆̇′′′ Entropy generation rate per unit volume

(WK−1m−3), Eq. (23)
𝑆𝑔𝑒𝑛 Local entropy generation, Eq. (25)
𝑡 Time (s)
𝑇 Temperature (K)
(𝑇𝑓𝑝)𝑎𝑣𝑒 Ratio of the sum of the absolute tempera-

ture differences to the number of suspended
particles (K), Eq. (20)

𝑢, 𝑣 Velocity components along 𝑥 and 𝑦 axes,
respectively (ms−1)

𝑢𝑖𝑛 Inlet velocity (ms−1), Eq. (21)
𝑈, 𝑉 Dimensionless velocity components in 𝑋

and 𝑌 direction
𝑉𝑟 Relative velocity (ms−1)
𝑥, 𝑦 Cartesian Coordinates (m)
𝑋, 𝑌 Dimensionless Coordinates
𝑉– Volume (m3)

Chamkha et al. [15] numerically studied the convective heat transfer
in an air-filled square cavity involving a square cylinder. They showed
the significant role of the inner square cylinder in the flow structure
and thermal field. Selimefendigil and Öztop [16] conducted a study
2

Greek Symbols

𝛼 Thermal diffusivity (m2s−1)
𝛽 Thermal expansion coefficient (K−1)
𝛩 Dimensionless temperature, Eq. (7)
𝜅 Boltzmann constant (JK−1)
𝜆 Mean free path (m)
𝜇 Dynamic viscosity (kgm−1s−1)
𝜈 Kinematic viscosity (m2s−1)
𝜌 Density (kgm−3)
𝜏 Dimensionless time, Eq. (7)
𝜒 Irreversibility distribution ratio, Eq. (7)
𝛹 Non-dimensional stream function, Eq. (7)
𝜓 Stream function (m2s−1)

Subscripts

𝑐 Cold
𝑓 Fluid
ℎ Hot
𝑖 Direction indicators
𝑖𝑛 Inlet
𝑝 Particle

of mixed convection of pulsating flow in a ventilated enclosure with
multiple ports, considering the effects of Reynolds number, Grashof
number and Strouhal number on the heat transfer process. It was
observed that the Grashof number plays a critical role in the heat
transfer enhancement for higher Strouhal numbers. Gupta et al. [17]
numerically solved the problem of mixed convective heat transfer in
a ventilating cavity with a circular cylinder. Their outcomes reported
that the cylinder size affects the temperature distributions and flow
characteristics. The study on mixed convection by Biswas et al. [18]
was carried out in the grooved channel with injection. The results
elucidated that the use of injection improves the heat transfer rate.
Yang and Wu [19] conducted the problem of conjugate mixed convec-
tion flow in the entrance region of a vertical channel by evaluating
the assisted buoyancy for thermal and flow characteristics. They in-
vestigated the impacts of the wall thermal conduction on the thermal
field and flow structure and the critical buoyancy parameter for some
operating parameters. Nosonov and Sheremet [20] introduced the re-
sults of conjugate mixed convection in a channel with a cavity in the
presence of a local heater. The investigation of mixed convection in a
vented cavity with ports was done by Ismael and Jasim [21], by taking
into account the fluid–structure interaction. It was observed that the
presence of a flexible elastic fin located at the bottom wall improves
the heat transfer mechanism. The problem of mixed convection in a
channel with two facing cavities was addressed by García et al. [22]
to demonstrate the influences of important parameters such as cavity
aspect ratio and inclination angle. The results showed the importance
of the cavity aspect ratio related to the behaviors of the system. In
the study by Nasseri et al. [23], the mixed convection in a square
cavity with a ventilation jet generated by a fan was scrutinized by
performing the lattice Boltzmann method. The findings presented the
convenient fan location, Reynolds number and Rayleigh number in
terms of heat transfer enhancement. Younsi et al. [24] surveyed the
effects of outlet location on thermal comfort and indoor air quality
for convective heat transfer in the vented cavity containing an air–
CO2 mixture. They determined the proper ventilated configuration to
enable better ventilation efficiency and indoor air quality. Ezzaraa
et al. [25] scrutinized the thermal radiation and mixed convection in a
ventilating enclosure with multiple ports. The obtained results clarified

that enhancing the convective heat transfer is strongly dependent on
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the emissivity of the walls, Reynolds number and the location of the
exit port. The experimental study on mixed convective heat transfer
with surface radiation was performed by Rajamohan et al. [26]. They
indicated the influences of Reynolds number and surface emissivity on
the heat transfer mechanism. Dhahad et al. [27] probed the problem
of mixed convective heat transfer in a vented square cavity with cold
incoming airflow in terms of the effective cooling performance. They
determined the convenient port size and location to achieve a better
efficient cooling system for the given Richardson number and Reynolds
number. The review paper by Lukose and Basak [28] evaluated the
numerical and experimental studies on mixed convection in terms of
the different thermal and kinematic boundary conditions for various
models. A numerical investigation was carried out by Velkennedy
et al. [29] to assess the mixed convection in terms of thermal behavior
and flow structure considering the effects of cold portions involved in
the vented cavity. They proposed a correlation equation between the
mean Nusselt number and Rayleigh number. Recent work by Prakash
and Singh [30] numerically and experimentally analyzed the problem
of mixed convection with surface radiation in a vented enclosure. The
impacts of Richardson number, Reynolds number, aspect ratio, and
emissivity on cooling performance were presented. Mebarek-Oudina
et al. [31] focused on the convective heat transfer in a channel in-
volving an open trapezoidal cavity to investigate the thermal and
flow behaviors, taking into consideration the lid-driven walls and the
discrete heat sources. The authors revealed that an increase in Reynolds
number and Richardson number causes the average Nusselt number to
rise.

Several published papers related to particle motion are available in
the literature, using one-way coupled Eulerian–Lagrangian approach.
Akbar et al. [32] worked on the particle migration in natural con-
vection. The results presented the importance of thermophoretic and
Brownian forces in small particles. Bagheri et al. [33] dealt with the
particle deposition and transport in the square cavity. It was found that
the change in Rayleigh number distinctly affects the flow characteris-
tics and particle behavior. Ding et al. [34] numerically simulated the
deposition and distribution of solid particles in a ventilating cavity by
using the Lagrangian particle tracking and the lattice Boltzmann meth-
ods. Golkarfard et al. [35] reported numerical results of the particle
deposition in mixed convection. The results introduced the decrease
in deposition rate with a rising Richardson number. Golkarfard and
Talebizadeh [36] presented the numerical simulation of particle depo-
sition and dispersion in the cases of radiator and floor heating systems.
The findings indicated that the floor heating system further increases
the deposition of particles compared to the radiator heating one. The
numerical investigation of Garoosi et al. [37] on particle transport
and deposition was considered for natural convection in an enclosure
with heaters and coolers. By applying one-way coupling method, the
outcomes showed that the effect of thermophoresis force on 1 μm
articles is stronger. The numerical study on particle migration and
eposition in the regular and irregular structure filters was performed
y Ansari et al. [38], using the lattice Boltzmann method for laminar
low. The findings indicated the rate of particle deposition on the
irst block gets the highest value. Inthavong et al. [39] considered the
umerical problem of particle dispersion and deposition in confined
low, using the Euler Implicit scheme. Mahdavi et al. [40] presented
he numerical study on mixed convection of tube flow at different
nclination angles to evaluate the influences of nanoparticles on the
hermal and flow fields. It was demonstrated that the Van der Waals
dhesion force has a very significant effect on particle deposition,
hereas the gravitational effect has a slight role in particle behavior.
in et al. [41] numerically and experimentally analyzed the convective
eat transfer of nanofluid in a tube by employing discrete phase model.
heir results displayed that a decrease in the particle diameter and an

ncrement in particle volume fraction lead to higher particle deposition
ate. The work of Han et al. [42] focused on the ash particle deposition
3

rocess in a three-dimensional rectangular heat transfer channels, and
it was clarified that the particle behavior is significantly affected by the
particle size and flow velocity. Talebizadehsardari et al. [43] used one-
way coupled Eulerian–Lagrangian approach to investigate the small
particle distribution and deposition in an annular pipe, and the authors
proposed a new correlation equation of particle deposition as a function
of the dimensionless diffusion parameter. The nanoparticles motion and
forced convection in a wavy-wall channel were numerically studied by
Alsabery et al. [44]. The findings of this paper found that the average
particle velocity becomes higher with increasing Reynolds number and
number of oscillations. Lu and Quan [45] presented the numerical study
of particle deposition in a three-dimensional ribbed heat exchange
channel for turbulent flow. Jahanbin and Semprini [46] conducted the
problem of indoor particle behavior in the heat recovery ventilation,
considering the effects of ventilation and heat source, and as a result
of this work, it was demonstrated that an increment in the ventilation
rate causes the heating system to have a weaker effect on the particle
decay.

The entropy generation related to the efficiency and thermal per-
formance of the thermodynamics system is an important topic in the
convective processes. An inherent irreversible process observed for all
engineering applications causes some available work of the system
to be destroyed. Therefore, the minimization of entropy generation
due to heat transfer and fluid friction has a significant effect on the
increase in the efficiency of the system and the reduction in the
destroyed work [47]. From this point of view, by employing the second
law of thermodynamics, Entropy Generation Minimization (EGM) has
a crucial role in the thermal design and optimization of the sys-
tems [48]. Narusawa [49] numerically and theoretically investigated
the entropy generation analysis and mixed convection in a rectangular
duct. Chen et al. [50] studied the entropy generation for mixed con-
vective heat transfer in a vertical channel by taking into account the
viscous dissipation, and their results showed that the lower entropy
generation rate and higher Bejan number are observed in the vicinity
of the centerline. The numerical investigation of entropy generation
in a three-dimensional rectangular duct for buoyancy opposed mixed
convection was conducted by Yang and Wu [51]. They introduced
the effects of opposed buoyancy force on entropy generation due to
heat transfer and viscous dissipation. Hussein [52] numerically ana-
lyzed the second law of thermodynamics within mixed convection in
a three-dimensional triangular cavity with moving the vertical wall.
The findings presented the variation of entropy generation in terms of
Richardson number and the direction of the moving wall. For mixed
convective heat transfer in an oblique vented cavity with inlet and out-
let port, the entropy generation analysis was carried out by Gupta and
Nayak [53], and the effects of inclination angle, Richardson number
and Reynolds number on irreversibility in the system were discussed.
Çiçek and Baytaş [54] scrutinized the entropy generation of conjugate
forced convection flow in a semi-cylindrical vented cavity with one
inlet and two outlet ports. In this paper, the total entropy genera-
tion number and average Bejan number were obtained for different
Reynolds numbers under various geometric configurations. The study
of Çiçek and Baytaş [55] reported the results of entropy generation for
conjugate forced convection with porous media in a cylindrical vented
cavity. They presented the minimum total entropy generation number
for various Reynolds numbers and thermal conductivity ratios. Hamzah
et al. [56] numerically solved the problem of entropy generation for
mixed convection in a ventilated cavity involving rotating cylinders.
It was observed that the rotating cylinders strongly affect the entropy
generation. Selimefendigil and Öztop [57] focused on the entropy
generation of mixed convection nanofluid flow in a vented cavity in
the presence of a magnetic field. They revealed that increasing the
Hartmann number causes the total entropy generation to first decrease,
and then increase. The numerical investigation of mixed convection
and entropy generation for hybrid nanofluid flow was performed by
Benzema et al. [58], and the outcomes showed the impacts of Hartmann

number, Reynolds number and nanoparticle volume fraction on Bejan
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Fig. 1. A schematic representation of the vented square cavity.
d

d

Table 1
Thermophysical characteristics of SiO2 and air at 323 K.

𝜌 (kg/m3) k (W/mK) c𝑝 (J/kgK) 𝜇 (mPa s) 𝛽 (K−1)

SiO2 2220.0 1.38 745.0 – –
Air 1.085 0.028 1007.0 0.01964 3.12 × 10−3

number and total entropy generation in a vented trapezoidal enclosure.
The study of entropy generation of mixed convection for nanofluid
flow in a porous annulus with a rotating cylinder by Çiçek et al. [59]
presented the minimum total entropy generation numbers related to
the key parameters.

The main aim of the present work is to study the particle transport
and mixed convection in the ventilating enclosure using the one-way
coupled Eulerian–Lagrangian method. The change in particle behavior
is studied concerning the forces acting on solid particles in various
thermal and flow fields. Numerical analysis of the entropy generation
in combined free and forced convection is performed by taking into
account the irreversibilities owing to the presence of particles. The
thermal fields and flow structures of airflow are analyzed in the cases
of different Reynolds numbers and Richardson numbers in the ranges of
50–500 and 0.1–20, respectively. The variation of the average Nusselt
numbers on the hot wall is presented with the effect of the incoming
fluid flow. The influences of mixed convection on the behaviors of
particles are investigated with regard to heat transfer mechanism and
flow pattern. It is presented that the forces acting on the particles have
a significant role in the particle deposition on the walls and removal
from the outlet port. The variations of suspended particle rates versus
Richardson number are given at the various Reynolds numbers and
particle sizes. For given parameters, the distributions of particle veloc-
ity and temperature are studied, while the local thermal equilibrium
between the particle and the fluid surrounding it is examined in terms
of the particle size. By applying the second law of thermodynamics, the
entropy generation analysis is also performed for the presence of the
suspended particles in the host fluid by considering the irreversibility
due to thermal gradients and fluid friction. The entropy generation due
to heat transfer between particles and fluid and frictional total force
is investigated in detail for different Reynolds numbers, Richardson
numbers and particle diameters.
4

2. Physical and mathematical statement of the problem

The problem of mixed convection and entropy generation in a
square vented enclosure is scrutinized, taking into account the behav-
iors of particles. As depicted in Fig. 1, the left wall has a constant
high temperature 𝑇ℎ (373 K), while the right wall and incoming fluid
with 𝑢𝑖𝑛 velocity have a fixed low temperature 𝑇𝑐 (273 K). The length
of the cavity side and the height of the inlet and outlet sections are
𝐿 and 𝑎 = 0.1𝐿, respectively. Thermophysical characteristics of SiO2
particles and air are demonstrated in Table 1. The one-way coupled
Eulerian–Lagrangian approach is performed to investigate the transport
and deposition of particles, as well as the solid particle removed from
the outlet port. The influences of solid particles on the thermal and flow
behaviors can be neglected since the volume fraction of particles in the
host fluid is very low.

The flow is assumed to be incompressible, Newtonian, laminar, and
two-dimensional with the Boussinesq approximation are considered.
The non-dimensional governing equations for the fluid phase are as
follows:

The non-dimensional continuity equation is:
𝜕𝑈𝑓
𝜕𝑋

+
𝜕𝑉𝑓
𝜕𝑌

= 0 (1)

The non-dimensional momentum balance equation in the 𝑋-
irection is given as:

𝜕𝑈𝑓
𝜕𝜏

+ 𝑈𝑓
𝜕𝑈𝑓
𝜕𝑋

+ 𝑉𝑓
𝜕𝑈𝑓
𝜕𝑌

= − 𝜕𝑃
𝜕𝑋

+ 2𝑎
𝐿

1
𝑅𝑒

[

𝜕2𝑈𝑓
𝜕𝑋2 +

𝜕2𝑈𝑓
𝜕𝑌 2

]

(2)

The non-dimensional momentum balance equation in the 𝑌 -
irection is:

𝜕𝑉𝑓
𝜕𝜏

+𝑈𝑓
𝜕𝑉𝑓
𝜕𝑋

+𝑉𝑓
𝜕𝑉𝑓
𝜕𝑌

= − 𝜕𝑃
𝜕𝑌

+ 2𝑎
𝐿

1
𝑅𝑒

[

𝜕2𝑉𝑓
𝜕𝑋2 +

𝜕2𝑉𝑓
𝜕𝑌 2

]

+
( 2𝑎
𝐿

)2 𝐺𝑟
𝑅𝑒2

𝛩𝑓

(3)

The non-dimensional energy balance equation is as follows:

𝜕𝛩𝑓
𝜕𝜏

+ 𝑈𝑓
𝜕𝛩𝑓
𝜕𝑋

+ 𝑉𝑓
𝜕𝛩𝑓
𝜕𝑌

= 2𝑎
𝐿

1
𝑅𝑒𝑃 𝑟

[

𝜕2𝛩𝑓
𝜕𝑋2 +

𝜕2𝛩𝑓
𝜕𝑌 2

]

(4)

The local and average Nusselt numbers on the vertical hot wall are
defined as:

𝑁𝑢𝑓 = −𝐿 − 𝑎
( 𝜕𝛩𝑓

)

, 𝑁𝑢𝑓 = −
1 ( 𝜕𝛩𝑓

)

𝑑𝑌 (5)

𝐿 𝜕𝑋 𝑤𝑎𝑙𝑙 ∫𝐴 𝜕𝑋 𝑤𝑎𝑙𝑙



International Journal of Thermal Sciences 185 (2023) 108058O. Çiçek and A.C. Baytaş

𝜏

a
a

a
𝑈

a

a

𝑅

𝛥

t
p
s
f
r

w
E
o
g
r
f
a

p

𝐹

𝑓

w

𝐶

𝐾

w
p
b
f
p
p
a

𝑁

The non-dimensional initial and boundary conditions are expressed
as:

𝜏 = 0; 𝑈𝑓 = 𝑉𝑓 = 𝛩𝑓 = 𝑃 = 0 everywhere
> 0;

t inlet section (0 ≤ 𝑌 < 𝐴, 𝑋 = 0); 𝑈𝑓 = 1, 𝑇𝑓 = 𝑉𝑓 = 0, 𝛹 = 𝑌

t outlet section (1 − 𝐴 < 𝑌 ≤ 1, 𝑋 = 1);
𝜕𝑈𝑓
𝜕𝑋

=
𝜕𝑉𝑓
𝜕𝑋

=
𝜕𝛩𝑓
𝜕𝑋

= 𝜕2𝛹
𝜕𝑋2 = 0

t vertical left wall (𝐴 ≤ 𝑌 ≤ 1, 𝑋 = 0); 𝛩𝑓 = 1,

𝑓 = 𝑉𝑓 , 𝛹 = 𝐴 = 0

t vertical right wall (0 ≤ 𝑌 ≤ 1 − 𝐴, 𝑋 = 1); 𝛩𝑓 = 𝑈𝑓 = 𝑉𝑓 = 𝛹 = 0

t top wall (0 ≤ 𝑋 ≤ 1, 𝑌 = 1);
𝜕𝛩𝑓
𝜕𝑌

= 𝑈𝑓 = 𝑉𝑓 = 0, 𝛹 = 𝐴

at bottom wall (0 ≤ 𝑋 ≤ 1, 𝑌 = 0);
𝜕𝛩𝑓
𝜕𝑌

= 𝑈𝑓 = 𝑉𝑓 = 𝛹 = 0

(6)

The non-dimensional variables used to obtain the above
non-dimensional governing equations are defined as follows:

𝑋 = 𝑥
𝐿
, 𝑌 =

𝑦
𝐿
, 𝑈𝑓 =

𝑢𝑓
𝑢𝑖𝑛
, 𝑉𝑓 =

𝑣𝑓
𝑢𝑖𝑛
, 𝜏 =

𝑡𝑢𝑖𝑛
𝐿
, 𝛩𝑓 =

𝑇𝑓 − 𝑇𝑐
𝑇ℎ − 𝑇𝑐

,

𝑃 =
𝑝

𝜌𝑓 𝑢2𝑖𝑛
, 𝛹 =

𝜓
𝑢𝑖𝑛𝐿

, 𝐺𝑟 =
𝑔𝛽𝑓𝛥𝑇𝐿3

𝜈2𝑓
, 𝑅𝑒 =

𝑢𝑖𝑛2𝑎
𝜈𝑓

, 𝑃 𝑟 =
𝜈𝑓
𝛼𝑓
,

𝑖 = 𝐺𝑟
𝑅𝑒2

,

𝑇 = 𝑇ℎ − 𝑇𝑐 , 𝐴 = 𝑎
𝐿
, 𝑆𝑔𝑒𝑛 = 𝑆̇′′′

𝑇 20 𝐿
2

𝑘𝑓 (𝛥𝑇 )2
, 𝜒 =

𝜇𝑓𝑇0
𝑘𝑓

( 𝑢𝑖𝑛
𝛥𝑇

)

,

𝑇0 =
𝑇ℎ + 𝑇𝑐
2

(7)

The Lagrangian method enables the trajectories of the particles in
he host fluid to be tracked individually. The location and motion of the
articles are changed by the forces acting on them, and these forces are
ubject to the effect of fluid flow. The influences of particles on the fluid
low and the interactions between particles can be neglected by the
eason of the low particle volume fraction (lower than 10−6). Therefore,

the one-way coupling approach is applied in the analysis of particle
behaviors related to the location, velocity, temperature, deposition
and dispersion. These properties are recalculated and updated at each
particle time step during tracking the solid particle [6]. The rotational
motion of particles is ignored in this study. After calculating the flow
and temperature fields at steady-state condition, the behaviors of parti-
cles are examined in the Lagrangian frame using the one-way coupled
Eulerian–Lagrangian method. Newton’s law of motion is applied to
determine the particle velocity and location. The equations of particle
motion in the Lagrangian reference frame can be given as [60]:

𝜌𝑝𝑉– 𝑝
𝑑𝑢𝑝,𝑖
𝑑𝑡

= 𝐹𝐷,𝑖 + 𝐹𝐺,𝑖 + 𝐹𝐵,𝑖 + 𝐹𝑇 ,𝑖 + 𝐹𝐿,𝑖 (8)

𝑑𝑥𝑖
𝑑𝑡

= 𝑢𝑝,𝑖 (9)

here 𝑖 = 1 and 2 express 𝑥 and 𝑦 directions. The left-hand side of
q. (8) is related to the particle inertia, while in the right hand side
f Eq. (8), the first term is the drag force, the second term is the
ravity force, the third term defines the Brownian force, the fourth term
epresents the thermophoresis effect and the last term is Saffman’s lift
orce. There should be equality between the inertial force and the forces
cting on a particle.

By employing the Stokes’ law, the hydrodynamic drag force on the
articles is defined by:

= 𝑓
(

𝑢 − 𝑢
)

(10)
5

𝐷,𝑖 𝑓 ,𝑖 𝑝,𝑖
=
3𝜋𝜇𝑓𝑑𝑝
𝐶

is Stokes–Cunningham drag coefficient,

𝐶 = 1 + 2𝜆
𝑑𝑝

[

𝑎1 + 𝑎2 exp
(

−𝑎3
𝑑𝑝
2𝜆

)]

,

𝑎1 = 1.252, 𝑎2 = 0.399, 𝑎3 = 1.10

(11)

The gravitational force is given as:

𝐹𝐺,𝑖 =
(

𝜌𝑝 − 𝜌𝑓
)

𝑉– 𝑝𝑔𝑖 (12)

The random motion of particles can be analyzed by the Brownian
force resulting from the kinetic energy and temperature of the particles
in the host fluid. This force can be expressed by [60]:

𝐹𝐵,𝑖 = 𝐺𝑖

√

6𝜋𝜇𝑓𝑑𝑝𝜅𝑇𝑓
𝐶𝛥𝑡

(13)

where 𝛥𝑡 is the time step in Lagrangian frame, 𝐺𝑖 is the Gaussian ran-
dom number with zero mean and unit variance, and
𝐺𝑥 =

√

−2 ln𝑈1𝑐𝑜𝑠(2𝜋𝑈2) and 𝐺𝑦 =
√

−2 ln𝑈2𝑐𝑜𝑠(2𝜋𝑈1) and 𝑈1 and
𝑈2 get random values between zero and one.

The thermophoresis force arising from the high temperature gradi-
ent leads to push the particles to the cold zone. The following equation
defines this force [61]:

𝐹𝑇 ,𝑖 = −𝑓
𝐶𝑇 𝜈𝑓
𝑇𝑓

∇𝑖𝑇 (14)

here

𝑇 =
2.34

(

𝑘𝑓∕𝑘𝑝 + 2.18𝐾𝑛𝑝
)

𝐶

(1 + 3.42𝐾𝑛𝑝)
(

1 + 2𝑘𝑓∕𝑘𝑝 + 4.36𝐾𝑛𝑝
) (15)

𝑛𝑝 = 2 𝜆
𝑑𝑝

(16)

The effect of the shear field depending on the inertia effect of
viscous flow on the particles can be examined by the Saffman’s lift force
given as [62]:

𝐹𝐿,𝑥 = 1.615𝜌𝑓 𝜈
0.5
𝑓 𝑑2𝑝

(

𝑢𝑓 − 𝑢𝑝
)

√

|

|

|

|

|

𝑑𝑣𝑓
𝑑𝑥

|

|

|

|

|

sign
(𝑑𝑣𝑓
𝑑𝑥

)

𝐹𝐿,𝑦 = 1.615𝜌𝑓 𝜈
0.5
𝑓 𝑑2𝑝

(

𝑣𝑓 − 𝑣𝑝
)

√

|

|

|

|

|

𝑑𝑢𝑓
𝑑𝑦

|

|

|

|

|

sign
(𝑑𝑢𝑓
𝑑𝑦

)

(17)

By using the first law of thermodynamics, the energy balance equa-
tion for particles can be defined as follows [63]:

𝑚𝑝(𝑐𝑝)𝑝
𝑑𝑇𝑝
𝑑𝑡

= ℎ𝐴𝑝
(

𝑇𝑓 − 𝑇𝑝
)

(18)

here 𝐴𝑝 is the particle surface area, h is the heat transfer coefficient
roposed by Ranz and Marshall [64]. The convective heat transfer
etween the fluid phase and the particle is scrutinized in the Lagrangian
rame without considering the radiation heat transfer and internal
article heat transfer resistance. Due to very low Biot number for the
article, the uniform temperature distribution within the particle is
ssumed.

𝑢𝑝 =
ℎ𝑑𝑝
𝑘𝑓

= 2 + 0.6𝑅𝑒𝑝1∕2𝑃𝑟1∕3

𝑅𝑒𝑝 =
𝑑𝑝
𝜈𝑓

√

(

𝑢𝑝 − 𝑢𝑓
)2 +

(

𝑣𝑝 − 𝑣𝑓
)2

𝐴𝑝 = 𝜋𝑑2𝑝

(19)

where 𝑅𝑒𝑝 represents the particle Reynolds number depending on the
particle size and the relative velocity.

An investigation of the local thermal equilibrium between small
solid particles and the fluid surrounding those can be carried out by the
following equation, representing the ratio of the sum of the absolute
temperature differences to the number of suspended particles (𝑛𝑝). It
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Fig. 2. The schematic of bilinear interpolation for Lagrangian particle tracking.

can be emphasized that as the value of (𝑇𝑓𝑝)𝑎𝑣𝑒 approaches zero, the
local thermal equilibrium is achieved.

(𝑇𝑓𝑝)𝑎𝑣𝑒 =
1
𝑛𝑝

∑

𝑛𝑝
|𝑇𝑓 − 𝑇𝑝| (20)

First, the cavity size (𝐿) is computed for given Grashof number
with 𝛥𝑇 = 100 K, and then the inlet velocity (𝑢𝑖𝑛) is determined from
Reynolds number for the dimensional analysis of Lagrangian particle
tracking, as indicated below:

𝐿 =

(

𝐺𝑟 ⋅ 𝜈2𝑓
𝑔𝛽𝑓𝛥𝑇

)(1∕3)

, 𝑢𝑖𝑛 =
𝑅𝑒 ⋅ 𝜈𝑓
2𝑎

(21)

Minimizing entropy generation related to the heat transfer and flow
tructure is of great importance in terms of thermal design and opti-
ization [69]. In the entropy generation analysis, the irreversibilities

aused by thermal gradients and fluid friction are considered within
he entire system, while the entropy generation that occurs due to the
resence of suspended particles in the host fluid should be examined.
he study of Bejan [70] includes the following entropy generation
quation related to the external flow over a solid body remaining
uspended in the fluid flow.

̇ 𝑔𝑒𝑛 =
(

𝑇𝑤 − 𝑇∞
𝑇∞

)2
ℎ̄𝐴 + 1

𝑇∞
𝐹𝐷𝑈∞ (22)

where 𝑇𝑤, 𝐹𝐷, ℎ, 𝐴, 𝑇∞ and 𝑈∞ represent the solid body temperature,
the drag force, the average convective heat transfer, solid surface area,
free-stream fluid temperature and velocity, respectively. In the right of
Eq. (22), the first and second terms define the entropy generation due
to heat transfer across the non-zero temperature difference 𝑇𝑤−𝑇∞ and
drag friction. From this point of view, it is proposed to apply Eq. (22)
for all suspended particles. The entropy generation can be calculated
both in each particle and in a cell volume holding suspended particles.
For this purpose, it is recommended to use the following local entropy
6

generation equation after the steady-state flow condition is obtained,
Table 2
Comparison of the results for the number of particles in the range of 2000 to 20000;
𝑅𝑒 = 300, 𝑅𝑖 = 1.0, 𝑑𝑝 = 1 μm.

The number of particles PDRF
(

𝐹𝐷
)

𝑎𝑣𝑒

(

𝐹𝐵
)

𝑎𝑣𝑒

(

𝐹𝑇
)

𝑎𝑣𝑒

(

𝑢𝑝
)

𝑎𝑣𝑒

(

𝑇𝑝
)

𝑎𝑣𝑒

2000 0.2605 294.1 389.5 19.02 0.2804 300.4
4000 0.2610 297.9 391.7 19.1 0.280 300.2
6000 0.2608 294.1 388.9 19.05 0.2803 300.8
10000 0.2577 296.3 387.0 19.04 0.2816 300.2
20000 0.2580 295.7 388.2 19.01 0.2802 300.5

and the particle trajectory is completed.

𝑆̇′′′ =
𝑘𝑓
𝑇 20

[

( 𝜕𝑇𝑓
𝜕𝑥

)2

+
( 𝜕𝑇𝑓
𝜕𝑦

)2]

+
𝜇𝑓
𝑇0

[

2

(

( 𝜕𝑢𝑓
𝜕𝑥

)2

+
( 𝜕𝑣𝑓
𝜕𝑦

)2)

+
( 𝜕𝑢𝑓
𝜕𝑦

+
𝜕𝑣𝑓
𝜕𝑥

)2]

+
∑

𝑛𝑝

1
𝛿𝑉–

((

𝑇𝑝 − 𝑇𝑓
)2

𝑇 20
ℎ𝐴𝑝

)

+
∑

𝑛𝑝

1
𝛿𝑉–

(

1
𝑇0
𝐹𝑡𝑜𝑡𝑉𝑟

)

(23)

𝑉𝑟 =
√

(

𝑢𝑝 − 𝑢𝑓
)2 +

(

𝑣𝑝 − 𝑣𝑓
)2

𝑥 = 𝐹𝐷,𝑥 + 𝐹𝐺,𝑥 + 𝐹𝐵,𝑥 + 𝐹𝑇 ,𝑥 + 𝐹𝐿,𝑥

𝑦 = 𝐹𝐷,𝑦 + 𝐹𝐺,𝑦 + 𝐹𝐵,𝑦 + 𝐹𝑇 ,𝑦 + 𝐹𝐿,𝑦

𝑡𝑜𝑡 =
√

𝐹 2𝑥 + 𝐹 2𝑦

(24)

where 𝛿𝑉– , 𝑛𝑝 ℎ, 𝐴𝑝, 𝐹𝑡𝑜𝑡 and 𝑉𝑟 define a cell volume, the number of
uspended particles inside a cell volume, convective heat transfer, par-
icle surface area, total force acting on a particle and relative velocity,
espectively. In the right hand side of Eq. (23), the first and second
erms represent the heat transfer irreversibility due to the temperature
radients and fluid friction irreversibility, respectively, the third term
enotes the entropy generation due to the heat transfer between the
olid particles and the fluid surrounding it, and the last term defines
he entropy generation due to frictional force.

In the non-dimensional form, the local entropy generation equation
an be expressed as follows: see Eq. (25) that is given in Box I. where
𝑇 𝐼 and 𝐹𝐹𝐼 identify the non-dimensional local entropy generation

due to heat transfer and fluid friction. 𝑃𝐻𝑇𝐼 and 𝑃𝐹𝐹𝐼 are the
non-dimensional local entropy generation due to particle heat transfer
irreversibility and particle frictional total force irreversibility.

The total entropy generation in dimensionless form is given by in-
tegrating the non-dimensional local entropy generation over the entire
vented cavity volume:

𝑁𝑔𝑒𝑛 = ∫ 𝑆𝑔𝑒𝑛 𝑑𝑋𝑑𝑌

= ∫ 𝐻𝑇𝐼 + 𝐹𝐹𝐼 𝑑𝑋𝑑𝑌
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝑁𝑔𝑒𝑛,𝑓

+∫ 𝑃𝐻𝑇𝐼 𝑑𝑋𝑑𝑌
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝑁𝑃𝐻𝑇𝐼

+∫ 𝑃𝐹𝐹𝐼 𝑑𝑋𝑑𝑌
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝑁𝑃𝐹𝐹𝐼
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝑁𝑔𝑒𝑛,𝑝

(26)

where 𝑁𝑔𝑒𝑛,𝑓 consists of the dimensionless total entropy generations
due to heat transfer and viscous dissipation while 𝑁𝑔𝑒𝑛,𝑝 is the non-
dimensional total entropy generations in the solid particles due to heat
transfer between the fluid and the particles (𝑁𝑃𝐻𝑇𝐼 ) and frictional total
force (𝑁𝑃𝐹𝐹𝐼 ).

3. Solution procedure

The governing differential equations (Eqs. (1) to (4)) associated
with the boundary conditions discretized by the finite volume method
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e

Fig. 3. The variations of the non-dimensional temperature (left) and vertical velocity (right) at middle height for different mesh sizes with 𝑅𝑒 = 100, 𝐺𝑟 = 106.
Fig. 4. The vertical (a) and horizontal (b) velocity components through the horizontal and vertical centerlines, respectively, for the lid-driven flow at 𝑅𝑒 = 400 compared to the
xperimental [65] and numerical [66] works..
Fig. 5. The variations of suspended particle fraction for different particle diameters with 𝑅𝑎 = 105 in comparison with the results of Bagheri et al. [33].
p

Table 3
Grid dependency test with 𝑅𝑒 = 100, 𝐺𝑟 = 106.

Grid 42 × 42 62 × 62 82 × 82 102 × 102 122 × 122

𝑁𝑢𝑓 12.6660 11.9254 11.7327 11.6675 11.6577

with a collocated grid arrangement are solved using the SIMPLE algo-
rithm [71], while the power-law scheme is applied for the convection
and diffusion terms. To solve the system of algebraic equations, the
Alternate Direction Implicit method and tri-diagonal matrix algorithm
are utilized. The convergence criterion is set to 10−6 for the steady-state
condition. The motion of particle equations (8), (9) and particle energy
equation (18) are solved to demonstrate the particle distribution with
7

p

their velocity and temperature by applying the Lagrange approach after
satisfying the converged criterion. Table 2 demonstrates the results
of suspended particles including the sum of Particle Deposition and
Removal Fraction (PDRF), average drag, Brownian and thermophoresis
forces (N/kg), average particle velocity (m/s) and temperature (K) for
the number of particles in the range of 2000 to 20,000. The critical
changes are not observed in the comparison of these results. Therefore,
the number of solid particles with diameters in the range of 5 μm to
0.01 μm is set to 2000. The particles are initially located randomly
with zero velocities and 273 K in the vented cavity, and the Lagrangian
particle trajectory analysis is carried out over 2 s with 𝛥𝑡 = 10−5 s. The
article deposits on the walls with which it comes into contact. The
article velocity, temperature and location are calculated at each time
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Fig. 6. Comparison of the present result (right) with the experimental work (left) [67] and the numerical study (middle) [68] for trajectory of one suspended particle with
𝑑𝑝 = 3 mm inside the lid-driven cavity flow in the case of 𝑅𝑒 = 470.
Fig. 7. Streamlines for different Reynolds numbers and Richardson numbers.
step by solving a set of ordinary differential equations (8), (9) and (18)
explicitly integrated as follow [32,72]:

𝑢(𝑡+𝛥𝑡) =
(

𝑢𝑓,𝑖 +
𝐵𝑖

)(𝑡)
+
(

𝑢𝑝,𝑖 − 𝑢𝑓,𝑖 −
𝐵𝑖

)(𝑡)
exp

(

−
𝐶𝑖 𝛥𝑡

)

(27)
8

𝑝,𝑖 𝐶𝑖 𝐶𝑖 𝐴𝑖
𝑥(𝑡+𝛥𝑡)𝑝,𝑖 = 𝑥(𝑡)𝑝,𝑖 +
(

𝑢𝑓,𝑖 +
𝐵𝑖
𝐶𝑖

)(𝑡)
𝛥𝑡

+
𝐴𝑖
𝐶𝑖

(

𝑢𝑝,𝑖 − 𝑢𝑓,𝑖 −
𝐵𝑖
𝐶𝑖

)(𝑡) [

1 − exp
(

−
𝐶𝑖
𝐴𝑖
𝛥𝑡
)]

(28)
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Fig. 8. Isotherms in the cases of various Reynolds numbers and Richardson numbers.

Fig. 9. Particle deposition percentage (PDP), particle removal percentage (PRP) and sum of both percentages (PDRP) for different particle diameters at 𝑅𝑒 = 300, 500 and 𝑅𝑖 = 0.1, 10.
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Fig. 10. The variation of the sum of the deposition and removal of particles fractions (PDRF) versus Richardson number for different Reynolds numbers and particle diameters.

Fig. 11. Particle distributions in the cases of different Reynolds numbers, Richardson numbers and particle diameters for given parameters.
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Fig. 12. Particle distributions at selected time snapshots for different particle diameters with 𝑅𝑒 = 300 and 𝑅𝑖 = 1.
𝑆𝑔𝑒𝑛 =

[

( 𝜕𝛩𝑓
𝜕𝑋

)2

+
( 𝜕𝛩𝑓
𝜕𝑌

)2]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐻𝑇𝐼

+𝜒

[

2
( 𝜕𝑈𝑓
𝜕𝑋

)2

+ 2
( 𝜕𝑉𝑓
𝜕𝑌

)2

+
( 𝜕𝑈𝑓
𝜕𝑌

+
𝜕𝑉𝑓
𝜕𝑋

)2]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐹𝐹𝐼

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑆𝑔𝑒𝑛,𝑓

+
𝑇 20 𝐿

2

𝑘𝑓 (𝛥𝑇 )2

⎡

⎢

⎢

⎣
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𝑆𝑔𝑒𝑛,𝑝

(25)

Box I.
Table 4
Comparison of the average Nusselt numbers with the inlet and outlet sizes 𝑊 = 0.25.
𝑅𝑒 𝑆 = 1.5 𝑆 = 2.5 𝑆 = 3.125

Present Saeidi & Khodadadi [12] Present Saeidi & Khodadadi [12] Present Saeidi & Khodadadi [12]

10 3.742 3.832 3.692 3.768 3.912 4.106
40 5.499 5.662 5.413 5.665 6.288 6.446
100 8.041 7.854 7.945 7.951 9.336 9.164
500 15.516 14.862 16.001 15.431 20.015 19.055
11
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Fig. 13. Particle velocity, temperature and temperature difference between fluid and solid phases for different particle diameters with 𝑅𝑒 = 300 and 𝑅𝑖 = 1.
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Table 5
Average Nusselt number on the hot wall in the cases of various Reynolds numbers and
Richardson numbers.
𝑅𝑖 𝑅𝑒 = 50 𝑅𝑒 = 100 𝑅𝑒 = 300 𝑅𝑒 = 500

0.1 3.8096 5.0356 8.5906 12.2016
0.5 3.7796 4.9700 8.4598 12.0601
1 3.7403 4.8792 8.2803 11.8714
5 3.3809 4.0860 6.8595 9.2858
10 3.3822 4.2386 7.0608 9.7342
20 4.3070 5.9774 12.0138 15.7538

𝑇 (𝑡+𝛥𝑡)
𝑝 =

(

𝑇𝑓
)(𝑡) +

(

𝑇𝑝 − 𝑇𝑓
)(𝑡) exp

(

−𝐷𝛥𝑡
)

(29)

where
𝐴𝑖 = 𝜌𝑝𝑉– 𝑝

𝐵𝑖 =
(

𝜌𝑝 − 𝜌𝑓
)

𝑉– 𝑝𝑔𝑖 + 𝐹𝐵,𝑖 + 𝐹𝑇 ,𝑖
𝐶𝑖 = 𝑓 + 𝐿𝑖

𝐿𝑥 = 1.615𝜌𝑓 𝜈
0.5
𝑓 𝑑2𝑝

√

|

|

|

|

|

𝑑𝑣𝑓
𝑑𝑥

|

|

|

|

|

sign
(𝑑𝑣𝑓
𝑑𝑥

)

𝑦 = 1.615𝜌𝑓 𝜈
0.5
𝑓 𝑑2𝑝

√

|

|

|

|

|

𝑑𝑢𝑓
𝑑𝑦

|

|

|

|

|

sign
(𝑑𝑢𝑓
𝑑𝑦

)

𝐷 =
6𝑘𝑓

𝜌𝑝(𝑐𝑝)𝑝𝑑2𝑝
𝑁𝑢𝑝

(30)

The determination of the fluid velocity and temperature at particle
position in the Lagrangian frame is necessary, therefore the bilinear
function in Eq. (31) is used to interpolate the variables of fluid in
12
Fig. 2 [73].

𝑓 (𝑝) =𝑓 (𝑄11)

(

𝑥2 − 𝑥
) (

𝑦2 − 𝑦
)

(

𝑥2 − 𝑥1
) (

𝑦2 − 𝑦1
) + 𝑓 (𝑄21)

(

𝑥 − 𝑥1
) (

𝑦2 − 𝑦
)

(

𝑥2 − 𝑥1
) (

𝑦2 − 𝑦1
)

+ 𝑓 (𝑄12)

(

𝑥2 − 𝑥
) (

𝑦 − 𝑦1
)

(

𝑥2 − 𝑥1
) (

𝑦2 − 𝑦1
)

+ 𝑓 (𝑄22)

(

𝑥 − 𝑥1
) (

𝑦 − 𝑦1
)

(

𝑥2 − 𝑥1
) (

𝑦2 − 𝑦1
)

(31)

The grid dependency test in Table 3 is carried out by examining
the average Nusselt numbers on the hot vertical wall for five uniform
mesh sizes. Also, Fig. 3 presents the non-dimensional temperature
and vertical velocity distributions at middle height (𝑌 = 0.5) with
ifferent mesh sizes, and a uniform mesh grid (82 × 82) is selected.

The accuracy of the present FORTRAN code is validated by comparing
with the results of Saeidi and Khodadadi [12] in the case of the forced
convection in a square ventilating cavity. The key parameters are listed
as: the non-dimensional width of the inlet and outlet ports 𝑊 is 0.25,
he different non-dimensional locations of the outlet port 𝑆 are 1.5,
.5 and 3.125, and 𝑅𝑒 = 10, 40, 100 and 500. The comparison of
he average Nusselt numbers between the presented results and those
f Saeidi and Khodadadi [12] is presented in Table 4. In Fig. 4, the
xperimental [65] and numerical [66] studies are compared with the
resent results for the variations of vertical and horizontal velocity
rofiles along the centerlines in the lid-driven cubic cavity for 𝑅𝑒 = 400.
he variations of suspended particle fractions for 𝑅𝑎 = 105 and the
articles in the range of 10 μm to 0.01 μm are compared with those

of Bagheri et al. [33] in Fig. 5. It is observed that there is a good
agreement with the two studies. The accuracy of the particle trajectory
is essential for this research. For this reason, the present numerical

results are also compared to the experimental [67] and numerical [68]
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Fig. 14. Drag, Brownian and Thermophoretic forces of suspended particles for different particle diameters with 𝑅𝑒 = 300 and 𝑅𝑖 = 1.
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studies on the trajectory of the suspended solid particle in the lid-driven
cavity flow in Fig. 6. The operating parameters of these studies are
given as: the kinematic viscosity of the fluid is 37.2 mm2/s, the specific
gravity is 1.21, the cavity side is 10 cm, 𝑅𝑒 = 470, the diameter of the
article is 3 mm, the velocity of moving upper wall is 17.5 cm/s, and
he densities of the fluid and the particle are nearly same. A very good
greement is observed between our result and these two experimental
nd numerical works. These comparisons provide evidence for the
bility of the present code to analyze the proposed study.

. Results and discussion

The results of laminar mixed convection in a vented cavity are
resented taking into account the effects of various Reynolds numbers
nd Richardson numbers on the thermal and flow behaviors. Based on
he second law of thermodynamics, entropy generation minimization
s considered to examine the thermal design and optimization of this
tudy. The findings of deposition and removal of particles in the range
f 5 μm to 0.01 μm are demonstrated to understand the influences
f mixed convection of airflow on the behaviors of particles . The
elocity and temperature distributions of suspended particles tracked
ver 2 s are investigated using the Eulerian–Lagrangian approach with
ne-way coupling. It is introduced how the presence or absence of
hermophoresis and Brownian forces affect the behavior of particles.
n this study, some parameters are kept at a constant value; 𝑃𝑟 = 0.71
nd 𝑎 = 𝐿/10.

Fig. 7 illustrates the streamlines distribution related to different
eynolds numbers and Richardson numbers in the square vented cavity.
or 𝑅𝑖 = 0.1 and 1, a primary counter-clockwise rotating vortex
s observed above the main fluid stream while secondary clockwise
ortices appear at the right bottom corner at a low Reynolds number.
13
ith rising the value of Reynolds number, the clockwise small cell is
ormed in the vicinity of the left top corner, and the main vortex grows
n strength and size. The results obtained with 𝑅𝑒 = 500 show that the
rimary circular vortex becomes more dominant in the rest of cavity
bove incoming fluid flow, the stream function gets the maximum value
n the cases of 𝑅𝑖 = 0.1 and 1. The low Richardson numbers lead
o create weak clockwise vortices above incoming stream flow in the
icinity of the inlet port for high Reynolds numbers. On the other hand,
ncreasing Richardson number to 10 causes the primary recirculating
ortex to shrink in size and a decrease in the maximum value of stream
unction and strength for all Reynolds numbers. Due to more buoyancy
ffect in the cavity at 𝑅𝑖 = 10, the main vortex undergoes a change
n shape from a circle to an elliptic, the clockwise rotating convective
ortices at the left top corner get larger. At 𝑅𝑖 = 10 and higher Reynolds
umber, the main recirculating vortex suppressed between these con-
ective vortices and incoming stream flow transforms more elliptical
hape and the small vortices located above incoming stream flow in
he vicinity of the inlet section vanish. For all Reynolds numbers, the
eak vortices occurring in the vicinity right bottom corner rise in size
nd the convective recirculating clockwise zone, which is gradually
rowing with Reynolds number at the left top corner, occupies more
ize inside the vented cavity in the cases of 𝑅𝑖 = 20. One of significant

results is that the increase in Richardson number to 20 causes the
streamlines from incoming fluid flow to surround the elliptical vortex
and large convective vortices. These streamlines move between these
recirculation zones, then they arrive the outlet port traveling along the
left and top wall. As expected, the surrounding effect is both reduced
and confined by the increase in Reynolds number.

The temperature fields presented in Fig. 8 in terms of Reynolds
numbers and Richardson numbers demonstrate that the increment in

Reynolds number leads to a rise in the low temperature region for
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Fig. 15. Particle deposition percentage (PDP), particles removal percentage (PRP) and sum of both percentages (PDRP) for different Reynolds numbers in the absence and presence
of Brownian random effect in the cases of 𝑅𝑖 = 0.1, 1, 10 and 𝑑𝑝 = 0.01 μm.
all Richardson numbers due to more effect of incoming cold fluid
flow. Also, with augmentation of Reynolds number, higher temperature
gradient and a thinner thermal boundary layer occur near the hot
wall for given Richardson number. The convective interaction between
the primary vortex and incoming fluid flow leads to high temperature
gradient near the upper of inlet section, especially for high Reynolds
number and low Richardson number. As the natural convection begins
to dominate, the high temperature zone occupies more area in the
upper of the main fluid stream, and the location of the maximum
temperature gradient, close to the hot wall, is observed near the inlet
port at 𝑅𝑖 = 10. Also, it can be emphasized that the increase in Reynolds
number with 𝑅𝑖 = 10 causes the temperature fields to become stratified,
and the heat transfer mechanism, carried out between the elliptic main
vortex and the clockwise convective vortices beginning to grow on the
left top corner, is more enhanced. With increasing the buoyancy effect,
the temperature gradient becomes steeper and the isotherms are more
stratified in the region above the main fluid stream at 𝑅𝑖 = 20. Also,
14
higher temperature gradient is observed at the right top corner for high
Reynolds numbers with 𝑅𝑖 = 20.

Table 5 gives the average Nusselt numbers on the hot wall for differ-
ent Reynolds numbers and Richardson numbers in the range of 50–500
and 0.1–20, respectively. As Reynolds number increases, the average
Nusselt number gets higher value for given Richardson number, and the
heat transfer mechanism is enhanced near the hot wall. The increment
in Richardson number leads to first decrease and then increase the
average Nusselt number. Its maximum value is obtained for 𝑅𝑒 = 500
and 𝑅𝑖 = 20 where the natural convection becomes more dominant.
It is shown that the average Nusselt number on the hot wall takes a
minimum value in the case of 𝑅𝑖 = 5 for all Reynolds numbers.

As noted in Fig. 9, the results of the Particle Deposition Percent-
ages (PDP), the Particle Removal Percentages (PRP) and the sum of
Particle Deposition and Removal Percentages (PDRP) for particle sizes
varying from 5 μm to 0.01 μm in diameter associated with two different
Reynolds numbers and Richardson numbers are given. At 𝑅𝑒 = 300,



International Journal of Thermal Sciences 185 (2023) 108058O. Çiçek and A.C. Baytaş
Fig. 16. Particle deposition percentage (PDP), particles removal percentage (PRP) and sum of both percentages (PDRP) for different Reynolds numbers in the absence and presence
of thermophoretic effect in the cases of 𝑅𝑖 = 0.1, 1, 10 and 𝑑𝑝 = 0.01μm.
Fig. 17. The variation of total entropy number versus Richardson number for different
Reynolds numbers.
15
500 and 𝑅𝑖 = 0.1, a very small number of 5 μm particles remains in
the cavity, while the deposition rate is greater than the removal rate.
Since the inertia force of large particles is higher, the particles initially
suspended in the corner vortices and the main vortex do not follow
the fluid exactly, their position changes from the inside to the outside
in the cells. The outward motion of 5 μm particles is in the form of a
spiral trajectory inside the main vortex. As the intensity of this vortex
cannot dominate over the inertial effect along with the gravity force,
the particles move into the main fluid flow and are carried to the exit
section. These particles deposit on the upper wall near the exit zone
with a powerful main fluid stream, while a lower number of those is
removed from the outlet port. It can be seen that the increase in the
rate of suspended particle in the main cell and weak corner vortices is
provided by the decrease in the inertial force and gravity effect in the
case of 𝑅𝑒 = 300 and 𝑅𝑖 = 0.1 for 1 μm particles. The total percentage
of deposition and removal reduces, but the deposition rate is greater
than that of 5 μm particles because more 1 μm particles are pushed
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Fig. 18. Non-dimensional local entropy generations and total entropy generations due to heat transfer between solid particle and fluid phase and frictional total force for different
eynolds numbers with 𝑅𝑖 = 20 and 𝑑𝑝 = 20μm.
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y the incoming fluid flow towards the top wall near the outlet port
nd deposit due to less gravity effect. The corner vortices and the main
ecirculating cell intensified by increasing Reynolds number to 500
chieve to trap the more 1 μm particles at 𝑅𝑖 = 0.1. Both gravity and

inertia effects on 0.1 μm particles are much less, therefore particles with
small size, most of which are trapped in the primary vortex and corner
vortices, follow streamlines. However, the random motions are more
distinctly observed with the higher Brownian effect on particles with a
diameter of 0.01 μm. This randomness increases the deposition on the

alls and causes more particles to be pushed into the main fluid stream
rom the small vortices and large recirculating zone and the particle
emoval rate becomes higher value. As Reynolds number increases from
00 to 500, there is a decrease in the deposition and removal rates
f particles with diameters of 0.1 μm and 0.01 μm at 𝑅𝑖 = 0.1 since

there are more powerful vortices trapping more particles. Due to the
greater natural convection effect, the left upper weak clockwise vortices
expand more, and the shape of the main recirculating cell changes
from circular to elliptical. With weaker inertia effects caused by the
natural convection effect, particle deposition rates become very small
and a decrease in the particle removal rate is observed because the
vortices and the primary elliptical shaped vortex have enough strength
to capture and hold the particles. The Brownian effect brings about the
highest particle deposition when the particle diameter is 0.01 μm at
𝑖 = 10.

The results of the sum of Particle Deposition and Removal Fraction
PDRF) associated with different particle diameters, Reynolds numbers
nd Richardson numbers are given in Fig. 10. For 𝑅𝑒 = 50, 100 and
00, 𝑅𝑖 = 0.1 where forced convection is more effective, the high inertia
ffect on 5 μm and 1 μm particles lead to higher PDRF, while the PDRF
alues of 5 μm and 0.01 μm particles at 𝑅𝑒 = 500 ve 𝑅𝑖 = 0.1 take
16
igher values due to in the presence of inertia and Brownian effects,
espectively. Because there are strong vortices at 𝑅𝑒 = 500, when forced
onvection is very dominant, most 1 μm particles are trapped in rotating
ones, unlike the cases of other Reynolds numbers. With rising Richard-
on number, first a decrease and then an increase in PDRF values of
ll particle diameters are observed. The minimum PDRF values of all
article sizes are calculated at 5 ≤𝑅𝑖≤10 for low Reynolds number
hile these values are observed at 1≤𝑅𝑖≤10 with higher Reynolds
umber. For given Reynolds number, the more suspended particles in
he ventilating cavity are found at 𝑅𝑖>0.1 for particles with diameters
f 1 μm and 0.1 μm. In addition, the increment in Reynolds number
llows more particles to be suspended.

The distribution of particles found in the vented cavity using the
agrange tracking model is presented in Fig. 11 for different Reynolds
umbers, Richardson numbers, and particle diameters. As seen in
ig. 11 (a), as strong cells occur with an increase in the Reynolds
umber, there is a decrease in the fraction of particles that move away
rom the center of recirculation zones and are trapped in the main
luid stream flow due to the inertia effect. An increase in the Reynolds
umber leads to a thinner thermal boundary layer on the hot wall and a
ecrease in the thermophoresis effect region. Therefore, more particles
emain suspended near the left wall for higher Reynolds number.

As shown in Fig. 11 (b), the locations of the particles for different
ichardson numbers are presented at 𝑅𝑒 = 300 and 𝑑𝑝 = 1μm. At
𝑖 = 0.1, where there is a high forced convection effect, particles are
ushed toward the incoming fluid flow from the primary vortex and
emoved from the outlet section. As a result, the fraction of suspended
articles is very low. With the decreasing inertia effect on the 1 μm
article associated with the growing the natural convection effect, the
articles follow the streamlines with a slight deviation. There are lower
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Fig. 19. Non-dimensional local entropy generations and total entropy generations due to heat transfer between solid particle and fluid phase and frictional total force for different
ichardson numbers with 𝑅𝑒 = 500 and 𝑑𝑝 = 1μm.
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uspended particles in the case of 𝑅𝑖 = 20 compared to 𝑅𝑖 = 1 as
treamlines from the incoming stream flow move further inside the
ented cavity. Fig. 11 (c) shows that there are greater inertia and
ravity effects on the distribution of large particles. Because of the
ffects of low inertia and gravity, the trajectories of 0.1 μm particles
re dependent on the flow structure. The higher Brownian effect causes
.01 μm particles to be distributed more irregularly and randomly than
.1 μm particles.

The selected snapshots of particles locations for three particle di-
meters are demonstrated in Fig. 12 at 𝑅𝑒 = 300 and 𝑅𝑖 = 1. 𝑑𝑝 =
μm, 0.1 μm and 0.01 μm particles initially located at the path of

ncoming fluid flow are deposited and removed in the vented cavity at
he beginning of particle tracking. Due to the inertial force, the number
f 5 μm particles remaining in the corner vortices and the primary cell
re gradually reduced and are discharged by the hydrodynamics effect
f the incoming fluid flow from the outlet and deposited on the upper
all. 0.1 μm particles placed in the vicinity of the left wall are pushed

nto the primary vortex and kept away from the left wall due to the high
hermophoretic effect. After a while, the quasi-equilibrium regions in
hich 0.1 μm particles move along the streamlines develop. Increasing
rownian random effect leads to more 0.01 μm particle deposition on
he left and top walls in time. Eventually, the number of suspended
.01 μm particles is less than that of 0.1 μm particles.

The velocity and temperature distributions of the particles remain-
ng suspended and the temperature differences between the fluid and
articles are presented in Fig. 13 by solving the equations of parti-
le motion and particle energy equation in the Lagrangian frame for
ifferent particle diameters. The results of the velocity distributions
ndicate that there are few 5 μm particles with high velocity. In par-
icular, low-velocity particles are relatively numerous in weak two
17

o

ecirculation zones at corners. For this reason, average 5 μm particle
elocity ((𝑢𝑝)𝑎𝑣𝑒) is low. As the particle size decreases, an increase

in the average particle velocity and high-velocity particle numbers
with small diameter are observed with an ever-decreasing inertia and
gravity effects and an ever-increasing Brownian random effect. As
expected, low-velocity particles are observed in weak corner vortices
and the center of the primary circulating vortex, while particles with
high velocity are found in the region where the primary vortex is
adjacent to the incoming fluid flow. The average temperature values
of suspended particles, (𝑇 𝑝)𝑎𝑣𝑒, tend to diminish with reducing particle
ize. The suspended particles occupying near the hot left wall get higher
emperature value, whereas particles with low temperature remain in
he vicinity of the right bottom corner. Considering the temperature
ifferences, it is observed that the temperatures of 5 μm particles are
reater than the fluid temperature in the upper left corner and in the
egion where the main vortex is adjacent to the incoming fluid flow.
hile the fluid temperature is greater than the particle temperature

n locations close to the left wall, the temperature differences in other
egions are close to zero. The temperature differences between the 1
m particles and fluid are smaller compared to the results of 5 μm
articles. The 1 μm particle temperature is slightly higher than that
f the fluid in front of the inlet section, while the fluid temperature
s slightly higher than that of the 1 μm particle near the left wall. The
emperature differences are very low in the whole vented cavity for 1
m particles. 0.01 μm particle temperature and fluid temperature are
lmost the same and temperature differences are nearly zero inside
he whole system. Similarly, as the particle size decreases, the value
f (𝑇𝑓𝑝)𝑎𝑣𝑒 gets smaller and approaches zero. Consequently, the local
hermal equilibrium between small solid particles and fluid phase is

bserved.



International Journal of Thermal Sciences 185 (2023) 108058O. Çiçek and A.C. Baytaş

p

s
(
d
w
t
T
i
o
v

c
B
B
d
w
t
w
v

e
e
t
p
a

s
a
d
v

Fig. 20. Non-dimensional local entropy generations and total entropy generations due to heat transfer between solid particle and fluid phase and frictional total force for different
article diameters with 𝑅𝑒 = 500 and 𝑅𝑖 = 20.
In Fig. 14, the distributions of drag, Brownian and thermophore-
is forces (N/kg) of particles with different sizes and their averages
N/kg) are illustrated. All these forces per unit mass increase with
ecreasing particle diameter. The thermophoresis forces on the left
all, where the temperature gradients are higher, push the particles

oward recirculating zones and reduce the deposition on the left wall.
he thermophoretic effect, which tends to push particles remaining

n the outer region of the primary vortex to the incoming fluid flow,
ccurs due to the medium temperature gradient between the primary
ortex and the incoming fluid flow.

Particle Deposition Percentage (PDP) and Particle Removal Per-
entage (PRP) are demonstrated in the absence and presence of the
rownian effect in Fig. 15 for 0.01 μm particles. In the absence of the
rownian effect for all Reynolds numbers and Richardson numbers, the
eposition rate drops very significantly, especially on the top and left
all where the particles are close. With the neglected Brownian effect,

he particle removal rate decreases very slightly, except for the case
ith 𝑅𝑒 = 100 and 𝑅𝑖 = 0.1, where there is a significant decline in the
alue of PRP.

In Fig. 16, the deposition and removal of 0.01 μm particles are
xamined with regard to the presence and absence of thermophoretic
ffect. The lack of thermophoretic force leads to further deposition on
he left wall. By neglecting the thermophoretic effect, the number of
articles pushed to incoming fluid flow and the particles removal rate
re reduced slightly.

In Fig. 17, the variation of total entropy generation for six Richard-
on numbers is presented considering the effects of forced convection
nd buoyancy force. Due to the low order of magnitude of irreversibility
istribution and low particle volume fraction, the fluid friction irre-
ersibility and contribution of particles remaining suspended in the
18
enclosure to entropy generation are very small, and the irreversibility
due to heat transfer is more dominant. For given Reynolds number,
increasing Richardson number leads first to a decrease, and then to an
increment in the total entropy generation. It gets higher values when
forced convection or natural convection predominates in the vented
cavity. Owing to a more convective effect, increasing total entropy
generation occurs as Reynolds number becomes higher with the given
Richardson number. While the minimum total entropy generation is
obtained at 𝑅𝑖 = 5 for high Reynolds numbers, its minimum value is
observed at 𝑅𝑖 = 10 in the case of 𝑅𝑒 = 50.

When the irreversibilities stemming from the presence of particles
are examined in detail as seen in Figs. 18–20, it is pointed out that this
investigation can be useful in terms of thermal design and optimization
of the systems where the behaviors of particles are more important,
although the results get lower values in this study due to low particle
volume fraction. Fig. 18 displays the irreversibility arising from the
presence of particles in terms of various Reynolds numbers at 𝑅𝑖 = 20
and 𝑑𝑝 = 20μm. The increment in Reynolds number leads to higher
local entropy generation due to heat transfer exchange between particle
and fluid (𝑃𝐻𝑇𝐼) and frictional total force (𝑃𝐹𝐹𝐼), therefore the local
(𝑆𝑔𝑒𝑛,𝑝) and total entropy generations (𝑁𝑔𝑒𝑛,𝑝) for the solid particles
are higher. It is shown in Fig. 19 that a decrease in entropy gener-
ation resulting from the presence of particles is caused by the rising
Richardson number with 𝑅𝑒 = 500 and 𝑑𝑝 = 1μm. Fig. 20 presents the
change in 𝑆𝑔𝑒𝑛,𝑝 and 𝑁𝑔𝑒𝑛,𝑝 with regard to different particle diameters
at 𝑅𝑒 = 500 and 𝑅𝑖 = 20. The large particles result in the growth
of entropy generation due to heat transfer between particle and fluid
surrounding it and frictional total force acting on a particle.
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5. Conclusion

The numerical investigation of mixed convection and entropy gen-
eration of airflow in a ventilating square cavity is carried out in
terms of heat transfer mechanism and flow structure. The relationship
between the deposition and removal mechanisms and the forces acting
on particles are discussed under different thermal boundary conditions
of mixed convective heat transfer. The results of this study on mixed
convection can provide a viewpoint for the distribution of hazardous
particles, such as radioactive dust, viruses and contaminants, in a
vented enclosure. The irreversibilities due to interaction between fluid–
solid particles are also considered in the analysis of entropy generation
at various shear and buoyancy forces. This approach can be helpful
in terms of thermal design and optimization for some applications
involving solid particles, such as solar thermal systems, thermal energy
storage, and heat exchangers.

The influences of airflow entering from the inlet port for different
cases related to Reynolds number and Richardson number on the
behaviors of particles a diameter in the range of 5 μm to 0.01 μm are
emphasized by considering the various forces acting on the particles.
The effects of mixed convection on the particles deposited on the wall
and removed from the exit section are investigated in detail considering
thermal behavior and flow structure in the vented cavity. The entropy
generation for fluid phase and solid particle is analyzed with respect to
natural convection and forced convection. The outcomes of this study
can be summarized as follows:

• For high Reynolds numbers and low Richardson numbers,
stronger cells are formed, while the size and strength of the
primary vortex are reduced due to the buoyancy effect with
high Richardson numbers. Higher Reynolds number leads to the
enhancement of heat transfer and greater temperature gradient
on the hot left wall with lower or higher Richardson numbers.

• The maximum heat transfer rate is observed in the case of higher
Reynolds and Richardson numbers whereas it gets a lower value
at 𝑅𝑖 = 5.

• The inertia and gravity effects play an essential role in the de-
position and removal of large-scale particles, while the Brownian
force significantly changes the behavior of particles with a small
diameter.

• The high suspended particle rate is observed in the flow structure
and thermal fields of the system in which the entropy generation
number and the average Nusselt number get a minimum value.

• As the buoyancy effect begins to increase, an increase in the
rate of suspended particles occurs for given constant parameters,
while there is a decrease in this rate due to the more dominant
buoyancy effect at 𝑅𝑖 = 20.

• The Brownian force is significantly dominant in the deposition
and removal rates while the thermophoretic effect has a more
important role in particle deposition than particle removal.

• The cases where entropy generation is minimum are determined.
Meanwhile, more dominant natural or forced convection brings
about the higher total entropy generation. Even though the total
entropy generation arising from the presence of solid particles
(𝑁𝑔𝑒𝑛,𝑝) is lower than the value of 𝑁𝑔𝑒𝑛,𝑓 in this study, the analysis
of irreversibility due to heat transfer between particle and fluid
and frictional total force acting on a particle can be beneficial
to the thermal design of a system where the effects of particle
motions are vital.
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