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Abstract In the present article we present computational
investigations of fluid–solid interaction flow. Such fluid–
solid interaction flow was created in three different cavity
shapes on the floor of a horizontal channel. The flow and solid
particle dynamics were explored using cubic interpolated
pseudo-particle method and Lagrangian scheme of Newton’s
law, respectively, for two objectives. The first is to demon-
strate the validity of the proposed Eulerian–Lagrangian in
predicting the main characteristics of fluid–solid interaction
flow. The second objective is to shed light on the dynam-
ics of the solid particle that are present in the three types of
cavities, which has not been fully covered in the literature.
The results show that the particles’ trajectories are critically
dependent on the magnitude of Reynolds numbers and the
vortex behavior in the cavity. We also found that the highest
rate of removal occurs in the early penetration of flow into the
cavity, especially for the triangular cavity. Good comparisons
with the previous studies demonstrate the multidisciplinary
applications of this scheme.
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1 Introduction

Knowledge of the flow over an open cavity is central in many
natural and industrial applications. Examples are a car sun-
roof, an aircraft weapon bay, a landing gear well, etc [1–
3]. Comprehending the major mean fluid flow phenomena,
such as vortex strength and structure, is crucial for the envi-
ronmental management and design and operation of such
engineering equipment. A major limitation, in the problem
of fluid flow over a cavity, is the insufficient information
about the vortex structure due to the inflow velocity and also
the shape of the cavity. Although there are few fundamental
experimental investigations which dictate that the formation
of a vortex enhances the mixing process and a strong vortex
helps in the process of contaminant removal, more detailed
phenomena such as the interaction between the vortex for-
mation and the percentage of contaminant removal and flow
parameters on the particle’s dynamics are still not fully under-
stood. Although not extensive, Table 1 shows the breadth of
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Table 1 Selection of studies on
flow over cavities Authors Flow Cavity geometry Method

Mesalhy et al. [4] Turbulent Rectangular cavity Experimental and
numerical

Zdanski et al. [5] Laminar and turbulent Rectangular cavity Numerical

Kang and Sung [6] Turbulent Rectangular cavity Experimental

Ozalp et al. [7] Turbulent Rectangular triangular
Semicircular cavities

Experimental

Li et al. [8] Laminar and turbulent Rectangular cavity Numerical

Arlindo et al. [9] Thermal, turbulent Square cavity Numerical

Striba [10] Thermal, laminar Cubic cavity Numerical

Yapici et al. [11] Viscoelastic, laminar Square cavity Numerical

Yang et al. [12] Laminar Rectangular cavity Numerical

Ekmekci et al. [13] Turbulent Rectangular cavity Experimental

Zaki et al. [14] Thermal, laminar Conical cavity Experimental

Fang et al. [15] Laminar, particulate flow Rectangular cavity Experiment and
numerical

Patil et al. [16] Laminar Rectangular cavity Numerical

Stiriba et al. [17] Thermal, laminar Cubic cavity Numerical

parameters which have been considered by previous studies
on flow over cavities.

Most of the previous studies focussed on the flow over
a square or rectangular cavity, although the cavities may be
non-rectangular in applications. Ozalp et al. [7] studied the
flow structure past a rectangular, triangular and semicircular
cavity experimentally using particle image velocimetry (PIV)
technique. Another experimental study was conducted by
Zaki et al. [14] to investigate the mass transfer inside conical
cavities for the purpose of understanding the rate of diffusion
inside the cavities.

Although there are some reports on non-rectangular cavi-
ties, the complicated nature of the flow needs further investi-
gations on various parameters which influence the flow char-
acteristics inside cavities.

On the other hand, hydrodynamic cleaning of components,
parts and pipelines has become widely accepted as an alter-
native method of cleaning process. However, other problems
arise with the presence of distinct cavities and steps due to
poorly fitted components or connections in the pipelines.
These problems contributed to the accumulation of contam-
inants and cleaning of these can lead to quite difficult prob-
lems. Formation of recirculating vortices in cavities or steps
can either enhance or prevent the removal of contaminant and
depend on various flow parameters and characteristics of the
contaminant itself. In order to highlight the relevance of the
present work, a brief review of the major efforts describing
the cleaning process is presented.

Until present day, only a few papers have been reported to
experimentally investigate this kind of engineering process.
It is believed that the main reason of lacking of experimental
research on this kind of fluid–solid interaction phenomenon

is the complicated nature of the problem. The size of the
contaminants can be as big as pebbles or very tiny such as
dust pollutant. To the best of the authors’ knowledge, only
Tsorng et al. [18] reported details of experimental results on
the behavior of contaminants in lid-driven cavity flow from
micro to macro sized particles. Other experimental works
are Adrian [19], Han et al. [20], Matas et al. [21], Ushi-
jima and Tanaka [22], Ide and Ghil [23], Hu [24], Liao [25].
However, according to these papers, high accuracy of laser
equipment together with a high-speed digital image capture
and data interpretation system is required to obtain reliable
experimental data. High cost experimental devices such as
these will not be affordable if not supported by research
funds.

The computational efforts to study fluid–solid (a conta-
minant is considered a solid particle) interaction are rather
few as well. Until now, only Kosinski et al. [26,27] provides
extensive numerical results on the subject. From the behav-
ior of one particle in a lid-driven cavity flow to thousands
of particles in an expansion horizontal pipe has been studied
in their research. This work sheds new hope in understand-
ing this problem. Kosinski et al. applied the combination of
continuum Navier–Stokes equations to predict fluid flow and
Newton’s second law for solid particles. Recently, Kosin-
ski and Hoffmann [28] extended their investigations into the
effects of collisions between solid particles to predict the
formation of agglomerates.

Definitely, a proper numerical model is required to predict
the interaction between the fluid and solid particle. With a
precise treatment, the trajectory of a solid particle in a com-
plex fluid structure, which will be demonstrated in this paper,
can be reproduced at a certain level of accuracy.
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There are two major objectives of the present article. The
first is to propose a numerical scheme for the present case.
The second objective is to shed light on the dynamics of
the contaminants that are present in the three types of cavi-
ties, which has not been fully covered in the literature. The
numerical scheme is first described and then the computa-
tional model results are presented and discussed. The para-
meters of major concern herein are the vortex structure and
the rate and percentage of contaminant removal from three
different cavity shapes on the floor of a horizontal channel.
In this simulation, we consider very tiny micro particles and
their density are the same as those of the fluid. Therefore, the
buoyancy and gravitational forces can be neglected.

2 The Numerical Scheme

In the present study, the flow is considered isothermal, incom-
pressible and in the laminar region. Therefore, the governing
vorticity and vorticity transport equations can be expressed
as follows

ω = −
(
∂2ψ

∂x2 + ∂2ψ

∂y2

)
(1)

∂ω

∂t
+ u

∂ω
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(
∂2ω
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Before considering any numerical solution to the above set of
equations, it is convenient to rewrite the equations in terms of
dimensionless variables. The following dimensionless vari-
ables will be used here
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In terms of these variables, Eqs. (1) and (2) become
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Here, the dimensionless parameters of Reynolds number
are defined as

Re = u∞ D

υ
(6)

3 Modeling Strategy

Cubic interpolation profile method (CIP) was proposed and
has been highly proven to be a universal solver for hyperbolic
type of equations [29–31]. The CIP is known as a numerical
method for solving the advection term with low numerical
diffusion. This method constructs a solution inside the grid
cell close enough to the real solution of the given equation
[32].

To see the treatment of CIP on the stream function formu-
lation, we begin by recalling Eq. (4) and its spatial deriva-
tives, and split them into advection and non-advection phases
as follows
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where �X = ∂�
/
∂X and �Y = ∂�

/
∂Y

In the CIP method, the advection phase of the spatial
quantities in the grid interval is approximated with a con-
strained polynomial using the value and its spatial derivative
at neighboring grid points. The proposed cubic polynomial
is expressed as

Fi, j (X,Y ) =
[(

a1 X̃ + a2Ỹ + a3

)
X̃ + a4Ỹ +�X

]
X̃

+
[(

a5Ỹ + a6 X̃ + a7

)
Ỹ +�Y

]
Ỹ +�

(13)

where X̃ = X − Xi, j and Ỹ = Y − Yi, j . The coefficients of
a1, a2,…, a7 are determined so that the interpolation func-
tion and its first derivatives are continuous at both ends.
With this restriction, the numerical diffusion can be greatly
reduced when the interpolated profile is constructed. The spa-
tial derivatives are then calculated as
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FX,i, j (X,Y )=(3a1 X̃ +2a2Ỹ +a3)X̃ +(a4+a6Ỹ )Ỹ +�X

(14)

FY,i, j (X,Y )=(2a2Ỹ +a3)X̃ +(3a5Ỹ +2a6 X̃ +2a7)Ỹ +�Y

(15)

In the two-dimensional case, the advected profile is
approximated as follows

�n
i, j = Fi, j (X + η, Y + ξ) (16)

�n
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�n
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where η = −U�τ and ξ = −V�τ . The newly calculated
spatial quantities are then used to solve the non-advection
phase of Eqs. (10) to (12) and vorticity formulation of Eq.
(5). In the present study, the explicit central finite different
discretization method is applied with second order accu-
racy in space. For example, the treatment for Eqs. (5) and
(10) is
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where superscript n represents the increment of time step and
subscripts i and j represent the discretized x and y directions,
respectively.

In summary, the evolution of the CIP scheme consists of
three steps. The initial values of �n

i, j , �
n
X,i, j and �n

Y,i, j are
specified at each grid point. Then the system evolves in the
following steps;

1. Since the pre-advected values of �n
i, j , �

n
X,i, j and �n

Y,i, j
are known on each grid, the constrained interpolation
process can be completed according to Eqs. (16), (17)
and (18).

2. After the interpolation, advection takes place, and �n∗
i, j ,

�n∗
X,i, j and �n∗

Y,i, j are obtained.

3. The values of �n+1
i, j , �n+1

X,i, j and �n+1
Y,i, j on the mesh grid

are then computed from the newly advected values in
step 2 by solving the non-advection phase of the govern-
ing equation. Then the interpolation and the advection
processes are repeated.

To predict the dynamics of solid particles in shear driven
cavity flow, the equation of motion for a solid particle must
be expressed as

mp = dvp

dt
= fp (21)

where mp, vp and fp are the mass of the particle, its velocity
and drag force acting on the particle due to the surrounding
fluid, respectively. This drag force can be expressed as

fp = CD Apρ

∣∣u − vp
∣∣ (u − vp

)
2

(22)

where Ap is the projected area of the solid particle and CD is
the drag coefficient which is given as

CD = 24

Rep
(23)

The particle’s Reynolds number in the above equation is
calculated as follows

Rep = dp
∣∣u − vp

∣∣
υ

(24)

where dp is the diameter of the solid particle.
In the computational technique, the new value of the

particles’ velocity vn+1
p can be determined since the pre-

calculated value of vn
p is known at the previous time step

as follows

mp
vn+1

p − vn
p

�τ
= fp (25)

Then the new position of the solid particle can be deter-
mined as follows

xn+1
p = vn+1

p �τ + xn
p (26)

4 Results and Discussion

The code was first validated against experimental results by
comparing the trajectory of a particle with approximately
the same density with the surrounding fluid so that the neu-
tral buoyancy was obtained. The size of the solid particle is
considered small enough and limited to not more than ten
percent of the grid size. �Xand �τ were set at 0.01 and
0.00015 to ensure CFL stability. For the simulation, the top
lid is constantly moved so that the resultant Reynolds num-
ber is 470 as in Tsorng et al. [18]. In their report, Tsorng et
al. discussed a three-dimensional measurement of a particle
suspended in a fluid enclosed in a transparent cubic cavity.
Before the experiments, the particle was plunged into the
cavity so that it touched the lid and its initial location was
approximately in the middle below the lid. Figure 1 shows
the comparison between numerical solution and experimen-
tal work as a trajectory of the particle.

For the first few seconds, both the numerical and the exper-
imental results match very closely. Nevertheless, after this
time, some deviations were noticeable due to the following
reasons:
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Fig. 1 Particle’s trajectory for
Re = 470 obtained from a
present computation (thin lines
represent the streamline at
steady state) and b experimental
results [18]

Fig. 2 Physical domain of the problem

1. As our numerical approach considered a two-dimensional
investigation, it cannot perfectly match with the actual
flow which is in three dimensions once it exceeds a certain
period of time.

2. It is almost impossible to precisely determine the parti-
cle’s initial position due to the sophistication of the fluid
flow structure.

3. The presence of lubricant between the conveyer and fluid
affects the shear strength on the fluid surface and causes
slight deviations in terms of Reynolds number.

In our next predictions, one of the physical domains of the
problem is set as demonstrated in Fig. 2. The other two cavity
shapes, i.e semicircular and triangular, located on the floor
of horizontal channel, will also be considered in the present
study. The same number of meshes was used for all cases.
Since we applied very small spatial resolution, the semicir-
cular shape can be well reproduced even with the Cartesian
coordinate. The maximum inlet velocity was varied to give
the Reynolds number ranges from 100 to 400. A swamp of
solid particle was initially filled in the cavity as shown in
the figure. In the present analysis, the computations are con-
ducted on a two-dimensional plane. This two-dimensional

approximation was undertaken based on a physical assump-
tion that the behavior of the vortex is relatively unaffected by
the three dimensionality of the flow for this range of Reynolds
numbers.

Figures 3, 4, 5 show the process of solid particles removal
from three different cavity shapes with width to depth ratio of
W/L = 2. The cavities were initially filled up with solid par-
ticles of the same amount. As demonstrated by the figures,
the highest rate of removal occurred on the early penetra-
tion of fluid flow into the cavity. This was due to the early
development of a vortex, which penetrated into the cavity
and flushed the contaminant out of the cavity. Then, when
this recirculation area was shaped in the cavity, it trapped
some of the contaminant particles and remained in the cav-
ity until steady state was achieved. The shape of the cavity
and Reynolds number also had significant effects on the per-
centage of particle removal from the cavity. These are pre-
sented in Fig. 6, where the comparisons are made for all the
cases.

As can be seen from Figs. 6, 7, 8, the removal percentage
is clearly dependent on the Reynolds number for all cavity
shapes. A higher value of Reynolds number results in higher
speed of flow velocity inside the cavity and deeper penetra-
tion of the vortex into the cavity. This will drag the solid
particles to the lower region inside the cavity and due to the
inertia force, these particles are flushed out from the cavity
to the downstream channel.

To see more details about the effect of cavity geometry on
the efficiency of contaminant removal, we plotted the com-
parison of removal percentage for different shapes of cavity
and demonstrated in Figs. 9, 10, 11. At low Reynolds number
simulation, the circulation region is symmetric for all cases
and its vortex center is located in the center of the cavity.
However, due to shallow cavity depth for the case of triangu-
lar cavity, this shape was able to remove the highest percent-
age of contaminant compared to the two other cavities. When
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Fig. 3 Snapshots of contaminant removal from cavities at Re = 50

Fig. 4 Snapshots of contaminant removal from cavities at Re = 100

the Reynolds number is increased, the center of the vortex
moves to the upper right edge of the cavity for the triangu-
lar and semicircular cavities while it remains in the center
of the cavity for the rectangular cavity case [7]. This feature

of vortex dynamics contributes to great effect on the effi-
ciency of contaminant removal from the cavity as shown in
Fig. 10. When the vortex was formed in the cavity, it trapped
the solid particles, and as it moved to the upper region, it
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Fig. 5 Snapshots of contaminant removal from cavities at Re = 400

Fig. 6 Particle removals from triangular cavity at different Reynolds
numbers

brought along the trapped particle and flushed it out from the
cavity by the centrifugal force to the downstream part of the
channel. This explained the high percentage of removal by
the triangular and semicircular cavities of Fig. 11. However,
the graphs show some delay in the removal percentage for
the semicircular case compared to the triangular case. This
was explained by Ozalp that the vortex in a semicircular cav-
ity takes longer time to propagate to the upper right region
compared to the triangular case. This also explains the grad-

Fig. 7 Particle removal from semicircular cavity at different Reynolds
numbers

ual increment of contaminant removal from semicircular and
rectangular cavities after around 6 s of simulation.

For all cases, we can see in a steady state condition, the
remaining particles are trapped near the boundaries of the
cavity. These particles can be further removed by introducing
the buoyancy force on the particles. This can be done by heat-
ing up the bottom of the cavity to induce diffusion effect on
the fluid as proposed by Chilikuri and Middleman [33]. Fur-
ther discussion on this subject will be our next research topic.
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Fig. 8 Particle removal from rectangular cavity at different Reynolds
numbers

Fig. 9 Particle removal from cavities at Reynolds numbers of Re = 50

Fig. 10 Particle removal from cavities at Reynolds numbers of Re =
100

Fig. 11 Particle removal from cavities at Reynolds numbers of Re =
400

5 Conclusion

The flow structure and rate of solid particle removal were
obtained for three different shapes of cavity and three dif-
ferent Reynolds numbers using a state of the art numerical
technique, namely CIP. The primary goal of this study is to
investigate the effect of cavity shapes on the characteristics
of the flow within the cavities and the particle dynamics in
the cavity. The results of the work presented in this study
reveal that, in addition to cavity shapes, Reynolds number
changes have some degree of influence on the structure of
flow and the rate of particle removal. Snapshots of the parti-
cle dynamics indicate that the highest rates of removal occur
in the early penetration of flow into the cavity, especially for
the triangular cavity. These demonstrate the capability and
the multidisciplinary applications of the present numerical
scheme. Future efforts need to extend the current formulation
for investigation at various types of solid–fluid flow related
to real engineering problems.
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