Journal of Advanced Research in Numerical Heat Transfer 1, Issue 1 (2020) 32-51

Journal of Advanced Research in
Numerical Heat Transfer
Journal homepage: www.akademiabaru.com/arnht.html
ISSN: 2735-0142

Numerical Study of Particle Behaviour in a Mixed Convection
Channel Flow with Cavity using Cubic Interpolation PseudoParticle Navier-Stokes Formulation Method

Open
Access

Ahmad Sofianuddin A. Sahak1, Nor Azwadi Che Sidik1,*, Siti Nurul Akmal Yusof1, Mahmoud Ahmed
Alamir2
1

2

Malaysia – Japan International Institute of Technology (MJIIT), University Teknologi Malaysia, Jalan Sultan Yahya Petra,54100 Kuala Lumpur,
Malaysia
College of Science and Engineering, Flinders University, Clovelly Park, Adelaide, SA 5042, Australia

ABSTRACT
Cubic Interpolation Pseudo-Particle (CIP) method was applied to solve the hyperbolic, advective term of vorticity transport NavierStokes equations coupled with energy equation in the two-dimensional, incompressible and laminar flow over the cavity and
Eulerian-Lagrangian approach to model the dispersion of the particles inside the cavity. Flow inside cavity with an aspect ratio (AR)
range from 0.5 to 4, and Reynolds number (Re) from 50 to 1000 was investigated. Validation studies were conducted numerically
by evaluating the CIP method on the flow in the channel with the cavity. Qualitative comparisons between the numerical and
experimental results were evaluated and presented. Even though the presence of heat in the cavity has changed the flow structure
inside the cavity due to buoyancy changes from temperature variations, it does not significantly affect the particles removal from
the cavity. Furthermore, the dependency of particles dispersion on its density can also be observed. It was found that the particles
with density ratio, 𝜌𝑝 /𝜌𝑓 = 1.0 and 2.0 are easily affected by the flow field in the cavity compared to particles with 𝜌𝑝 /𝜌𝑓 = 5.0
and 10.0. As for particles with 𝜌𝑝 /𝜌𝑓 = 2.0 and 5.0, they are hardly affected by vertical flow fields resulting from inertial forces from
the particles themselves. Therefore, particles tend to drag down and settle due to the gravitational force occurred instead of being
removed outside the cavity. As the density ratio increased from 2.0 to 10.0, the percentage of particles removal decreased from
20% to 14%. However, the percentage of particles deposited had increased from 41% to 86%.
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1. Introduction
Cubic Interpolation Pseudo-Particle (CIP) is one of the methods for solving the general hyperbolic
equation. Basically, the space within each grid is interpolated with a cubic polynomial. Therefore,
both values of a particular function and its spatial derivative on the grid are predicted in advance.
The primary advantages of the CIP method acquired on a compact stencil are low numerical
diffusivity and high stability of the solution procedure without adapting special treatment as in Yabe
and Takei [1].
Over the last few years, Takewaki et al., [2]'s less diffusive CIP method has become very common
to solve the hyperbolic equation. However, for spatial gradient data, the initial CIP technique using
*
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both the point values and its spatial gradients require additional border circumstances [2-5]. Usually,
to get the derivation values on the node, it must distinguish the equation with the spatial variable.
The procedure is not difficult for the simple case, where the velocity is constant, but it is not easy for
complex equations [6].
These schemes are applied to multiple fluid flow issues, such as simulation of dam break [7-8],
solitary wave [9], the dairy crown [10], shallow water equations [11-12], and fluid-structure
interaction issues [13-14]. Besides, the application of CIP can be seen in other applications such as
acoustic [15], geomechanics [16-17] and biomechanics [18-19]. Concerning the phenomenon of heat
transfer, application of the CIP method also can be observed in several works of literature. The study
of the convection process using CIP can be found in the study by Ida [20], Che Sidik et al., [21] and
Sheldareh et al., [22].
On the numerical study of particle dispersion flow, there have been several studies reported.
Kosinski et al., [23] demonstrated the movement of rigid particles that suspended in a closed cavity
by solving the velocity-vorticity form of Navier-Stokes equations (NSE) using Adams-Bashfort time
advancement scheme for the fluid scheme. Safdari and Kim [24] using Lattice Boltzmann numerical
scheme. In addition, Pratsinis and Kim [25] studied the simultaneous diffusion, thermophoresis and
coagulation of submicron aerosols in non-isothermal laminar tube flows.
Eulerian-Lagrangian approach numerical scheme is based on the continuum approach for the
fluid phase and Lagrangian method for the particles. In the Eulerian-Lagrangian formulation, each
computational particle is considered to represent a group of particles interacting with the fluid and
possessing the same features [26]. Particles dispersion behaviour depends on the characteristic of
the flow within the boundaries itself. The effect of the geometrical arrangement of the boundary [2728], heat transferred to the flow [29-32] to the particle dispersion can be observed. Combination
effects of variables such as particle size, temperature difference and buoyancy effect to the particle
behaviour have been studied by Feng and Michaelides [33].
On the contaminant removal, Chilukuri and Middleman [34] have modelled flow over the cavity
to investigate the cleaning process. The cavity was modelled to represent the roughness of the
surface with different geometry and shape. Besides, it also represents transport components which
are poorly fitted and junction [35-36], which may be resulting in the contaminant trapped between
the surfaces. The effect of fluid flow on the removal of dissolution substance from small cavities with
different shape and geometry were studied by previous researchers [37-39]. Furthermore,
investigation on the effect of mixed convection to the effectiveness of removal also had been studied
[21,32, 40-41]. Uses of particles as a contaminant in the cavity to study the cleaning process has been
considered [21,32] to gain the understanding of particle behaviour inside the cavity due to its broad
application in engineering and natural studies.
The governing equations of the interactions between fluid-particle flow have been developed and
established for many decades. In most applications, this flow did not stand alone as the fluid-particle
flow itself. It often interacts with various phenomena such as heat transfer, deposition and
evaporation, adding the complexity to understand the physics of the flow. Thus, the equations
governed must suit to the specific cases before further analyses can be done. Recent advancements
in computational capabilities, including the development of robust numerical algorithms, provide
opportunities for researchers to investigate these problems. However, researchers must define the
physical model for both fluid and particle before a simulation can be done. Thus, setting physical
model requires researchers to select the suitable numerical method that gives an accurate and stable
solution, within the boundary defined. A little is known about the application CIP in the development
of fluid flow phase algorithm in such specific cases of particle behaviour in the channel with the cavity
that is dependent on various variables. CIP method is arguably one of the numerical techniques that
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provides a solution with higher accuracy and less diffusivity compared to other numerical methods.
Therefore, by developing a single particle-laden flow algorithm combining the CIP method for fluid
phase with the particles-phase may beneficial to scientists or engineers to obtain a stable and
accurate solution for related problems.
Based on the brief review on the literature above, there is no detail discussion on utilizing a
combination of CIP numerical scheme to assess the flow in a channel with cavity with the particle
dispersion and the combining effect of different geometrical and fluid parameters with the presence
of heat. Motivated with these studies, this research analyzes the particle behaviour in the cavity of a
channel with a heated cavity using the numerical algorithm based on the established CIP methods.
This study aims to investigate the effect of mixed convection of heat in the cavity to the flow
structure at various combinations of geometrical and flow parameters. Therefore, this research
focuses on the coupling of particle-laden flows with heat transfer. This could provide a better
understanding of complex interactions of fluid and particle with other physical phenomena for
specific engineering application which is material transportation, hydrodynamic cleaning and
sedimentation process in the cavity.
2. Methodology
2.1 Experimental Setup
Figure 1 illustrates an overview of the experimental layout. The experiment has been conducted
in a closed-circuit water channel, which consists of a tank, that acts as the reservoir, centrifugal pump,
two valves, flow meter, to indicate the flow rate and also the closed water channel, made with 4 mm
thick acrylic material with different cavity aspect ratios that were specially designed for this
experiment.
The entrance length (𝐿𝑒 ) is defined as the region where the viscous effects near the wall affect
the velocity profile of the flow, which changes constantly [42]. Therefore, it is important to determine
the entrance length of the upstream flow so that the velocity profile of the incoming flow becomes
constant before reaching the cavity and so as not to affect the flow formed in the cavity.
The length of the entrance, 𝐿𝑒 for laminar flow can be written in a function of Reynolds number,
𝑅𝑒 as follows
𝐿e = 0.06𝑅𝑒𝐷ℎ

(1)

where 𝑅𝑒 = Reynolds number and 𝐷ℎ = hydraulic diameter of the pipe. However, because the pipe is
not circular, the hydraulic diameter can be described as
𝐷ℎ = 4𝐴⁄𝑃

(2)

where 𝐴 is the area of the cross-section and 𝑃 is the perimeter of the wet part of the pipe. From Eq.
(1), 𝐿𝑒 for different 𝑅𝑒 has been calculated and presented in Table 1.
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Fig. 1. Diagram of the experimental layout and its component
Table 1
Length of the entrance, 𝐿𝑒 required for each of Reynolds number, 𝑅𝑒
Reynolds number, Re
Entrance length, 𝐿𝑒 (mm)

100
150

400
600

1000
1500

The test section consists of a smooth 25 × 25 mm square channel with 1500 mm long inlet (𝐿𝑖 ),
500 mm long outlet (𝐿𝑜 ) and a wall thickness of 4 mm for the whole channel and cavity as Figure 2.
For cavity section, the length and depth (L and H) are the same with the channel opening (25 mm)
but have a variable range of length, L from 75 to 100 mm (AR = 3 and 4). Summary of test section
dimension was shown in Table 2.

Fig. 2. Cavity channel geometric parameters
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Table 2
Summary of test section dimension
Aspect Ratio (AR)
4
3

𝐿𝑖 (mm)
1500
1525

𝐿𝑜 (mm)
500
500

L (mm)
100
75

W (mm)
25
25

H (mm)
25
25

There are two different sizes of cavities used in this experiment to represent two different aspect
ratio (AR) which is 3 and 4. Other than comparison purpose to the numerical results within the
research scopes, AR 3 and 4 were selected because longer cavity's length provides a clear image for
visualization. Shorter length affecting the diffusion rate of the dye used for visualization, thus,
produce an unclear image of flow structure. For each case, three different Reynolds number, Re have
been used, 100, 400 and 1000. These values have been selected so that it can be compared with
numerical results from the present method and works of literature within the scopes of the research.
The Reynolds number, Re is calculated from the incoming flow average velocity (𝑢𝑎𝑣𝑔 ), the hydraulic
diameter of the channel, 𝐷ℎ and kinematic viscosity of the fluid, 𝜐. By definition,
𝑅𝑒 =

𝑢𝑎𝑣𝑔 𝐷ℎ

(3)

𝜐

By controlling the flow rate of the incoming flow, we can adjust to the desired velocity of the flow
and therefore, controlling Reynolds number, Re of the flow as well. Using Eq. (3), for Reynolds
number, Re from 100 to 1000, calculated range of flow velocity, 𝑢𝑎𝑣𝑔 in the channel between 4.016
mm/s and 40.160 mm/s. Determination of 𝑢𝑎𝑣𝑔 for each Re is important in order to obtain the value
of flow rate required for the experiment. The flow rate value can be obtained by using Eq. (4).
𝑄 = 𝑢𝑎𝑣𝑔 𝐴

(4)

where 𝑄 is the flow rate, 𝑢𝑎𝑣𝑔 is the average flow velocity and 𝐴 is the area of the channel crosssection. This is crucial as the range of flow rate, 𝑄 value needed for suitable pump and flowmeter
scale selection. The flow rate based on the high-velocity range is between 0.151 l/min and 1.506
l/min. The summary of flow rate for each Re is shown in Table 3.
Table 3
Flow rate and flow with corresponding Reynolds number, Re
Reynolds number, Re
100
400
1000

Average flow velocity, uavg (mm/s)
4.0160
16.064
40.160

Flow rate, 𝑄 (l/min)
0.151
0.602
1.506

In the experiment, the flow rate was controlled by using a ball valve positioning upstream the
pump and measured by glass flowmeter, Platon NG series range from 0.1 l/min-1.5 l/min with
accuracy up to 1.25% full-scale deflection (FSD).
2.2 Flow Visualization
Three methods were used to visualize flows in experimental fluid dynamics which are surface
flow visualization, particles tracer method and optical method [43-45]. In this study, the classical flow
visualization technique using liquid dye as used by Mega et al., [46] was chosen. This is due to the
limit of the qualitative aspect of the flow structure. Liquid dye technique can determine the moving
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instability of the shear layer past over the cavity. This method, however, has a drawback. It cannot
produce excellent quality images for stationary vertical structure for Reynolds number, 𝑅𝑒 below 100
and aspect ratio, AR less than 2 for this experiment configuration.
The experiment is using Sony alpha 6000 (α6000), ILCE6000 model, 24 megapixels mirrorless
digital camera with 16-55 mm zoom lens as image recorded device and positioned in front of cavity
to visualize the velocity profile and flow behaviour with different Reynolds number, 𝑅𝑒 especially in
the cavity. The experiments for each Reynolds number were repeated three times to obtained
reliable and consistent visual results. The reproducibility of flow visualizations was verified by
recording various picture sequences with a different channel running, and by testing different dye
ink-water mixture. Note that there is a saturation of the cavity with ink if the observation time is too
long. Therefore, the dynamical flow structure in the cavity cannot be identified.
2.3 The Numerical Scheme
Advection equation for hyperbolic type of equation can be solved by using Cubic Interpolated
Pseudo-particle (CIP) method. This method is a semi-Lagrangian scheme which gives not an only less
diffusive result but also stable outcome without any flux limiter [47]. Therefore, Yabe [4, 47]
proposed a general hyperbolic solver. The solver scheme needs to split the equation into two parts
which are advection and non-advection phases.
Eqs. (5) and (6) show the vorticity transport and energy equation in dimensionless form. The
equations consist of advection and non-advection part on the left- and right-hand side of the
equations, respectively. The non-advection phase of the equations will be solved by using central
finite difference, and the advection phase will be solved using two-dimensional CIP approach.
Momentum dimensionless equation
𝜕Ω

𝜕Ω

𝜕Ω

1

𝜕2 Ω

𝜕2 Ω

+ 𝑈 𝜕𝑋 + 𝑉 𝜕𝑌 = 𝑅𝑒 (𝜕𝑋 2 + 𝜕𝑌 2 ) +

𝜕𝜏

𝐺𝑟 𝜕θ
𝑅𝑒 2 𝜕𝑋

(5)

Energy dimensionless equation
𝜕θ
𝜕𝜏

+𝑈

𝜕θ
𝜕𝑋

+𝑉

𝜕θ
𝜕𝑌

=

1

(

𝜕2 θ

𝑃𝑟𝑅𝑒 𝜕𝑋

+
2

𝜕2 θ
𝜕𝑌 2

)

(6)

where Ω is dimensionless vorticity, 𝑋 and 𝑌 are dimensionless space in horizontal and vertical
direction respectively, 𝑈 and 𝑉 are dimensionless velocity component in horizontal and vertical
direction respectively, 𝐺𝑟 is Grashof number, 𝑅𝑒 is Reynolds number, θ is dimensionless
temperature, 𝜏 is dimensionless time, and 𝑃𝑟 is Prandtl number. In conjunction with the CIP method,
Eq. (5) divided into advection and non-advection phases. Then, the split equation must be
differentiated to determine the Ω and 𝜃 gradient. Thus, the differentiation results are described as
the following equation.
The advection phase:
Momentum
𝜕Ω
𝜕𝜏

𝜕𝑋 Ω
𝜕𝜏

𝜕Ω

𝜕Ω

= − (𝑈 𝜕𝑋 + 𝑉 𝜕𝑌 )
= − (𝑈

𝜕𝑋 Ω
𝜕𝑋

+𝑉

𝜕𝑋 Ω
𝜕𝑌

(7)
)

(8)
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𝜕𝑌 Ω
𝜕𝜏

𝜕𝑌 Ω

= − (𝑈

𝜕𝑌 Ω

+𝑉

𝜕𝑋

𝜕𝑌

)

(9)

Energy
𝜕𝜃

𝜕𝜃

𝜕𝜃

= − (𝑈 𝜕𝑋 + 𝑉 𝜕𝑌)

𝜕𝜏

𝜕𝑥 θ

= − (𝑈

𝜕𝜏
𝜕𝑌 θ

= − (𝑈

𝜕𝜏

𝜕𝑥 θ
𝜕𝑋
𝜕𝑌 θ
𝜕𝑋

+𝑉
+𝑉

(10)

𝜕𝑥 θ
𝜕𝑌

)

𝜕𝑌 θ
𝜕𝑌

(11)

)

(12)

and the non-advection phase
Momentum
𝜕Ω

1

𝜕²Ω

𝜕²Ω

𝐺𝑟 𝜕θ

= 𝑅𝑒 (𝜕𝑋² + 𝜕𝑌² ) + 𝑅𝑒 2 𝜕𝑋

𝜕𝜏

𝜕𝑋 Ω
𝜕𝜏
𝜕𝑌 Ω
𝜕𝜏

1

𝜕³Ω

𝜕³Ω

(13)
𝜕𝑈

𝜕𝑉

𝜕𝑈

𝜕𝑉

𝐺𝑟

𝜕θ

= 𝑅𝑒 (𝜕𝑋³ + 𝜕𝑋𝜕𝑌²) − 𝜕𝑋 Ω 𝜕𝑋 − 𝜕𝑌 Ω 𝜕𝑋 + 𝑅𝑒 2 𝜕𝑋 𝜕𝑋
1

𝜕³Ω

𝜕³Ω

𝐺𝑟

𝜕θ

= 𝑅𝑒 (𝜕𝑋²𝜕𝑌 + 𝜕𝑌³ ) − 𝜕𝑋 Ω 𝜕𝑌 − 𝜕𝑌 Ω 𝜕𝑌 + 𝑅𝑒 2 𝜕𝑋 𝜕𝑌

(14)
(15)

Energy
𝜕θ

1

𝜕²θ

𝜕²θ

= 𝑃𝑟𝑅𝑒 (𝜕𝑋² + 𝜕𝑌²)

𝜕𝜏

𝜕𝑋 θ
𝜕𝜏
𝜕𝑌 θ
𝜕𝜏

1

𝜕³θ

(16)

𝜕³θ

𝜕𝑈

𝜕𝑉

= 𝑃𝑟𝑅𝑒 (𝜕𝑋³ + 𝜕𝑋𝜕𝑌²) − 𝜕𝑋 θ 𝜕𝑋 − 𝜕𝑌 θ 𝜕𝑋
1

=

(

𝜕³θ

𝑃𝑟𝑅𝑒 𝜕𝑋²𝜕𝑌

+

𝜕³θ
𝜕𝑌³

) − 𝜕𝑋 θ

𝜕𝑈
𝜕𝑌

− 𝜕𝑌 θ

𝜕𝑉
𝜕𝑌

(17)
(18)

where 𝜕𝑋 Ω = 𝜕Ω/𝜕X and 𝜕𝑌 Ω = 𝜕Ω/𝜕Y, 𝜕𝑋 θ = 𝜕θ/𝜕X and 𝜕𝑌 θ = 𝜕θ/𝜕Y. The details description
of the advection and non-advection phase is documented in [48] and will not be given here.
2.4 Fluid-Particle Interaction
There are two types of movement in particulate flows which are translational motion and
rotational motion. To describe the motion of an individual particle, Newton’s second law of motion
can be used as in Zhu et al., [49]. For the translational and rotational movement of particle 𝑖 with
mass 𝑚𝑖 and moment of inertia 𝐼𝑖 , the governing equation can be described as
𝑚𝑖
𝐼𝑖

𝑑𝑣𝑖
𝑑𝑡

𝑑𝜔𝑖
𝑑𝑡

𝑓

𝑔

𝑛𝑐
= ∑𝑗 𝐹𝑖𝑗𝑐 + ∑𝑘 𝐹𝑖𝑘
+ 𝐹𝑖 + 𝐹𝑖

= ∑𝑗 𝑀𝑖𝑗

(19)
(20)
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where 𝜔𝑖 and 𝑣𝑖 are the angular and translational velocities of particle i, respectively, 𝑀𝑖𝑗 and 𝐹𝑖𝑗𝑐 are
𝑛𝑐
the torque and contact force acting on particle i by particle j or walls, 𝐹𝑖𝑘
is the noncontact force
acting on particle i by particle k or other sources, fluid-particle interaction force on particle i, is
𝑓
𝑔
represented by 𝐹𝑖 and 𝐹𝑖 is the body force of the particle, gravity.
Since no non-contact forces were considered in the present research and the particles were
assumed with no rotational motion applied, the governing equation for particles can be described as
𝑚𝑖

𝑑𝑣𝑖
𝑑𝑡

𝑓

𝑔

= ∑𝑗 𝐹𝑖𝑗𝑐 + 𝐹𝑖 + 𝐹𝑖

(21)

𝑓

𝐹𝑖 which is mainly the drag force acting on the particle, can be described as follows
𝑓

𝐹𝑖 = 𝐹𝑑 = 1/2𝜌𝑓 𝐶𝐷 𝐴𝑃 |𝑢𝑖 − 𝑣𝑖 |(𝑢𝑖 − 𝑣𝑖 )

(22)

where 𝜌𝑓 is the density of the fluid, 𝐴𝑃 is the area of the particle projected on a plane normal to the
flow direction, 𝐶𝐷 is the drag coefficient and 𝑢𝑖 and 𝑣𝑖 are the velocities of the continuous fluid phase
and particle phase. The 𝐶𝐷 is primarily a function of Reynolds number, 𝑅𝑒, defined as
𝑅𝑒𝑝 = (𝜌𝑓 𝐷𝑝 |𝑢𝑖 − 𝑣𝑖 |)/𝜇

(23)

where 𝜇 is the dynamic viscosity of the fluid and 𝐷𝑝 is the particle diameter. Since the value of 𝑅𝑒
here is based on the value of relative velocity between the particle and the fluid, 𝑅𝑒𝑝 the notation is
used to distinguish between the flow’s Reynolds number, 𝑅𝑒. In the present research, the value of
𝐶𝐷 can be determined as follows [50]
24

𝐶𝐷 = 𝑅𝑒

𝑝

for 𝑅𝑒𝑝 < 1

24

(24)

3

𝐶𝐷 = 𝑅𝑒 (1 + 16 𝑅𝑒𝑝 ) for 1 < 𝑅𝑒𝑝 < 5
𝑝

𝐶𝐷 = 1 +

𝑅𝑒𝑝 2/3
6

for 𝑅𝑒𝑝 < 1000

(25)
(26)

𝑔

On the other hand, 𝐹𝑖 can be expressed as follows
𝑔

𝜌

𝐹𝑖 = (1 − 𝜌𝑓 ) 𝑔
𝑝

(27)

where 𝜌𝑓 is the working fluid density, 𝜌𝑝 is particle density and 𝑔 is the gravitational acceleration.
Therefore, by getting previous information, the velocity and the position of the particles can be
obtained by solving equation (3.03) using the fourth-order Runge-Kutta method. The detailed
solutions have been discussed in Arman and Kim [24].
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2.5 Validation Study
2.5.1 Fluid particle interaction
The validation study of the behaviour of single-particle inside the cavity flow was carried out by
comparing present results with the experimental research done by Tsorng et al., [51] and numerical
study by Kosinski et al., [23]. Tsorng et al., [51] studied the behaviour of a single particle suspended
in a lid-driven cavity flow. The experiment setup includes fluid with specific gravity 1.21 and kinematic
viscosity of 37.2 mm2/s and, within a cavity with 10 cm sidewall. The particle has the density almost
similar to the working fluid. The lid was moving with a velocity of 17.5 cm/s. This information matched
the Reynolds number, 𝑅𝑒 = 470 [23].
The computational domain was set up, as shown in Figure 3. The numerical domain of the cavity
had the aspect ratio, AR = 1, where L = H =1. The grid points used is fixed to 101 x 101. The particle
properties for the validation study were obtained from work by Arman and Kim [24] as they also
conducted the comparative analysis for validation of single-particle behaviour in the driven cavity
using the results from Tsorng et al., [51] and Kosinski et al., [23]. Table 4 shows the spatial resolutions
generated for the study and the parameters involved.

Fig. 3. Computational domain’s schematic
diagram and boundary conditions for validation
study in lid-driven cavity of trajectory of single
particle in lid-driven cavity
Table 4
Resolution of mesh and parameters used for the fluid-particle interaction validation study
Depth (H) and length (L) of
the domain
H=L=1

No. of grid
points, (i x j)
101 x 101

Cell size
(∆𝑋 × ∆𝑌)
0.01 × 0.01

Dimensionless
time step, ∆𝜏
0.0001

Particle density
ratio, 𝜌𝑝 /𝜌𝑓
1.0

Particle size, 𝐷𝑝
0.001

3. Results
3.1 Validation Numerical Results of Mix Convection
The computational analysis of the two-dimensional, laminar mixed convective flow of air (Prandtl
number, Pr = 0.7) over open-ended cavity for aspect ratio, AR = 1 using CIP method were performed.
The flow Reynolds number, 𝑅𝑒 was fixed to 100, but the velocity and temperature distribution of the
buoyancy forces can be affected by varying the Richardson number (𝑅𝑖), ranging from 0.1 to 10.0.
Throughout the investigation, the numerical results of mixed convection are compared and evaluated
with work by Manca et al., [52], Abdelmassih et al., [53] and Stiriba et al., [54].
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3.1.1 Effect of Richardson number, Ri on the flow streamline and thermal fields inside the cavity
For all value Richardson number, 𝑅𝑖, Figure 4(a) shows a single formation of vortex existed within
the cavity using the thermal CIP numerical method. For 𝑅𝑖 = 0.1, buoyancy effect in the cavity at this
condition is insignificant as the dominant diffusion heat transfer process takes places. The isotherms
(Figure 5) within the cavity indicate that heat transfer via conducting is dominant. It governed by
diffusion through the flow field and by the weak circulating flow.

𝑅𝑖 = 0.1

𝑅𝑖 = 1.0

𝑅𝑖 = 10.0

(a)

(b)

Fig. 4. Streamlines and vortex formation comparisons for AR = 1, 𝑅𝑒
= 100 from (a) present results, (b) Abdelmassih et al., [53]
𝜃

𝑅𝑖 = 0.1

𝜃

𝑅𝑖 = 1.0

𝜃

𝑅𝑖 =
10.0

(a)

(b)

(c)

Fig. 5. Isotherm lines comparisons for AR = 1, 𝑅𝑒 = 100 from (a) present results, (b) Abdelmassih et
al., [53] and (c) Stiriba et al., [54]
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As the Richardson number, Ri increase to 1.0, the center of the flow circulation is slightly shifted
to the center of the cavity. Besides, the shape of the flow circulation skewed becoming oval-shaped.
This is because the buoyancy force becomes stronger. In addition, convective heat transfer becomes
more dominant and as Ri increase to 10.0, the heat transfer within the cavity occurs prominently via
convection. At this point, natural convection dominated the process of heat transfer. The changes in
the flow structure inside the cavity are mostly due to the density variation to the temperature
distribution, 𝜃 inside the cavity rather than the shear itself. It can be seen by the non-linear isotherms
that become significant within the cavity. The convection process inside the cavity is affecting the
flow circulation, thus, affecting the velocity of the flow as shown in Figure 5. However, the result in
flow circulation is slightly different compared to Abdelmassih et al., [53]. Their results show that the
induced flow penetrated the cavity and center of the circulation drift to the lower half of the cavity.
In contrast, the present only indicates that the circulation is getting bigger as the buoyancy forces
getting stronger. In addition, it clearly shows that no penetration from the external flow into the
cavity.
3.2 Numerical Study of Particle Behaviour in a Mixed Convection Channel Flow with Cavity
The aspect ratio, AR = 1 using the CIP method was chosen to analyze the particle behaviour in a
mixed convection channel flow with the cavity. On the presence of heat along the bottom wall, an
observation was made to the effect of the heat on the flow circulation inside the cavity. From the
observation, there are slightly change in streamline were recorded. The changes are higher for small
Reynolds number, 𝑅𝑒 = 50 compared to larger 𝑅𝑒. The convection of the heat process in the cavity
changes from forced convection to natural convection as 𝐺𝑟 increases from 1000 to 4000. The
changes of flow pattern are encountered due to stronger buoyancy effect as Gr increases. The
buoyancy forces from the convection affect the strength of the vortex inside the cavity as the velocity
increases as shown in Figure 6(a). From the figure, there are increases in velocity of about 72.4% and
55.7% on maximum and minimum V-velocity as 𝐺𝑟 increases from 1000 to 4000.
As Reynolds number, 𝑅𝑒 increases to 100, there is a main circulation developed filled inside the
cavity, and the shape of their streamlines varies at various Gr. However, the changes of vortex shape
inside the cavity are lesser as the 𝐺𝑟 increases from 1000 to 4000, as illustrated in Figure 7(a). For
temperature, 𝜃 contour, it can be seen in Figure 7(b) that Gr values affect the temperature
distribution. Furthermore, forced convection from the flow is dominating the heat transfer inside the
cavity and buoyancy force have a smaller effect on the flow compare to 𝑅𝑒 = 50 due to higher inertial
forces from the flow. The presence of heat in the flow inside the cavity slightly influences the
behaviour of the dispersion of the particles. The effect of heat on the dispersion of the particles will
be discussed later.
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Fig. 6. Comparison of the velocity profile of horizontal (top) and vertical component (bottom)
along the centerline of the cavity with aspect ratio, AR = 1 at different Grashof number, 𝐺𝑟 for
(a) 𝑅𝑒 = 50 and (b) 𝑅𝑒 = 1000
𝜃

𝐺𝑟 = 1000

𝜃

𝐺𝑟 = 3000

𝜃

𝐺𝑟 = 4000

(a)

(b)

(c)

Fig. 7. Flow structure (a) temperature (b) and particle distribution (c) in the flow field of the
channel with cavity with aspect ratio, AR = 1 at steady state at Reynolds number, 𝑅𝑒 = 100 at
various Grashof number, 𝐺𝑟
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However, the changes of flow structures are almost insignificant at 𝑅𝑒 = 1000 for all 𝐺𝑟 value as
shown in Figure 8(a). As the convection process in 𝑅𝑒 = 1000, forced convection also dominating the
heat transfer inside the cavity. The phenomena can be observed as the heat from the cavity
transferred to the flow circulation mostly by the advective process, thus, translated by temperature,
𝜃 contour as shown in Figure 8(b). In this process, inertial forces of the flow circulation are dominant
from buoyancy forces; thus, changes of 𝐺𝑟 from 1000 to 4000 did not significantly change the flow
behaviour. Therefore, no significant differences in the velocity of the flow circulation recorded, as
shown in Figure 6(b).
𝜃

𝐺𝑟 = 1000

𝜃

𝐺𝑟 = 3000

𝜃

𝐺𝑟 = 4000

(a)

(b)

(c)

Fig. 8. Flow structure (a) temperature (b) and particle distribution (c) in the flow field of the
channel with cavity with aspect ratio, AR = 1 at steady state at Reynolds number, 𝑅𝑒 = 1000 at
various Grashof number, 𝐺𝑟

3.3 Effect of Heat on The Dispersion of Particles Removal Process
Figure 9 show percentages of particle removed for a cavity with AR = 1, 2 and 4 at various
Reynolds number, 𝑅𝑒 and Grashof number, 𝐺𝑟. By focusing on the effect of heat on the particles
removal process, generally, there are no significant changes to the percentages. Details changes in
removal percentages presented in Figure 9 for all aspect ratio, AR of the cavity. For AR = 1, the
percentages decreasing for all 𝑅𝑒 as 𝐺𝑟 increasing from 1000 to 4000. For 𝑅𝑒 = 50, the percentage
decrease from 13.9% to 12.4% while for 𝑅𝑒 = 100, the percentage slightly decrease from 11.6% to
11.2%. For 𝑅𝑒 = 1000, the percentage decrease from 21.2% to 19.6%. For 𝑅𝑒 = 1000, the percentage
of removal has shown an increase from 39% to 39.2% as 𝐺𝑟 increases from 1000 to 3000 before
decreasing to 39% for 𝐺𝑟 = 4000. However, there are increases in percentage for 𝑅𝑒 = 1000. The
percentage decrease from 81.4% to 80.6% as 𝐺𝑟 increases from 1000 to 3000 before the percentage
jump to 84.4% for 𝐺𝑟 = 4000.

44

Journal of Advanced Research in Numerical Heat Transfer
Volume 1, Issue 1 (2020) 32-51

Notably, for 𝑅𝑒 = 100, the particles seem to disperse along with the higher velocity and vorticity
region inside the cavity as shown in Figure 7(c) regardless the value of 𝐺𝑟 as discussed in previous
work by Brandon and Aggarwal [55] and Jafari et al., [56]. As 𝑅𝑒 increases to 1000, the strength of
the vortices increases. As a result, the cloud of particles moved from the middle of the cavity and
rotates along the peripheral of the vortex due to the inertia of the particles [24] as shown in Figure
8(c). Insignificant changes in particles removal percentage for different 𝐺𝑟 seems to be debatable to
the heat and mass transfer discussion by Fang [42] especially for Re = 50. Combination of buoyancy
force and flow inertia supposed to increase the removal percentage significantly. This contradiction
may be due to the absence of particles consideration on the analysis of fluid removal from the cavity
by Fang [42]. Since the particles used in the present study need to consider the interaction between
itself and the walls; therefore, the results may differ from expected. Besides, parameters of the
particles should be taken into account for the differences.
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Fig. 9. Percentage of particles removal at various Reynolds number, 𝑅𝑒
at different Grashof number, 𝐺𝑟 for a cavity at various aspect ratio, AR

3.4 Effect of Different Density Ratio, 𝜌𝑝 /𝜌𝑓 to the Dispersion of Particles Removal Process
Figure 10 presents the percentage of removal and deposition of particles for different periods of
the simulation for different density ratio 𝜌𝑝 /𝜌𝑓 at heated and non-heated cavity with AR = 1.
Generally, the rate of particles removal recorded higher at the early stage of flow development. The
percentages of particles removal increase from 0 to 22% at 𝜏 = 0 to 10 for 𝜌𝑝 /𝜌𝑓 = 2.0 for non-heated
cavity before no particles have been removed for 𝜏 > 10. There are slight differences between heated
cavity cases. The percentages of particles removed just 20% but at 𝜏 = 0 to 9, slightly faster than the
non-heated cavity. On the other hand, the percentages of particles removed are 17% and 14% at but
at 𝜏 = 0 to 7 and 𝜏 = 0 to 3 for 𝜌𝑝 /𝜌𝑓 = 5.0 and 𝜌𝑝 /𝜌𝑓 = 10.0 respectively. However, there are no
significant differences between heated and non-heated cavity. The rate of particles deposition at the
bottom of the cavity is slightly higher at the early stage of flow development before steadily climbing
until all the remaining particles settled. For 𝜌𝑝 /𝜌𝑓 = 2.0, the particles deposited increase to 21.8% at
𝜏 = 0 to 50 before steadily increase to 41%. As 𝜌𝑝 /𝜌𝑓 increase to 5.0 and 10.0, the rate of particles
deposited also increase. The particles deposited increase to 60% at 𝜏 = 0 to 50 for 𝜌𝑝 /𝜌𝑓 = 5.0 and
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increase to 80% at 𝜏 = 0 to 30 for 𝜌𝑝 /𝜌𝑓 = 10.0. When comparing between heated and non-heated
cavity, there are no significant differences in trend along time.
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Fig. 10. Historical comparison of the particles between the heated and non-heated cavity for
particles with different density ratio, 𝜌𝑝 /𝜌𝑓 (a) removal of the particles from the cavity and (b)
particles deposition at the bottom of the cavity

Interesting remark for particles with 𝜌𝑝 /𝜌𝑓 = 2.0 and 5.0, removal percentage is higher at the
early stage of flow development before no longer particles being removed at 𝜏 = 9 for 𝜌𝑝 /𝜌𝑓 = 5.0
and 𝜏 ≈ 36 for 𝜌𝑝 /𝜌𝑓 = 2.0 as illustrate in Figure 11(a) and (d). After that period, the number of
particles deposited exceeds the number of particles being removed. As the density of the particle
increases, the removal of particles decreases while deposition percentage was shown increases as
illustrated in Figure 12. Generally, there are no significant differences between a heated or nonheated cavity in the results presents.
For the cavity, the number of particles removed in the heated cavity is 21.8% while the nonheated cavity is 20.3%, 1.5% difference between the two for 𝜌𝑝 /𝜌𝑓 = 2.0. As the density ratio
increase, the percentage of particles removal decreases. Contrarily to the particles with 𝜌𝑝 /𝜌𝑓 = 2.0,
particles with 𝜌𝑝 /𝜌𝑓 = 5.0 and 10.0 shows no differences in removal percentage for both heated and
non-heated cavity. For particles deposition, the percentage is increasing as the density ratio of the
particles increase [24], the opposite trend from particles removal. The non-heated cavity shows the
number of particles deposited slightly higher than the heated cavity with 1.5% and 0.8% of
differences for 𝜌𝑝 /𝜌𝑓 = 2.0 and 5.0 respectively. However, for particles with higher density ratio,
𝜌𝑝 /𝜌𝑓 = 10.0, no differences recorded between the heated and non-heated cavity for both removal
and deposition percentages.
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Fig. 11. Percentage of removed and deposited particles on the bottom of the cavity for AR =
1 for non-heated cavity at different density ratio, 𝜌𝑝 /𝜌𝑓 , (a) 2.0, (b) 5.0 and (c) 10.0 and
heated cavity, Gr = 4000 for 𝜌𝑝 /𝜌𝑓 (d) 2.0, (e) 5.0 and (f) 10.0
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for different density ratio, 𝜌𝑝 /𝜌𝑓 for a cavity with AR = 1

4. Conclusions
In the present study, it was shown that the flow characteristics change with the influence of the
heat presence. In the present research, convection heat transfer occurred either naturally or forcibly
dominated. For 𝑅𝑒 = 50, natural convection dominated and buoyancy forces are larger compared to
the inertial force. As a result, the force changes the structure of the flow inside the cavity. As 𝐺𝑟
increases from 1000 to 4000, the changes become significant. However, at 𝑅𝑒 = 1000, the effect of
heat is insignificant to the changes of the flow structure inside the cavity as the inertial force from
the flow is dominating compared to the buoyancy forces from the heat transfer.
The qualitative study of the behaviour of the particles in present results shows that the particles
are dependent on the flow characteristics inside the cavity. The results of the present research also
indicate particles with density ratio, 𝜌𝑝 /𝜌𝑓 = 1.0 and 2.0 are easily affected by the flow field in the
cavity compared to particles with 𝜌𝑝 /𝜌𝑓 = 5.0 and 10.0. As for particles with 𝜌𝑝 /𝜌𝑓 = 2.0 and 5.0,
there are hardly affected by the vertical flow field resulting from inertial forces from the particles
themselves. Therefore, the particles tend to drag down and settle due to the gravitational force
occurred.
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