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1. Introduction
1.1 Fundamental Concepts of Cavity Flow

In general, the phrase cavity flow refers to flow over the surface cavity or surface cut-outs. Cavity
flows relevant to study the flow regime without implementing complicated geometric structure.
Figure 1 shows a general cavity two-dimensional configuration for a rectangular cavity, where H is
the depth of the cavity and L is the length of the cavity. The dimensions of a cavity are asserted by
their aspect ratio (AR). In the analysis of fluid flow, the important things to identify the types of flow
related to the scope of studies. In fluid dynamics, fluid flow can be classified into several types which
are |) laminar or turbulent, 1) compressible or incompressible, 1ll) uniformed or non-uniformed, 1V)
steady or unsteady, V) rotational or non-rotational and VI) two or three-dimensional flow. The
dimensionless parameter to investigate the type of fluid flow is Re.

Primarily, there are two types of inlet flow in the channel, which is Poiseuille flow and Couette
flow. Poiseuille flow is a flow guided by a pressure gradient along the channel length with a usually
fixed cross-section Couette flow is a viscous fluid that moves tangentially in the space between two
surfaces as shown in Figure 2.
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Fig. 1. General two-dimensional cavity flow configuration
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Fig. 2. The fluid flow of the plane shear (a) Couette flow with
upper wall moving and (b) Poiseuille flow with both walls fixed
where the arrows show the velocity magnitude of the flow [1]

There are no specific classifications of type of flow formed inside the cavity. However, there are
classification made based on the application, and problem researchers try to solve. For example, in
the study of airflow in building and street canyon, the flow regime in the urban boundary layer can
be categorized into three types: isolated roughness flow, wake interference flow and skimming flow
regime [2]. The development of the flow regime in the urban street canyon depends on the flow
characteristics, the height of the building and the distance between two buildings [3].

On the other hand, Charwat et al., [4] introduced a classic definition of different flow regimes. In
general, there are two types of cavity flow which are "open" cavity flow and "closed" cavity flow.
Between these two types of flow, the transitional flow region also was put into the categories. These
categories are based on a two-dimensional rectangular cavity where the spanwise width, W is much
larger than the length of the cavity, L and end effect can be ignored.

Particles dispersion studies have attracted researchers' interest in understanding the physics
behind the phenomena. Fluid-particle transport related to cavity flows is relevant to several natural
and engineering applications such as cleaning of process equipment. However, there is no detailed
discussion on the flow in the cavity channel with the dispersion of the particles, and the combination
of the effect of different geometrics and fluid parameters with the presence of heat. The study
presented here discusses the previous work of several researchers on the impact parameters,
including geometrical parameters of the cavities, flow-related parameters, heat transfer and fluid-
particles interaction. In addition, application of CIP method in this area of studies is considered new.
This is therefore, form the foundation for the objectives and the significance of the current studies.
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1.2 Cavity Geometrical Effects

One of the parameters that affected flow structure inside the cavity is its geometry. As the aspect
ratio, AR of cavities changes, the flow regime inside the cavity also changes. There are several studies
in which the results highlight the effect of geometrical parameters on the flow inside the cavity.
Earlier, Pan and Acrivos [5] studied the dependence on the depth of cavities and the Stokes flow eddy
structure in a closed, rectangular cavity. These natural occurrences can theoretically be clarified by
the development of their value for stream function, ¥ (x, y) as explained by Shankar and Deshpande
[6](2000). For mathematical details of this matter, Joseph et al., [7] worked can be used as a
reference. Furthermore, the formation of the primary vortex from the corners eddies as the changes
of cavity depth have been visualized in detail by Hellou and Coutanceau [8].

Cheng and Hung [9] studied the effect of the deep cavity to the vortex structure from AR =1 to
1/7. For deep cavity, the number of vortices is increased with both depth, H and Reynolds number,
Re. The main feature of the deep cavity is its fill with counter-rotating vortices. There is a critical
value of the aspect ratio for a deep cavity which is depending on the Re [10]. When exceeding the
significant value, flow structure in a certain part of the cavity becomes symmetric due to loss of
inertial forces from the primary vortex at the top of the cavity from reach to the bottom.

In the deep cavity, the evolution of the secondary or tertiary vortex can be seen as a function of
the depth of the cavity [9,11]. As the H of the cavity increases, the separation point between two
secondary vortices in the bottom corner of the cavity decreasing and eventually attached become
one large vortex. For Re =0.01, the attachment occurs when H=1.63. Mehta and Lavan [12] observed
two vortices formed, where one formed at the bottom from the first one for Re ranging from 1 to
100 at AR = 0.5. The first top vortex is seemed to be appearing stronger from the other one. As the
AR decrease to 0.2, four single large vortices were identified [5].

As AR decreases, the vortices number in the cavity increases. However, the strength of vortices
reduces rapidly [13]. Only primary and secondary vortices in the deep cavity promote mass transfer.
The values of kinetic energy in the primary vortex is high, therefore has large influence on mass
transfer. The impact of secondary vortex reduces quickly as AR decrease. The other vortices in the
deep cavity therefore have a negligible effect on the transfer of mass.

For a study on the flow over shallow cavity, Taneda [14] investigated the effect of the AR on the
laminar regime, and results have been numerically verified by Shen and Floryan [15]. They studied
low Re for various AR numerically and experimentally. They found that corner vortices or Molfatt
vortices existed regardless of the aspect ratio. Furthermore, the location of impingement and
separation points correlated with AR [16].

Zdanski et al., [17] studied for both laminar and turbulent flow over the shallow cavity. For
laminar flow study, they considered cavity for AR ranging from 9.6, 10 and 28 and Re was kept
constant at 662. The finding shows the cavity's AR influencing to the number and shape of the
recirculating zone. The separation of the vortex start occurred at AR = 10 when the formation of two
vortices and as AR is increasing to 28, two vortices formed at forward and backwards-facing step of
the channel.

Moreover, Cheng and Hung [9] highlighted that a large vortex that fills near the cavity region is
the main feature. Furthermore, the formation of small vortices can be seen at the bottom corner of
the cavity. This feature, however, can be seen for very low Re or creeping flow. The effect of different
Re will be discussed in the next section. Besides, for Re < 100, the streamline pattern and vortex
structure are discovered to be almost identical. However, it can be seen that the primary vortex
seems to appear more circular as the L of the cavity increase.
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Besides investigating the flow over a rectangular cavity, other cavity shapes also attract
researchers to further investigating the effect of cavity geometrical arrangement to the flow
structure. Ozalp et al., [18] carried out experiments to investigate the flow structure over the
rectangular, triangular and semi-circular cavity with AR = 2. Idris et al., [19] conducted a numerical
study for a shallow semi-ellipse cavity with AR =4, 3 and 8/3.

Shinha et al., [20] conducted an empirical research of flow inside the rectangular cavities with AR
ranging from 0.035 to 2.5 at three Re, which are 662, 1342 and 2648. Since their work provides a
good result, it becomes a reference to validate numerical analysis for a quite number of times.
Furthermore, Koseff and Street [21] studied the lid-driven cavity for AR = 1 using laser-Doppler-
anemometer to measure the flow velocity and a rheoscopic liquid illuminated by laser-light sheets
for visualization purpose. They then extended their work for span-width ratio, W/L = 1, 2 and 3 using
the same technique [22] at Re = 1000 to 10,000.

One of the main components in analyzing driven cavity flow in three dimensional is the existence
of Taylor-Gortler-like (TGL) vortices which are identified by Koseff and Street [23] and coined the
term in 1984 [21]. It is the longitudinal vortices whose axes lie along the primary flow direction [24]
and it becomes significant as the increase of Re, depending on the AR. Rhee et al., [25] focused on
visualizing the TGL longitudinal vortices. According to Eaton [26], TGL may affect heat transfer within
the flow. At the same year, Koseff et al., [27] produced evidence that there is a correlation between
the passage of the vortices and local heat transfer at the bottom of the cavity. Moreover, Aidun et
al., [28] studied the stages that TGL will appear for W/L = 3. The flow is steady until Re = 825, then
the TGL appear. Besides, the unsteady, longitudinal nature of these formations at Re = 4000 verified
the early study by Iwatsu et al.,, [29]. They were agreed with Koseff and Street [21]. As the Re
increase, the number of pairs of TGL vortices increases for W/L = 3.

1.3 Flow Characteristics Effects

Despite the rising of the interest on the transition Reynolds number, Re, it cannot be denied the
low to medium Re cavity problem still be analyzed with various additional problem modification and
different numerical schemes being applied. Stokes flow is often used to study the fundamental of
fluid flow. Stokes flow is a type of fluid flow where the inertial forces are too small compared to the
viscous forces where Re < 1. Kim and Moin [21] and Schreiber and Keller [30] used stokes flow as one
of their numerical tests for a square lid-driven cavity. Both provide the same result qualitatively,
which the flow is almost symmetrical concerning the centerline, with a single primary vortex and two
corners small vortices are visible.

For deep cavity, ranging from 1 to 1/3 of AR, increasing of Re made the strength of vortex increase
but the size of the first and second vortices decreases [9]. The size differences between both pair of
smaller vortices at the bottom corner are noticeable as Re increases. The rotation of the large vortex
is influencing which side of the smaller vortices will change in size. Also, Patil et al., [10] conducted a
numerical simulation of a two-dimensional rectangular deep cavity with AR ranging from 2/3 to 1/4.
The second primary vortex is formed by a rapid transition of an unsteady wall vortex and consistent
with previous experiment [8] and numerical study [24, 31] under Stokian flow and high Re. The
findings also conclude that the value of Re affected the structure of the primary vortex below the
top lid drastically, but not much affected by the cavity depth, H as shown in Figure 3.

Kumar and Agrawal [32] studied the effect of different AR in the driven cavity using the Lattice
Boltzmann method with AR =0.25 and Re from 100 and reaches over 1000. In the simulations, Kumar
and Agrawal [32] predicted four vortices were formed inside the cavity. The finding was the similar
result by Lin et al., [33]. The strength of the vortices for H < 2 is weak, translated by low velocity in
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the horizontal direction. With increasing of Re, the strength of the vortices increases, thus, two small
vortices at the cavity's bottom wall attached and formed a primary vortex. This event occurred at Re
=400. Similar findings also can be observed in Patil et al., [10]. This result, however, contradicts with
Pandit [34] which he predicted only three vortices formed at Re = 400.
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Fig. 3. Vortex formation for deep cavity flow for AR = 4 with
Re =(a) 50 (b) 400, (c) 1000 and (d) 3200 [10]

In a channel with shallow cavity, increasing of Re make the centre of primary vortex drifts off
horizontally to the right and flow pattern are no longer symmetrical as in creeping flow due to inertia
force effect. In addition, the strength of primary vortex and the size of secondary vortices of the
bottom corner of the cavity is also increased. Flow development over a cavity for AR = 4 have been
illustrated by Fang et al., [35] for Re = 50, 100 and 400. The findings show the formation of primary
vortex is also highly dependent on Re. The vortex is formed from the counter-rotating small vortices
at both corners of the cavity's bottom wall. As time goes by, the strength from inertial forces from
the incoming flow made the small vortex at the preferred side increase in size. As the Re increase,
the impingement point of the vortex to the opposite side of the cavity decrease and finally filling the
cavity with central vortex drifted to the right.

In addition, Zdanski et al., [17] investigated the influence of Re in a very shallow cavity with AR =
12. Four sets of Re were used, 147, 294, 442 and 662. For the lowest Re, two separates vortices were
formed with the backwards-facing step vortex larger than the forward-facing step. As Re increases,
the vortices stretched and attached, creating a single larger vortex. They concluded that the position
of vortices centre as a function of Re.

Studying the transition process from laminar to turbulent flow also attract so many researchers
in recent years. Many take the advantages of the simplicity of lid-driven problem as a basis to verify
the numerical schemes, physical occurrences, and flow characteristic. Bruneau and Saad [36] used a
fourth-order discretization of convection term to solve the Navier-Stokes equations for a variety of
Re from 1000 to 10,000. In addition, Peng et al., [37] used Reynolds number starting from 7000 until
11,000 to study the transition. Both used the mark of Hopf bifurcation as the point of transition
started. The mark of the first bifurcation is always known as the critical Reynolds number, Re., which
the value of Re when the start of the transition of flow from laminar to turbulent. The Re. value is
varies depending on the geometry of the boundary. According to Peng et al., [37] the first bifurcation
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occurs at Re equal to 7402. This result almost the same as the early result of Re. equal to 7500 by
Bruneau and Jouron [38]. In comparison, according to Bruneau and Saad [36], the first bifurcation
occurs at Re = 8000, in the same way as Fortin et al., [39] and Auteri et al., [40]. From all these
findings, even though different vortices and streamline formed as different Re are applied, it can be
concluded that mass transfer of the fluid inside the cavity is increase as Re increases.

2. Effects of Mixed Convection in Cavity Flow

Convective heat transfer between the cavity and the forced flow of fluid made the complicated
interaction of natural convection because of buoyancy forces within the fluid and the external flow.
The convective heat transfer problem in an enclosure has been numerically investigated
comprehensively due to its broad application. It can be divided into two main categories, which are
open-ended or closed enclosure. The open-ended enclosure is an enclosure where there is a part of
the boundary is open to the ambient and closed-ended enclosure is an enclosure where the entire
boundary is closed from the ambient. A wide range of related parameters are considered in many
studies such as Reynolds number, Re, Grashof number, Gr, Prandtl number, Pr, and aspect ratio, AR
of the enclosure. A review done by Oztop and Dagtekin [41] showed that there are two types of
studies related to the flow of fluid and heat transfer in an enclosure. Firstly, it is concerned with
horizontal top or bottom with shear wall and secondly, deals with differentially heated side-driven
cavities. This categorization also agreed by Cheng [42]. However, majority researchers did not
categorize the heat transfer problem in an enclosure in that way as it did not have any concrete
reason and only a matter of configuration.

Iwatsu et al., [43] performed extensive studies on the flow and heat transfer of the viscous fluid
in the enclosure with aspect ratio AR = 1. They modelled the cavity as the top wall sliding with a
constant velocity while heated. This study is taken conceptually from what have done by Mohamad
and Viscanta [44]. They however considered a shallow cavity with the heated bottom wall. The
relationship between Ri and the flow characteristics has been studied. As Ri < 1, the forced
convection becomes dominant, and there are no significant changes in the flow characteristic as the
non-heated cavity flow. Contrarily, as Ri >1, the buoyancy effect becomes dominant. As a result, the
effect of the shear at the top only influencing small distances to the cavity center. The middle and
the bottom part of the flow of the cavity are stagnant, and the isotherms are almost horizontal. There
is almost uniformed temperature distribution can be seen while the only small region on the top
where the fluid and heat are well mixed.

Burgos et al., [45] compared the experimental results with the Lattice Boltzmann method to
investigate the mixed-convection steady and unsteady laminar flow in a channel with an open square
cavity and heated bottom wall from Re = 50 to 1000 and Ri = 0.01 to 10. Effect of buoyancy force is
negligible for Ri < 0.1 for all values of Re considered. For Ri = 1, the buoyancy effect is important.
Combining with higher Re (200), upstream secondary vortex and stratification of the flow into two
main recirculating flows. For Re = 500 and Ri =10, the flow becomes unsteady, and an oscillatory
instability develops. The findings by Abdelmassih et al., [46] showed similar results on when the
unsteady occurred on the flow.

3. Fluids-Particle Interaction
3.1 Forces on Particles

Drag force defines as the forces that acting opposite to the relative motion of any object moving
concerning a surrounding fluid. In general, steady-state drag is considered in the analysis of
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particulate flow. The steady-state drag is the drag force that acts on the particle in a velocity field
when there is no acceleration occurred to the particle due to relative velocity between the particle
and the transmitting fluid. The steady state drag force, F,; can be written as

Fq = 0.5p:CpAplu; — vi|(u; — v;) (1)

where py is the density of the fluid, Cp, is the drag coefficient, Ap is the area of the particle projected
on a plane normal to the flow direction and u; and v; are the velocities of the continuous fluid phase
and particle phase. The value of the Cp is primarily a function of Reynolds number, Re defined as

Re, = (prDplu; — vil)/u (2)

where D, is the particle diameter and u is the dynamic viscosity of the fluid. Since the value of Re
here is the value of relative velocity between the particle and the fluid, Re,, the notation is used to
distinguish between the flow's Reynolds number, Re.

The drag coefficient will generally rely on the particle shape and orientation for the flow as well
as on the Reynolds number, Re of the flow [47]. There are three regions: Stoke's Law region (Re, <
1), the transition region, and Newton's law region (Re,, > 1000). Well-documented correlations can
be used to determine the drag coefficient for each region [47-48]. For non-rotating sphere particles,
the drag coefficient variant, Cpwith Re can be observed in Figure 4.
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Fig. 4. Variation of the drag coefficient of a sphere with Re [47]

3.2 Effect of Geometrical and Flow Parameters on Particles Dispersion

The geometrical arrangement of the boundary is an important parameter affecting the dispersion
of the particles. The effect of the geometrical arrangement of the boundary to the particle dispersion
can be observed in the literature by Saadun et al., [49] and Sidik and Salehi [50] which they used a
different shape of the cavity in a channel. Different geometrical boundary changes the development
of flow structure inside the cavity, thus improving the dispersion of the particle from the cavity.
According to Sidik and Salehi [50], the number of particles dispersed from the triangular cavity
despite the range of Re studied is the highest compared to other shapes.

Another factor that influences particle behaviour in the flow is the particle's density itself. Jafari
et al., [51] studied the effect of particle density on the dispersion and deposition of the particle in a
channel with obstruction for Re = 200. They have presented that the deposition of particles on the
front of blockage decrease as the density decreases. In addition, particles dispersion in the back
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vortices is directly influenced by the density of the particles. The particle distributions showed the
preferential pattern of concentration for particles with Stokes number 0.4 and 1. The centrifugal
forces from the vortices push the particles from the higher vorticity region to the lower vorticity
region. For higher particles density, however, are barely affected by the vertical flow because of
higher inertia.

Similar research was previously done by Brandon and Aggraval [52] but using different variables
for the particles. They studied for particles with Stokes number 0.01, 0.1, 0.3, 0.5, 1.0 and 5.0 with
Re =200 and 2000. It was found out that the increase of Stokes, however, significantly increases the
deposition efficiency. Furthermore, the trajectories of the particles at the back of the blockage are
dependent on the Stokes number of the particles for constant Re. Later, Salmanzadeh et al., [53]
studied particle transportation and deposition in a rectangular blockage duct flow with different
Stokes number (0.001 to 10). They, however, use the different aspect ratio of the blockage (0.5, 1
and 2) and different blockage ratio (from 0.1 to 0.5). They found that different blockage aspect ratio
is almost similar, but with increasing of obstruction ratio, the particle deposition on the blockage also
increases at all Stokes number.

3.3 Particle Dispersion and Contaminant Removal from Cavity

Mickaily and Middleman [54] measured the effectiveness of hydrodynamic cleaning of oil from
inside of the pipelines experimentally. Numerical modelling of the pipe surface has included a surface
with a cavity have been done previously to demonstrate the surface roughness of the pipe [55]. From
the results, it shows that the surface roughness limits the rate of cleaning process due to the
recirculation and retention in the surface cavity. In related to the cavity's geometry to the
hydrodynamic cleaning, Saadun et al.,, [49] and Sidik and Salehi [50] investigated the effect of
different cavity's shape to the contaminant removal efficiency. Besides using fluid as a foulant, they
used particles, trapped inside three different shapes of the cavity; rectangular, semi-circular and
triangular. Different shape of cavity gives different cleaning efficiency where the triangular shape has
the highest cleaning rate compared to the other shape regardless of the other parameters such as
Re of the incoming flow.

Fang [56-57] studied the effect of mix convection to the removal of the contaminant fluid inside
the cavity with different AR. Despite fluid as the contaminant, Jahanshaloo et al., [58] used particles
with the density of the particles are the same as the fluid as a contaminant. Besides the differences,
the results show that the convection occurred increases the removal rate of the contaminant from
the cavity due to changes in flow structures inside the cavity.

4. Numerical Analysis
4.1 Cubic Interpolation Pseudo-Particle (CIP) Method

Cubic Interpolated Pseudo-particle (CIP) has been introduced by Takewaki et al., [59] to solve
hyperbolic equations. CIP method, like the other numerical scheme, is used to retrieve the
information lost within the digitized grid points with the solution closes possible with the actual

solution. The simplest way of explaining this by using the example of one-dimensional advection
equation (Eq. 3) as described in Yabe et al., [60].

Eqg. (3) then integrate over the interval (xi_l/z,xiﬂ/z), (t,, th+1) vielding,
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fxi+1/2(un+1(x) _ u"(x))dx = —c ftt:“ (ui+1/2 (t) - ui—l/Z(t)) dt (4)

Xi-1/2

Where i and n is in the meaning of t = t,, and x = x;. By interpolating using cubic polynomial to
approximate the functional form of u with the range of (xi_l/z,xl-), therefore,

u(x) = a;(x; —x;-9)> + b (g — x-1)* +ui_ (o — x39) +uy—q (5)

Where u;_, and u;_; are the value and the derivative in the space of u at x = x;_;, considering Ax =
X; — X;_1, the coefficient of a; and b; can be defined in term of u and u’ as

(1] u]_ )ax—2 (i)

a; = 5K (6)
_ (2w )Ax+3(ui—ui,)

b; = a2 (7)
Thus, the final equations are

ull = @83 + b + ui€ + (8)

u{nﬂ = 3ai€2 + 2bl$ + u{ (9)

Where £ = —cAt.

When constant velocity is used in the equation, it will become the simple evolution of motion of
simple wave with velocity u.

Furthermore, since the application of CIP has become more general, it should not be limited to
the explicit scheme only. It has been acknowledged that the implicit scheme gives the final desired
outcome faster due to its ability to converge more quickly. However, the calculation in the implicit
scheme is unstable [61]. The applications of the explicit scheme provide severe inaccurate result.
Therefore, there are so many applications that used the implicit scheme in general. Notable cases
that can be seen are the simulation of atomization of fuel in the combustion chamber [62], and
shallow water problem [63].

4.2 Fluid-Particle Interaction

Due to the advantages provided by the Lagrangian approach, it has become a method of choice
for many researchers to study a wide range of particle dispersion problem. Chiesa et al., [64]
compared the particle distribution in fluidized bed numerically with the experiment. They concluded
that the Lagrangian approach can predict the particle distribution inside the bed. In addition, Kosinski
et al, [65] studied the particle dispersion inside the enclosure using Lagrangian approach.
Comparison of their validation study with experiment work by Tsorng et al., [66] showed that the
Lagrangian approach can provide high accuracy numerical results. On the other hand, Saadun et al,,
[49] and Jahanshaloo et al., [58] studied the particle dispersion from the cavity. Recently, Sahak et
al., [67] investigated the behaviour of the solid particles in the dispersion process from the cavity
inside the channel at the various combination of geometrical, flow and particles parameters. They
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findings show that the particles are dependent on the flow characteristics inside the cavity. The
particles move as a result of the drag force of the particles from the fluid.

4.3 Particle-Particle Interaction

Cundall and Shack [68] is the first to develop the soft-particle approach in the simulation of
granular dynamics. In this approach, the particle is deformed when interacts with other bodies,
another particle, wall or the surrounding fluid. These deformations that occur are used to measure
other parameters between particles, such as frictional, elastic and plastic forces. This makes the soft-
particles approaches capable of handling multiple particles contacts, thus made it suitable for
modelling the quasi-static systems. The feature makes the soft-particles methods being extensively
studied to understanding the phenomena such as mixing and granulation process, particle packing
and heaping or pilling process.

In contrast, hard-particle approaches explained that when the collision occurred, it is
instantaneous with a single collision occur at a time. Due to its short moment of collisions, the forces
among particles are often neglected. Therefore, it is useful in the rapid granular flow analysis such as
hydraulic or pneumatic transport of dust, fluidized bed and slurry transport of powders.

Soft-sphere particle approaches, in general, explained that the contact point between two
colliding particles is not a single but rather a finite region due to deformation of the particles. Soft-
sphere particle approach, it can be the same as the two slightly overlapped rigid bodies, as shown in
Figure 5. The distribution of the contact traction in this region can be divided into a component in
the contact plane and normal to the plane so that the two components of the contact force which
are normal and tangential forces can be established. Thus, it will lead to the total torque and forces
that have occurred on the particle. Since it is so difficult in determining the distribution of contact
traction in this region, Cundall and Strack [68] proposed the most simple and intuitive models that
called spring-dashpot model where the spring is modelled after an elastic deformation and for
viscous dissipation, the damper was used. This linear spring model also was being used by other
researchers like Di Renzo and Di Maio [69] but without the inclusion of damper. Other commonly
used models for the soft-sphere collision between spherical particles are Walton and Braun's model
[70] and simplified Hertz-Mindin and Dereisewicz model [71].

Particle j ‘w Particle Friction |

!
f_‘»"' \ slider /
3 1

5 \.\ < =
/0

"‘a ® spring

dash-pot |

\\.

r'/ i \

""I Particle iI coupling| ' Particle |

a) Normal force b) Tangential force
Fig. 5. Soft-sphere model: (a) normal force and (b) tangential force [47]

The hard-sphere particles approaches are quite simple to use but only applicable to binary
collisions. The interaction forces are considered to be impulsive and therefore, the momentum
exchange between particles only happens when the collision occurs. The relationship between the
particle velocity before and after the collision is clearly stated by using the coefficient of restitution
and the coefficient of friction [47]. In addition, it is adequate to only consider binary collision and not
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the collisions of multiples particles if the particles are well distributed in the domain. According to
the Hoomans et al., [72], to model the hard-sphere collision model, several crucial factors need to be
taken into considerations which are the particle shape, the deformation history during the collision
and the collision disposition of the particle.

However, Hoomans et al., [72] believed that the assumption that they have made could only be
real for the relatively coarse particle (100 um). Beforehand, other researchers like Buyevich [73] and
Nieuwland [74] assumed the nature of the collision that similar to Hoomans et al., [72] in their works.

5. Conclusions

This paper presents a review studies on the particle dispersion from the cavity flow. The
outcomes from this literature are summarized as follow.

I.  The cavity flow regime and mass transfer vary with the geometry of the cavity (aspect
ratio, AR), Reynolds number, Re of the incoming flow and the heat transfer from the
cavity.

Il.  Particles dispersion and deposition are related to the Re of the flow. The concentration
of the dispersion is higher at the higher vorticity region. However, given the density of the
particles, the greater density of the particles is hardly influenced by the flow due to inertial
forces.

Ill.  The presence of heat transfers in the flow also affecting the dispersion of the particles.

IV.  The particles collision can be solved by two main approaches, hard-sphere particle and
soft-sphere particles approach. The hard-sphere particles approaches are quite simple to
use but only applicable to binary collisions.
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