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Abstract. Cubic Interpolated Pseudo-particle (CIP) numerical simulation scheme has been 

anticipated to predict the interaction involving fluids and solid particles in an open channel 

with rectangular shaped cavity flow. The rectangular shaped cavity is looking by different 

aspect ratio in modelling the real pipeline joints that are in a range of sizes. Various inlet 

velocities are also being applied in predicting various fluid flow characteristics. In this paper, 

the constant heat flux is introduced at the bottom wall, showing the buoyancy effects towards 

the contaminant’s removal rate. In order to characterize the fluid flow, the numerical scheme 

alone is initially tested and validated in a lid driven cavity with a single particle.  The study of 

buoyancy effects and different aspect ratio of rectangular geometry were carried out using a 

MATLAB govern by Navier-Stokes equation. CIP is used as a model for a numerical scheme 

solver for fluid solid particles interaction. The result shows that the higher aspect ratio coupled 
with heated bottom wall give higher percentage of contaminant’s removal rate. Comparing 

with the benchmark results has demonstrated the applicability of the method to reproduce fluid 

structure which is complex in the system. Despite a slight deviation of the formations of 

vortices from some of the literature results, the general pattern is considered to be in close 

agreement with those published in the literature. 

1. Introduction

Despite having various numbers of analytical methods of solving the Navier-Stokes Equation, it is still 
not sufficient enough to predict all flow models. The complexity of the flow in real engineering 

applications, such as in shaped pipe or combustor requires the CFD modelling to be used [1-6]. In 

studying the contaminant removal from rectangular shaped pipeline joints, there are also a lot of 
interactions between particle to particle and particle to fluid that attract the usage of CFD in solving 

these models. Therefore the study is focused on studying the real engineering problem of interest, 

which is the contaminant and deposits that accumulated in the pipeline joints. The methods in 

representing various sizes of gap at the joints is being modelled and represented by various aspect ratio 
of the cavity. 

Previously, there were methods of cleaning the accumulated deposits. One of them is by using 
solvents. Nowadays, many researchers pointed out that the solvents used may be harmful and will 
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cause corrosion and erosion to the pipeline material itself. The solvents used also might cause the end 

product to differ or contain alienated composition. Therefore the study is focused on replacing the 

solvents by using the natural flow to clear the deposits. Fluid flow with particle motion understanding 

is very important in natural and industrial applications. It is crucial for the environmental management 
and design and operation of such engineering equipment to comprehend the major mean particle-fluid 

flow phenomena, such as fluid-solid interaction and particles removal or mixing. Formation of 

recirculating vortices in cavities or steps can either enhance or prevent the removal of contaminant and 
depend on various flow parameters and characteristic of the contaminant itself. Tsorng [7] reported 

details experimental results on the behaviour of solid particles in lid-driven cavity flow from micro to 

macro size of particles. There are other researches done experimentally too [8-12]. These experimental 

efforts have added substantial knowledge to the state of the art of understanding on fluid-solid 
interaction. However, high accuracy of laser equipment together with high-speed digital image capture 

and data interpretation system is required to obtain reliable experimental data. Therefore as an 

alternative approach, many researchers considered fully computational scheme in their investigations 
[13-15]. From the behaviour of one particle in a lid-driven cavity flow to thousands of particles in 

expansion horizontal pipe has been studied in their research works sheds new hope in understanding 

this problem. Kosinski [16] applied the combination of continuum Navier-Stokes equations to predict 
fluid flow and second Newton’s law for solid particle. Fang previously managed to predict the 

contaminant removal rate from a rectangular shaped cavity without heat effects [17]. Therefore this 

paper focused on the additional effects by the addition of heat, towards the removal rate with different 

aspect ratio of the cavity.  

2. Physical model

Each of the specification and size of the model in figure 1 have been determined based on the previous 
modeling of the past study [18]. The length of the channel plate was A = 800mm to provide the 

laminar flow with the low Reynolds number of boundary layer. The thickness of the channel plate has 

eliminated because of the studies will done in two dimensional (2-D) analysis. For the height of the 

channel between the upper plate and downstream plate was B = 50mm the size is small for the height 
was to make sure that the flow created was the incompressible flow. Figure 1 shows that at the bottom 

of the cavity plate will have heat to give some heat convection effect on fluid flow in the cavity 

channel with interest geometry on horizontal plate. 

Figure 1. Schematic for square cavities with flow direction and haet effect at the bottom. 

The size of the opening was based on the aspect ratio (AR) of the cavities used. The cavity aspect 
ratio is the ratio of the length over height (L/H) of the cavity dimension size as shown in figure 2. Four 

different aspect ratio of cavity have been selected to be the parameter for aspect ratio studies. The four 

different aspect ratio for this rectangular shape of cavity are AR = 1, AR = 2, AR = 3 and AR = 4.  For 
the aspect ratio of cavity AR = 2, the opening will be L = 100mm. While for the aspect ratio of cavity 

AR = 3 and 4, the opening will be L = 150mm and 200mm respectively. 
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Figure 2. The geometry and specification of the model channel. 

3. Mathematical formulation

In predicting the dynamics of solid particles in shear driven cavity flow, the equation of motion for 
solid particle is being expressed as 

p

p

p f
dt

dv
m  (1) 

where pm , pv and pf are the mass of particle, its velocity and drag force acting on particle due to 

surrounding fluid respectively. According to Kosinski [16] et al, the drag force can be written as 
follows: 

 
2

pp

pDp

vuvu
ACf


  (2) 

where pA  is the projected area of solid particle and DC  is the drag coefficient which is given as 

p

DC
Re

24
 (3) 

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

2
Re

pp

p

vud 
 (4) 

where dp is the diameter of solid particle. 

In the computational technique, the new value of particles’ velocity,
1n

pv can be determined since 

the pre-calculated value of 
n

pv  is known at previous time step as follows 

p

n

p

n

p

p f
t

vv
m 



1

(5) 

Then the new position of solid particle can be determined as follows 

n

p

n

p

n

p xtvx   11
(6) 
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4. Numerical simulations

There are three main governing equations that govern the flow in the channel. The three equations are 

namely continuity, momentum and energy equations. 
a) Continuity Equation

0
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b) Momentum Equations
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c) Energy Equation
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Vorticity-stream function approach is much easier since of the velocity variable were reduced. 
Vorticity and vorticity-stream equations 
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The most advantages reason for using dimensionless variables is the value is independent of 
dimension used, either metric or SI units. It is also to reduce the number of parameters pertaining to 

the physical situation and yet completely describes the behaviour of solution. Furthermore, many 

research papers present the variable in this way. From now on, any mentioned variable is considered in 
the dimensionless form. The followings list down all the dimensionless variables used in this study, 

and its derivation. Dimensionless variables used: 

Du
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For solving two dimensional Navier-Stokes equations using CIP method, it is important to give 

particular attention to both advection and non-advection parts of the equation. In this approach, the 

non-advection part is solved separately using Finite Difference while the advection part is solved using 
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CIP approach. In this section, CIP will be implemented base on the following advection equation 

hence, the advection part of NSE is: 
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for the non-advection part solution the Finite Difference method should be used. It is then discretized 

by using Central Finite Difference. The process starts with the dimensionless momentum equation 

given as follows: 
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The corresponding gX and gY for equation (15) are 
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The cubic polynomial of square grid that is used to interpolate ),( YXΩ within a grid cell (i. j) 

−  (i. j + 1) −  (i + 1,  j +1) −  (i + 1,  j)  is given by 
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In summary, the evolution of the CIP scheme consists of three steps. The initial value of 
n

jiΩ , ,

n

jXiΩ , and
n

jYiΩ , specified at each grid points and evolves by: 

1. Since the pre-advected value of
n

jiΩ , ,
n

jXiΩ , and
n

jYiΩ , are known on each grid, the constrained 

interpolation process can be completed according to Eqs. (17), (18) and (19). 

2. After the interpolation, advection takes place, and
*

,

n

jiΩ , 
*

,

n

jXiΩ and
*

,

n

jYiΩ are obtained. 

3. The values of
1

,

n

jiΩ , 
1

,

n

jXiΩ and
1

,

n

jYiΩ  on the mesh grid are then computed from the newly advected 

values in step 2 by solving the non-advection phase of the governing equation. Then the interpolation 

and the advection processes are repeated. 

5. Results and discussion

This section presents the numerical solutions of laminar forced convection heat transfer for a 

rectangular type of cavity with heat convection at the bottom wall. Figure 3 shows that the cavity with 
aspect ratio=1 produces lowest removal percentage at 8.85% followed by AR = 2 (33.6%), AR = 3 

(54.25%) and AR = 4 produces highest removal rate (74.1%). For AR = 1 there is small vortex formed 

at top right corner, and moving towards to the centre. Since there is high number of particles packed in 
a small cavity, it caused the strength of the vortex weaken compared with the three others. For AR = 4 

the particles waved out initially due to increased cavity width. This all is done by fixing the Reynolds 

number to 50 and Grashof number = 100.   

(a)  (b) 

(c)  (d) 

Figure 3.  Streamline and isotherm pattern for Re=50 to Gr=100 

(a) AR = 1, (b) AR = 2, (c) AR = 3 and (d) AR = 4 
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Figure 3 also shows the isotherm pattern that indicates the buoyancy effect in the cavity. It can be 

seen that when the aspect ratio change the pattern of isotherm also will change but not a big 

difference. The pattern becomes more fluctuation or waving when the aspect ratio is higher. It have 

been shows in the figure 3 (c) and 3 (d). This pattern directly will influence the movement of particle 
in the cavity and then produce less time for particle to flush out from the cavity. The time consume for 

each aspect ratio are different where until it reach at some period which is called steady state. At this 

time (steady state), the particle totally cannot be removed from the cavity due to the weaknesses of the 
vortex occur. This phenomenon indicates that the vortex formation is strong enough at the early stage 

of flow stream.  

Figure 4. Comparison of removal rate AR1 to AR4 

Figure 4 shows that the removal rate of higher AR generally is higher compared to lower AR and in 

this study. This is shown that the Reynolds number is affecting the initial unsteady state removal. It 

can be seen that the unsteady removal rate is much higher and it is in this region of time where the 

primary and secondary vortices will be formed. After the primary vortex stabilizes, then the effect of 
removal is due to the buoyancy force due to the temperature effect from the bottom. Generally, the 

higher the buoyancy force, removal rate will be higher, but specifically for higher Reynolds number, 

the buoyancy force and the counter-rotating vortices produced, bring the particles back to the bottom 
of the cavity, and this caused the removal rate at higher Reynolds number is not always higher 

compared to lower one at certain AR. Figure 5 shows the comparison of various Grashof number 

which is make the buoyancy effect towards contaminant’s removal rate.  
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Figure 5. Comparison of various Grashof number towards particle’s removal. 

  

 

 

 

6. Conclusions 
The simulated numerical result of the natural convection heat transfer in a square cavity at various 

aspect ratios shows the effectiveness of CIP-NSE method as one of the appropriate model to be 

applied in studying the fluid behaviour. The comparison results between the previous methods are 
made to validate the accuracy of the CIP-NSE method throughout this study. In this case, the CIP 

method is sufficiently able to solve the advection phase equation based on Navier-Stokes equations. 

CIP provides an alternative method in obtaining to solution for advection phase equation, however, the 
non-advection phase only can be solved through finite difference method. The implementation of CIP 

in finite difference method might not be available, thus it causing an inaccuracy for the numerical 

simulation. Therefore, it can be concluded that the CIP-NSE is a particular useful method to be applied 

in the convection heat transfer problem. 
There are various variable in this study with the main one is the cavity aspect ratio, followed by 

different values of Reynolds and Grashof numbers. The percentage of removal is mainly affected by 

variation of aspect ratios, followed by Reynolds and Grashof number. The study also managed to 
show results with addition of temperature effects towards the rate of removal and it can be seen that 

the percentage of removal is increased with addition of heat for most of the cases. 
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