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Abstract: The database management output system is interesting and available in the numerical analysis of fluid flow,
especially for a fluid flowing past a cavity inside a channel. The aim of the current study is to investigate numerical simulations
characteristic of fluid flowing over a cavity in a parallel channel at low Reynolds numbers and to predict reduced energy.
Computer Fluid Dynamic (CFD) is utilized to solve two-dimensional low Reynolds Navier-Stoke equations with support from
Gambit software, which incorporates a simulation modelling suite in the meshing model. The numerical simulations were carried
out by fluid such as water for the Reynolds numbers of 50 and 1000 and for cavity aspect ratio, W/H, of 1/3, 1/2, 1, 2, and 3. The
normal mean velocity input is unity. This investigation indicated that changing cavities aspect ratio influences vortex flow
significantly. Besides, the study found that the aspect ratio of cavities and Reynolds numbers influence total pressure and
temperature output significantly and are important for most fluid dynamic problems. Finally, the optimal reduced pressure in a
channel and optimal design cavities geometries yield better results.
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1. Introduction

The understanding of flow over open cavities is relevant  design of power stations, the analysis of pollution, and many
for a wide range of applications, from car sunroof to aircraft  other things.
weapon bay, landing gear well and instrumentation optical As regards the real effect of the cavity on the surface, the
cavities. Self-sustained oscillations inside the cavity generate  study needs to survey the previous studies on the flow
intense pressure fluctuations that can lead to structural  characteristics due to the cavity, so variation of pressure,
damage and failure of components. temperature, and vortices should be reviewed. Cavity flows

So far, the flow characteristics of fluid over cavity have = have been the subject of many studies over the last 60 years.
been predicted by computer assistant and professional  During the fifties a great deal of literature was produced on
software in many investigations. The presence of such flow  the cavity flow problem. Most of this work focused on the
instabilities is reported for a range of flow conditions and  acoustics and unsteadiness inherent in the problem. Till now,
cavity aspect ratios. The modelings of flow based on the a significant amount of research has been carried out on
Reynolds Averaged Navier—Stokes (RANS) equations cavity flows both experimentally and computationally. An
describe the motion of fluid flow. Moreover, the Navier—  experimental proof was first given by Rossiter [1] in water
Stokes equations are best simple solution forms and helpful  tanks. Rossiter performed the first simple calculation of the
in the design of aircraft and cars, the study of blood flow, the  cavity frequencies; however, the corresponding amplitudes
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of'these frequencies still cannot be derived from his analysis.
It depends on the fact whether CFD tools will allow for
predicting both frequencies and amplitudes along with
providing information on the low structures inside and
around the cavities. L.C. Fang, Nicolaou and Cleaver [2]
investigated that the status of fluid over cavity is enhanced
with CAR and increasing Re. Furthermore, they investigated
the distribution of contaminant in a cavity during the
unsteady stage and after steady conditions using passive
markers. Alkire and Deligianni [3] showed that stokes of
flow over for a range of aspect ratio between 0.75 and 10 and
found that shallow cavities permit penetration of the output
flow over the cavity while deeper cavities permit only slight
penetration. Previous theories based on Boltzmann method
to simulate the thermal mixing efficiency of two-dimensional,
have been proposed by Cheng-Chi Chang et al. [4]. They
investigated the mixing flow a Y-shaped channel. The effects
of introducing a staggered arrangement of wave-like and
circular cylinders into the mixing section of the Y-shaped
channel were systematically examined. The simulation
results demonstrate that both types of cylinder yield an
effective improvement in the thermal mixing efficiency
compared to that achieved in a Y-channel with a straight
mixing section. Adopting the field synergy principle, one
may find that the enhanced mixing efficiency is the result of
an increased intersection angle between the velocity vector
and the temperature gradient within the channel. Hou et al.
[5] investigated the lattice Boltzmann method for two-
dimensional gives accurate results over a wide range of
Reynolds number. For deep cavities, Richards et al. [6]
studied experimentally the turbulent heat transfer inside two
dimensional cavities with low aspect ratio.

The Reynolds numbers are investigated for the cavity
width, extended from 2x104 to 4x105. Four cavities with
aspect ratios (height/width) of 1, 4/3, 2, and 4 were
considered. The average heat transfer coefficients on the
bottom of the cavities were measured and a correlation was
obtained to relate the Nusselt number based on the cavity
height to the Reynolds number. It has been shown that the
heat transfer rate was sensible to the aspect ratio of the cavity,
and only marginally affected by the boundary layer thickness
at the separation point. Mesalhy et al. [7] studied flow over
shallow cavity and showed that, a single elongated eddy has
been formed for aspect ratio lower than 7, Nusselt enhanced
with Reynolds and RA increased. For the same result, Khalid
[8] investigated the pressure drop with higher aspect ratio of
cavities. Piller and Sstalio [9] had been used Lele theory
which was the best of solution to applied to compact finite-
volume methods on staggered grids. The results from several
one-and two-dimensional simulations for the scalar transport
and Navier—Stokes equations were presented, showing that
the proposed method was capable to accurately reproduce
complex steady and unsteady flows. More recently,
Bosschers [14] studied that viscous effects have an influence
on the resonance frequency of the cavitations vortex.

Solving cavity problem is interested in industrial and

real life. Ordinarily, the appearance of cavity on surface
materials which enhance friction and change outer
parameters will give unexpected results. The cavity can
indeed mimic structural discontinuities, such as car open
roofs, landing gear cavities in airplanes, or cavities on the top
of high-speed train.

The problem considered is two-dimensional viscous flow
over a cavity governed by the Navier-Stokes equations. An
incompressible flow is bounded in a square enclosure and the
flow is driven by the uniform translation of the top boundary.
The fluid motion generated in a cavity is an example of
closed streamline problems that are of theoretical importance
because they are part of broader field of steady, separated
flows. The literature is abundant forth, and its flow
configuration shows rich vortex phenomena at many scales
depending on the Reynolds number, Re. Numerical methods
for solving the Navier-Stokes equations are often tested and
evaluated on cavity flow because of the complexity of the
flow.

This study investigated the characteristic of flow over
cavity in parallel channel with different cavity aspect ratios.
The used computational with help of CFD software and
Gambit software will reduce time simulation for optimal
results. For simply observing characteristics of fluid from
unsteady to steady state, a uniform velocity input was equal
to lm/s. The computational studies presented in this paper
focus on comparison velocity, Pressure dropt output and
affected vortex will be investigated. The research has also
tended to focus on pressure at the edge of cavity and number
of vortices in cavity, rather than on all off walls.

Outlet fow

Fluid
Density=1kgnd
415210 k talet fow
Viscosity=1kgin-s

5 E
- W -

Figure 1. A cavity in parallel channe

As described in the above problem, a parallel channel has
a cavity with aspect ratio AR=0.33-3, as well as ratio W/L,
and mean ratio I/W: 1, 2 and 3 by choosing to input
dimensionless. The length € of parallel’s long is enough for
observed flow state. This research conducted steady flows
with uniform velocity input, 1m/s. This study aims to
describe the flow structures for a low range Reynolds number
Re among 50-4000. Figure 1. is the model of study and
operation factor concerned:

Fluid: incompressible flow like water in this study. The
study used basic properties of fluid such as density=1kg/m3,
viscosity=0.02-0.00025kg/m-s and no-slip condition.
Because of boundary and cavity condition, morphological
behaviors and performance of flow in a channel will be
difficult to predict. Using CFD is one of tools to measure
accurately outlet behavior.

Cavity: usually, Re >2300 (low Reynolds number)
generates a lot of vortices and then fluid becomes turbulent,
but in this study under the effect of cavity, the vortices will
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appear on the spot low Reynolds number.

Outlet section: At the exit of flow over cavity in a channel,
because of mixing in a channel at outlet section of channel,
liquid has different temperatures. These velocity and
temperature are measured by computer simulation.
Analyzing the velocity and temperature is one of main works
in this research.

The downstream length is considered significantly enough
to ensure that the recirculation zone is inside the computation
domain and the outflow has no effect upon the physical
variables investigated. Furthermore, these choices are also
consistent with other contemporary studies available in the
literature. Because this study concentrates on changing
pressure and velocity of flow, but this condition is important
for calculating draft and lift coefficients.

2. Research Method

2.1 Background and Fundamental Fluid
Dynamic Equations
2.1.1 Navier-Stoke equation:

The Navier-Stokes equations describe viscous fluid flow
through momentum balances for each component of the
momentum vector in all spatial dimensions, subject to constant

density and uniform viscosity of the modeled fluid as follows,
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This study assumes the fluid is incompressible with no-
slip condition. The Navier-Stokes application mode in Fluent
software is somewhat more general and is able to account for
arbitrary variations in viscosity and small variations in density;
through the Boussinesq approximation. The momentum
equation and continuity equation form a nonlinear system of
equations. The mathematical model of the problem consists
of the conservation of mass and the conservation of
momentum laws Simplifications considered for the problem
are steady state, two-dimensional laminar flow and
incompressible fluid with constant p. Thus, Navier-Stokes

equations are as follows:
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Note, U is x-component of the velocity (m/s) and v is y-
component of the velocity (m/s).

The energy equation
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2.1.2 Dimensionless form of equations:

Motivation for dimensionless form of equations is as follows,

- Speed up the scale-up of the results to real flow
conditions.

- Avoid round-off due to manipulations with large/small
numbers.

- Assess the relative importance of terms in the model
equations.

- Introducing dimensionless variables and numbers gives

X*=£ ; y*:lu*:% ;v*:l (5)
L L U U
2
p*= pLz ve=xx O 4 y*ﬂ= LV e U
A O
Here, U and L are a characteristic velocity and a
characteristic length.
Assuming no body force f =0 inrate of change of
dimentum; net acceleration equation (Navier-Stokes
equation) yields
p@ + p(\70V\7) =-Vp+ /"Nz\;
ot 7
Non-dimensionlizing the abve equation gives:
av—*+v*ov*v*= A R i Ve
ot pLU (8)
Where, Reynolds number is o, _ POV _VD . 9)
7 v

Energy equation (4) is:

E+ U*E'i‘V*E — 1 aZT*
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2.1.3 Fully developed flow in channel:
For fully developed flow in channel, Eqg. (2) and (3) reduce to
be:

For x direction: @ _1dp (12)
ayz L OX
For y direction: 0P (13)
oy

Integrate twice (12) to get the velocity distribution:
_19p >
uy) =57+ Gy + G

(14)
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At ya=d, u=0 (no slip) with d=D/2:
10
u(d) = Zidz +Cd+C, =0 (15)
At y,=-d, u=0 (no slip):
10
u(—d) = Zidz —Cd+C,=0  (16)

Solving above Eqgs (14) and (15) yields

Cl = O
_dp 17
2u 0x

2 =

The velocity profile becomes

u(y) =L 2y2 L0

_Loig2_ .2
2u 0x 2u 0x (d y )(18)

2u 0x

Note, Eq. (18) is parabolic. The maximum of velocity at y=0
is:

u (max() —2—) (19)
On the other hand, the average velocity,
Q _ flow-rate

da
Uang = no = L2 — — [© udy (d=D/2)(20)= Ugyy =

- flow—area
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2u 0x 2dp 0x
(21)
_ _ 1 p(2,3\_ _d*dp 2
= Uavg = 2du dx (3 d ) T 2u0x3 (22)
Comparing Egs. (19) and (22) gives:
1 dp (2 2
Ugvg = _Ea(gfﬁ) = 3 Umax (23)
From this Function value of g—z is defined by:
_6_1) _ 3uavgl‘
ax a2 (24)
Finally, the velocity distribution reads:
u(y) = 229 (g2 - y?) (25)

2d2

2.1.4 The Shear Stress and Friction:

Real liquid moving along solid boundary will incur a
shear stress on that boundary. The shearing stress at the wall
for the parallel flow in a channel can be determined from the
velocity gradient as:

_ 6_u _ d_p_ _ Umax
Tyxld = 'u(ay)d - ddx = —2u d (26)

The local friction coefficient is defined by

(Tyx)b| _ 3ulUayg/d

27

%PUg.vg %PUgvg ( )
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Cf = pUavgD = R_e (28)

u

2.2 Setup and Measurement Characteristic Flow
Over Cavity
2.2.1 Governing Equations

u=1,v=0
A B
u=0v=0 L u=0,v=0
D W C
u=0,v=0

Figure 2. Cavity geometry model

The square cross section has dimensions of (WxL) and
ratio between two these dimensions of cavities was called
cavity aspect ratio AR. This study designed AR=0.33~3 and
material of bottom cavity was Aluminum. Additionally, this
investigation will examine the solution of the 2-D Navier
Stokes equations for an incompressible fluid using the vortices
transport equation. The velocity components of the flow are
given in terms of the stream functiony.

For two-dimensional flow, the vorticity equation

dw  0Yow 0Yow _ o2
at dy 0x dx 0y e (29)
1(2wow _opaw) _ o2
Or v (6y ox ax 6y) =Vw (30)

Dimensionless form
Dimensionless solution will be used to solve w and
 problem, because it is convenient for calculating. This
investigation used scaling characteristic for L (length) and W
(width). The appropriate dimensionless variables are:

021+

2 %P+ _ oYx dwx  OPx 02w
3(xn)? - (_ oxx oxx )

a(y)? dyx " dxx  Bxx dyx
(31)
2.2.2 Boundary Conditions of the Cavity
The vertical wall is y-axis direction and the horizontal
wall (bottom wall) is x-axis direction. The length scale of
bottom and top wall is W and the length scale of left wall; right
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wall is L. Additionally, by choosing X, y coordinate at center x
axis of channel which was given A(L1,-d), B(L1+W;-d),
C(L1+W;-d+L), D(L1;-d+L).

- On the bottom wall: u=0, v=0

- On the top open cavity: u=1, v=0

- On the left wall: u=0, v=0

- On the right wall: u=0, v=0
2.3 Discretization of Governing Equations
2.3.1 Finite Difference Method

Finite difference method (FDM) is the first and oldest of
method for numerical solution of partial difference equation.
In principle, finite-difference can be applied to any type of grid
system. However, the method is more commonly applied to
structured grids since it requires a mesh with a high degree of
regularity.

The second-order accuracy that is desired, quantities at
cell faces are computed using a multidimensional linear
reconstruction approach [30] within the range of this study. In
this approach, higher-order accuracy is achieved at cell faces
through a Taylor series expansion of the cell-centered solution
about the cell centroid. In this selection the face value ¢is
computed using the following expression:

pr=@+ V(p.A§ (32)
Where gand V¢ are the cell-centered value and its gradient
in the upstream cell, and 4S is the displacement vector from
the upstream cell centroid to the face centroid. This
formulation requires the determination of the gradient V¢ in
each cell. This gradient is computed using the divergence
theorem, which in discrete form is written as:

2p =23} oy A (33)

Here the face values ¢rare computed by averaging ¢ from
the two cells adjacent to the face. Finally, the gradient V¢ is
limited so that no new maxima or minima are introduced.
2.3.2 Finite Volume Method

The finite element method (FEM) originated from the
need for solving complex elasticity and structural analysis
problems engineering. The
emergence of computer which has high powered have solved
millions of mathematical expressions per second in a similar
way that computer-aided design and finite element analysis
operate, using computational grids.

Similar to the FEM, the finite volume method (FVM) is
a method for representing and evaluating partial differential

in civil and aeronautical

equations in the form of algebraic equations. The
characteristics of fluxes at the surfaces can be evaluated by
each finite volume. Moreover, FEM is easily formulated to
allow for unstructured meshes.

Each Element in FVM is defined by volume or cell which is
commonly quadrilateral or triangle. The edge of each cells

contacts with alternative cell (three cells closer) is definite

node.
— ax
()
i face 4 |
I face 1 face 3
Ay
u,v,) '\ (uyv,)
Lo N
; face 2 Cell center
i (u,.v,)
X

Figure 3. Volume rectangular cell

Conservation equations are applied to the control volume as a
cell to get the discrete equations for the cell. The integral form
of the continuity equation for steady and incompressible flow
is
fsTJ’ eNdS =0 (34)
Where 7 is the outward normal to the surface Sand ¥ = ui +
vj
The mass conservation for control volume at face i defined
by —u Ay — v Ax + uzAy + v, Ax =0 (35)
Formula (35) is the discrete form of the continuity equation for
the cell. It is equivalent to sum up the net mass-flow into the
control volume and setting it to zero. Thus, it ensures that the
net mass flow into the cell is zero i.e. that mass is conserved
for the cell. Usually, the values at the cell centers are solved
for directly by inverting the discrete system. The face
valuesu,,v,, etc are obtained by suitably interpolating the cell-
center values at adjacent cells.
2.4 Geometric Model Construction in GAMBIT
2.4.1 Starting Up Creation of Geometric
Purpose of this study is to consider a flow passing
parallel channel with a cavity at bottom wall with AR=0.33-3.
Therefore, this case can simply be considered as two-
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dimensional computational domains for CFD calculations. An
inconvenient Gambit is difficult for creating a domain because
it needs doing step by step. Accordingly, the length scale of
each edge in this study (Figure 1.) is described by:
AB=GH=D, BC=L1, CD=EF=L, DE=W, FG=I-(W+L1) and
GA=L. Coordinate of vertex is shown as table 1.

Table 1. The coordinate of vertex

A B Cc D E F G H
X 0 0 3 3 5 5 16 | 16
y 05-05|-05| - |-25]|-05]| - 0.5
25 0.5

For each case, two faces were created as cavity face and
parallel different
characteristics at cavity which need large numbers of nodes
and more density concentrate of elements than other ones. This
purpose is to reduce time and configuration of computer and
increase accuracy.

2.4.2 Meshing the model

In this study, the meshing cells used Quadrilateral,
distributing mainly at cavity domain and bottom wall.
Although this choice was given accuracy less than triangle, it
is a good choice for simple geometry for reduce time and cost.
Distance between two contiguity nodes is 0.05 in channel zone
and 0.04 in cavity zone, this factor decided size of mesh
elements, and therefore it will decide number of mesh
elements.

Five cases with different Cavity aspect ratios will be
used, but the length scale of parallel channel remains the same.
Assuming, the procedure for calculating uses Navier-Stokes or
conservative equations, modified from two-dimensional mass
conservation and momentum conservation for incompressible

plate face for purpose analyzed

flow. To account for convection of two fluids, we may select
the convection and conduction for fluid model.

-

d) AR=1/2

e) AR=1/3
Figure 4. Meshing for each case

2.4.3 ldentify boundary surfaces

Interesting Gambit software can enable sketch out of
boundary condition at each zone and edge. Boundary-type
specifications define the physical and operational
characteristics of the model at those topological entities that
represent model boundaries. The relevance of this is
unnecessary because we can define details boundary condition
at each zone in fluent which is very importance for
calculations.

This step in the pre-process stage deals with the
specification of permissible boundary conditions that is
available for impending simulations. Evidently, where there
exist input and output boundaries within the flow domain,
suitable fluid flow boundary conditions are required to
accommodate the fluid behavior entering and leaving the flow
domain. The flow domain may also be bounded by open
boundaries.

Velocity inlet boundary conditions are used to define the
flow velocity, along with all relevant scalar properties of the
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flow, at flow inlets. The total properties of the flow are not
fixed, so they will rise to whatever value is necessary to
provide the prescribed velocity distribution. For all walls at
top wall, bottom wall and included cavity wall, this study will
ignore all factors with respect to characteristic of fluid as well
as temperature, heat flux, radiation and cavity thickness.

Table 2. Specification of boundary

Type Value
Edge Name Type "
condition
Velocity u 1m/s
AB Inlet .
inlet
Bottom QT 0
BC Wall
wall
CD Cavity wall QT 0
DE Cavity Wall QT 0
EF Cavity Wall QT 0
Bottom QT 0
FG Wall
wall
Pressure - -
GH Outlet
outlet
HA Topwall Wall QT 0

2.5 CFD Fluent analysis
2.5.1 Selection of physic and fluid properties

For simplicity, unsteady CFD solution is considered for
this study and the fluid flows can be taken to be viscous,
laminar, Incompressible, and (without heat
transfer). As usual, the physic properties of fluid materials will
be changed by viscosity. The main purpose of this way is to
change Reynolds number from 50-4000 which make fluid
flows laminar [28]. From Reynolds number equation, we have
some ways to change Reynolds data by changing velocity,
diameter of channel. In this study, fluid material is arbitrarily
chosen from fluent database materials. A special material
gives Reynolds numbers within 50-4000 by changing
viscosity and making other parameters unchanged.
2.5.2 Boundary conditions
From above assumptions, fluid flow is viscous, laminar,
incompressible, and isothermal and only requires describing
fluid velocity on all the bounding walls of the computational
domain. The velocities are zero for the external stationary
solid wall boundary of the flow domain. Furthermore, the exits
inflow and outflow boundaries within the flow domain,

isothermal

suitable fluid flow boundary conditions are required to
accommodate the fluid behavior entering and leaving the flow
domain.

The specification of permissible boundary conditions is
available for impending simulations. Evidently, where there
exist inflow and outflow boundaries within the flow domain,
suitable fluid flow boundary conditions are required to
accommodate the fluid behavior entering and leaving the flow
domain.

At the outflow boundaries indicating the fluid departure,
only one outlet condition, typically a specified relative
pressure is imposed. The channel has long enough for fluid
becoming stabilizes and observed. The indicated boundaries
for the flow domain are defined under Zones, assuming the left
boundary has been chosen as Inlet boundary and the right
boundary as outflow boundary. Through the list of boundary
types, study impose the velocity magnitude through the
"velocity-inlet" for the left boundary and the gauge pressure
through the "pressure-outlet" for the right boundary via the
Zone Name of outlet that show in table 1.

v
¥

? Top_wall v=0

Infet e ((
= Boun&ry\ Flow direction

Bottom_wall u=0

Outflow
Boundary

Cavity Ar=3

Figure 5. Boundary conditions for internal flow

This study will fix pressures operation condition values by
default 101325Pas in Fluent, sources and sinks of mass placed
at the boundaries ensure the correct mass flow into and out of
the solution zone across the constant pressure boundaries. .
Furthermore, the external forces as gravity will be passing. For
fully developing fluid, this study assumes velocity at wall to
be zero.

2.5.3 CFD solver
When describing computational process, the governing
equations are solved sequentially. Because the governing
equations are non-linear, several iterations of the solution loop
must be performed before a converged condition reaches.
This study used relative to cells zone in preference
properties for velocity initialization to indicating relative
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between each cell zone at Fluid domain. Table 3 showed
initialization values of input.

Table 3. the initialization values of input

Gauge pressure (Pascal) 0
x velocity (m/s) 1
y velocity (m/s) 0
Temperature (K) 300.0001

2.5.4 Residual monitor convergence

This study was used Lax’s equivalence theorem that
given a property initial valued problem and a finite-difference
approximation consistency and stability are necessary and
sufficient conditions that need to be satisfied for convergence.
Otherwise, the convergence was only happening when it
included two factors consistency and stability. Nowadays, for
all complex problems that have the same initial and boundary
conditions we might use most computational work for
algebraic equation approaching the true solution of the partial
differential equations.

The algebraic equations are usually solved iteratively
convergence which depends on three major parameters as
follows:

+ First, all the discretized equations as momentum,
velocity, energy are deemed to be converged when they reach
a specified tolerance at every nodal location.

+ Second, the numerical solution no longer changes with
additional iterations.

+ Third, overall mass, momentum, energy, and scalar
balances are obtained.

During the numerical procedure, the errors of the
interpolation equations are monitored, and these defects are
commonly referred to as the residuals of the system of
algebraic equations, which is they measure the extent of
imbalances arising from these equations and terminate the
numerical process when a specified tolerance is reached. For
all case, the value of convergence criterion was used as1073.
For satisfactory convergence, the residuals should diminish as
the numerical process progresses. But this work will reduce
accuracy that means the exact solution never approaching. In
some case, the absolute criterion is so high that make difficult
for convergence. This study was emulated twenty-five cases
with same absolute criteria for convergence solution.

Residuals
— continuity
—— Xx-velocity
v-velocity

1e-01

16-02

i
RilR |
I u/"\I i

[ TV
| “ 1L ‘I\‘H“w f
I"\M,‘u"l“l'“”‘ ,p‘u‘ “‘| li
1e-04 | SO M il

] ‘M:HI‘”‘HHH‘M ‘I\\” |

Vi

16-03

16-05

1e-08 T T T T T T T T T 1
18500 19000 19500 20000 20500 21000 21500 22000 22500 23000 23500

lterations
Figure 6. Residual monitor convergences

An imbalance variable of residual Rp expressed as:

Ry =¥ @y ¢y + by — @y, (36)
Where Ry Imbalance variable called residual
a,: Central coefficient
a,p: neighboring coefficients
The residual that arises in above equation actually depicts the
imbalance at the nodal point P for one cell volume. A global
residual R, taken as the sum of each local residual R, over all
the grid nodal points, is monitored.

R =Y grid poines|Ry| (37)

For any transport variable ¢ the discretized form of the
partial differential equation can be specifically written as:

2 Qpp @ + by, = a, @, (38)

Convergence is deemed to be achieved for the discretized
Eq (38) so long as the global residual R satisfies a specified
tolerance, that iSR = ¥, g,i4 po ines| Rp| < €. The variable ¢ is
usually referred to as the convergence tolerance for the system
of algebraic equations. Selecting appropriate values for the
convergence tolerance [31] shows that specifying appreciably
small tolerance values will incur many iteration steps in
reaching convergence. On the other hand, large tolerance
values constitute an early termination of the iteration process
for which the numerical solution of the algebraic equations is
rather coarse or not sufficiently converged.

To ensure that accuracy of all iterative, the numbers of
step like 2000 was used with time step size equal 0.1. Max
Iterations per Time Step sets the maximum number of
iterations to be performed per time step at 200. If the
convergence criteria are met before this number of iterations
is performed, the solution will advance to the next time step.
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3. Results and Discussion

Twenty-five cases were same boundary condition but different
geometries which are typical by cavity aspect ratios, Reynolds
number and ratios of input/cavity height. The final results
showed that velocity contour stream function is becoming
turbulent with increasing Reynolds number and cavity aspect
ratios. The results obtained three major outcomes as follows:

+ Result of group with AR=1

+ Result of group with AR<1

+ Result of group with AR>1
3.1 velocity contour stream function
3.1.1 Result of group AR=1 (Figure 6.):

This group used ratio between cavity width and cavity
length as unity. For all case at low Reynolds number, the flow
pattern almost slightly changes with respect to the oncoming
flow and there exists a closed stable. At Re=50 and 500, the
stream-wise direction and the free stream velocity of the flow
over cavity are steady. Numerical test of this case has shown
almost no variation in cavity flow characteristics after steady
flow conditions are reached. At beginning of the flow
development, a vortex has occurred obviously at right cavity
side. Under this condition, the up-streamline was not almost
influenced by resonance. Later, vortex begins to form, and
then is becoming weaker and stable. At Re=1000, a primary
vortex early occurs at left corner of cavity with uninterrupted
changing center zone of it. Rotating of cavity makes up-
streamline become unstable. This may anticipate that under
such condition the flow becomes unstable by appearance some
vortices on bottom wall right-side cavity. This vortex early
appeared at about t=4 and caused unstable stream till t=17.
After time t=20 this vortex began to develop into a large vortex
by the time the flow is essentially steady. This investigation is
performed according to Fang’s theory [2]. At Re=2000, this
case showed a result like that for Re=1000. But in this case, a
primary vortex appearing at t=4 with large velocity from top
yielded a vortex to make up-stream become instable about
t=12. At the same time, a small vortex slightly appeared at
right-bottom side of cavity in the first time and disappeared
after up-streamline return to stable position. After time t=20,
this vortex began to develop into a large vortex when the flow
is essentially steady.

At Re=4000, a vortex occurred sooner at about t=4, as
fluid flow became more unsteady. Another significant
difference was another vortex occurring at about time t=50 at

top right of cavity which yields the second resonance at about
t=68 and progressive incoming steady state.

Re=50

Re=500

Re=10040

Re=8000

Figure 7. Velocity function contours at various Reynolds numbers

when AR=W/L=1 and ratio I/W=1 at time step t=200s

3.1.2 Result of group AR<1 (Figure 7. and Figure 8.):

When ratio of cavity depth to duct height, W/H are 0.33-
0.5, numerical test showed almost no variation in cavity flow
characteristic after reaching steady flow conditions. It is
instable in the first-time t<30. At the beginning, as flow
developed, the streamline contours tend to the symmetrically
spaced about the centerline of cavity since the Reynolds
number based on the instantaneous maximum inflow velocity
within the stoke flow range. Vortices form later and are
becoming stable and weaker when approaching to bottom
cavity. For all cavities with increasing depth, the result
indicates that the scouring of the bottom of cavity becomes
negligible. This study is broadly in agreement with the
anticipated theory of Chang [32] and is easy to understand
because of such conditions as upstream. The fluid is
insignificantly influenced as upstream. At Re=50 and 500, this
study also predicted that the stream-wise direction and the free
stream velocity of the flow over cavity was quickly steady.
Numerical test of this case has shown almost no variation in
cavity flow characteristics after
conditions. At beginning of the flow development, a vortex
has occurred obviously at right cavity side. When vortex
formed later, the study observed that the vortex is becoming
weaker and stable.

reaching steady flow
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At Re=1000, a primary vortex early occurs at left corner
of cavity with uninterrupted changing center zone of it.
Rotating of cavity makes up-streamline becoming unstable.
This trend may anticipate that under such condition, the flow
became unstable once appearing some vortices on bottom wall
right-side cavity. This vortex early appeared at about t=4 and
caused unstable stream till t=22. After time t=30, this vortex
began to develop into a large vortex when the flow is
essentially steady. At Re=2000, the time for the flow
becoming unsteady was from t=15 to t=28. Once reaching a
steady state, the second vortex appeared under primary vortex
and became progressive to steady.

At Re=4000, numerical calculation showed that at t=7, a
main vortex forms at the upstream of the cavity, and deep
penetration of the outer flow only occurs at the earliest times
Note, this motion is mainly responsible for purging of
contaminated cavity fluid. A pair of vortices occurs after
reaching steady state and then second vortex nearly bottom
cavity wall is becoming weaker.

. I

Re=500

Re=1000

Re=2000

Re=4000

Figure 8. Velocity function contours at various Reynolds numbers

when AR=W/L=1/2 and ratio I/W=1at time step t=200s
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Figure 9. Velocity function contours at various Reynolds numbers

when AR=W/L=1/3 and ratio I/W=1 at time step t=200s
3.1.3 Result of group AR>1 (Figure 9. and
Figure 10.):

Streamlines for cavity of this group strongly differs from
above two groups by unsteady fluid flow over cavity in a
channel. As observed, the flow in a channel became turbulent
under cavity due to viscosity. The fluctuation of main vortices
yields resonances adjacent vortices that make the fluid flow
become unstable. At Re=50, the streamlines for cavities of
aspect ratios AR=2 and AR=3 are developed into steady state

Re=500

as showed in Figure 9. And Figure 10. Two cases give same

result for the early time, which is the upstream flow has past
over cavity and then becoming stable. The numerical result
about streamlines for cavity of ratio AR=3 with Re=500
differs from that for the case AR=2. Although at early time
two cases have appeared a primary vortex at top-corner of
cavity, but their pattern flows of AR=2 are difference from the
case for AR=3. The result for the case AR=3 with Re=500
showed that the second vortices appearing at left wall side
corner quickly make flow unstable. A fluctuation of fluid flow

was easily observed to cause a resonance at the cavity and to
make fluid flow periodically fluctuated.

The numerical investigation characteristics of each case
for AR=2 and AR=3 with Re change 1000-4000 were same
result for fluctuated fluid flow but they were different in the
beginning and end at unsteady state with number of vortices.
It can be also observed that the cavity of ratio AR=3 was more
and more unsteady and yielded many vortices than the case for
AR=2 at the same Reynolds number. When Re is set to 1000-
4000, as shown in Figure 9. And Figure 10. the fluid flow
circulation strengthens to facilitate augmentation of heat

transfer process. This is caused by the fact that convection heat
transfer has become the primary energy carrier in this case.
Because of the fluctuation of fluid, one may apply mixing flow
to heat exchanger, but appearing fluctuation and resonance of
fluid flow will change its output value.

Re=4000
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Re=500

Re=1000

Re=2000

Figure 10. Velocity function contours at various Reynolds numbers

when AR=W/L=2 and ratio I/W=2 at time step t=200s

Re=4000

Figure 11. Velocity function contours at various Reynolds numbers

when AR=W/L=3 and ratio 1/W=1/3 at time step t=200s

3.2 Structure of Vortices

The vortices structure of a two-dimensional viscous flow
over a rectangular cavity in channel section is studied
numerically. One earlier numerical study, Burgraf [34] used
non-linear Narvier-Stokes equation for Reynolds number up
to 400. His result showed that characteristics of flow consist
of a primary large vortex and two secondary vortices in the
cavity. Another research, Metha and Lyan [35] found that the
strength of the larger vortices increases with increasing

Reynolds number. Association with quantities and
characteristic of vortices cavity, Pan and Acrivos [36] showed
how the second large vortex evolves from the merger of the
two primary corner vortices. The secondary corner vortices
then become the primary corner vortices and so on. M. Cheng
and K.C Hung showed strongly result of vortex structure of
steady flow in a rectangular with background RA=0.1-7 and
Reynolds number from 0.01 to 5000. By the way the vortices
characteristic was affected by inertial force and flow pattern.

When comparison quantities vortices of each case, the present
result was divided into two groups: Group with AR>1 and the
other group with AR<=1. This numerical study showed that
clearly characteristics of vortices were affected by not only

Reynolds number but also the shape of cavity.

3.2.1 Flow for AR>1

The vortices contour pattern for cavity aspect ratio AR>1
is shown in Figure 11. Detailed calculation of the cavity flow
at Re=50-4000 are carried out. The effect of Reynolds number
on the vortex structure in the cavity is clearly seen. In the case
of the cavity with Re=50, the flow cavity is characterized by
only one vortex at cavity that was easily observed by stream
function in Figure 11. for AR=2. By the way, a large vortex
appeared at the right corner of the cavity. A little feature
differs from the case AR=3 with the cavity characterized by a
symmetric pattern of the vortex.

Figure 12. Vortices contours at various Reynolds numbers when AR=2 and
AR=3 at time step t=200s

As Reynolds number increases over 50, the vortices begin
to appear at the corner right of the cavity under inertia force.
Moreover, the center of vortices is changing from the
centerline of cavity to the right corner of cavity, and then
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scrolling to the bottom onthe left corner of the cavity
as clockwise. In addition, the strength of the vortex increases
with increasing Re. Fluid flow becomes unsteady when
Re>50. Vortex is easily seen by changing flow properties up
to Re=500. The vortices contours at Re=500 are illustrated as
in above Figure 11. that give a vortex at right wall side of
cavity and a small one at left side wall of AR=3. Once
happening the second vortex for the case AR=3, the flow
becomes unsteady and resonant from two vortices appearing
at the top wall. For Re=100, the flow of two cases also became
more unsteady with appearing a couple vortices at cavity. The
result suggested that the pattern of flow became unsteady at
the early after startup about t=17 for AR=2 and t=14 for AR=3.
The resonance that gave a vortex at top wall was also
illustrated at this case. This study showed the result with three
main vortices at the cavity and two mall vortices at top and
bottom wall respectively as follows:

- A main vortex at the left wall cavity was rotating
counter-clockwise and its centre is moving from bottom
to top wall and creating resonance.

- The main second vortex at the right wall cavity was
rotating clockwise and its centre is moving from bottom
to top wall and then creating the vortex at bottom wall

- The main third vortex at middle of between main right
and left vortex was rotating clockwise and its center
moving along flow direction in channel and then
creating the vortex at top wall.

The difference for the case at Re=2000 compared with
the above case at Re=1000 is pattern of vortices and the flow
streamline becomes more circular. The present result showed
strong oscillation of flow in channel as Reynolds number
increases. As Re increases, three main vortexes occurred at
cavity for AR=2 as same as the case AR=3 at Re=1000. As
measurement a small vortex appeared at left wall cavity which
role was creates consonance, other main second vortex at right
wall cavity role was creates the vortex at bottom wall and the
main third vortex at middle of between main right and left
vortex which role was creates the vortex at top wall. The
pattern of vortices of this case was different from the previous
case at Re=1000 by vanishing of third and second vortices
pattern into larger vortex. On the other hand, center of this
vortex moves along X axis and giving out two small vortices
at top and bottom wall. However, some small vortices also
appeared in process by the complexity of flows, which isn’t

mentioned from this study. The centers of left vortex also
move, though very slowly, towards top cavity which main
cause begot resonance. Finally of discussion talked about the
case of cavity at Re=4000. Comparison characteristic of
vortices At Re=2000 and Re=4000, one can found that the
fluid flow became more unsteady. Centerline of vortices was
continuing diversification and promotion rotating wasn’t
fixing and this one was given by the vortices following
becoming obstacles for rotating of vortices before. Quantity
vortices of cavity at AR=3 was illustrated in Figure 11. The
flow exhibited the following behavior: there are three main
vortices at the cavity, one vortex at top wall opposite cavity
and some small vortices at top and bottom wall.
Principle cause instability of flow in channel was caused by
three main vortices at cavity. Earlier start up flow, a vortex
was appeared right side of cavity by upstream flow calling by
V1. At the same time a small was dissocialize from main
vortex at the bottom wall of cavity and moving to left bottom
corner of cavity calling by V2. Vortex V2 began larger and
larger time by time. After that this one began an obstacle for
upstream flow which created the main vortex V3 at left wall
of cavity. Under compresses of V2 and right cavity wall, V1
was quickly got out up along left cavity wall that created a lot
of vortices at top right corner of cavity. Vortex V1’s role was
created vortices at top wall. A main vortex V3 at left wall
cavity which was rotating counter-clockwise with center
moving bottom to top wall was role as creates consonance.
3.2.2 Flow for AR<1

The evolution of vortex pattern is shown in Figure 12. All the
results are shown in terms of characteristics of vortices which
were almost not changed significantly for Re<4000. For all
cases a, b, and ¢ at Re=50, the properties of flow are steady,
and no vortices appear in the channel. However, under
affection of cavity, the stream pattern of flow became
indirection. At Re=500 for case a, b, ¢, a weaker vortex began
appeared at top right corner of cavity and center of vortex was
tend moving toward left side of cavity. When Reynolds
number increased to 1000 and 2000, the size of vortex
becomes larger and clearly. Under inertial force and changing
of aspect ratio, the simulation showed a typical evolution of
new vortices under primary vortex for case AR=2, AR=3.
Compared to the primary vortex, the size of the second vortex
is smaller, and its center tends to approach the left wall of
cavity upwards.
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However, the cavity at the left wall primarily acts as
obstacles that prevent the flow from becoming unstable.

a)

b)

ReF4000

<)

R¢=1000

Figure 13. Vorticity contours at various Reynolds numbers when AR=1,
AR=2 and AR=3 at time step t=200s

3.2.3 Magnitude of vortices

The result in this section shows strongly in the above
observation of variables vorticity magnitude by Figure 13 to
Figure 17. For each event of aspect ratios, we generate five
cases with different Reynolds number for easy comparing. Our
main purpose is to study the final magnitude of vortices
distribution along channel. In another way, this study only
focused to observe the result at step 2000 as such as t=20. As
shown in Figure 13. for aspect ratio AR=2, distributions along
centerline of channel in some cases with different Reynolds
number are almost shown with the maximum vortices at cavity
position from three to nine.

At Re=400 a largest vortex appeared at the values 2.5 and
1.4 for Re=1000, 1.2 for Re=50, 1.1 for Re=2000 and a
niggling vortex for Re=500. Flow’s behavior became more
unstable after cavity and resonance appeared. Only cases of
Re=50 and Re=500, the characteristics of flow became stable
once appearing a main vortex at cavity. An interested case of
AR=3, the maximum vortices were outside the region of
cavity. As shown in Figure 14, a primary vortex with
maximum value as 1.8 occurred and its flow became stable
after that.
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Figure 14. Distribution of Vortices magnitude along horizontal centerline
for AR=2
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Figure 15. Distribution of Vortices magnitude along horizontal centerline
for AR=3

For AR=2000 and 4000, the cavity with a lot of small
vortices appears at values from 0.3 to 6.2. As shown in Figure
13, the unsteady behavior of flow and resonance behind of
cavity made many vortices with value greater than 12. For
Re=100, vortices behavior which maximum value was 14.4
was the same trend as the cases for Re=2000 and 4000. For
Re=500, the maximum value of vortex was 2.8. Comparing
with another case, we observed that this case has only three
main vortices and flow was quickly becoming steady. At
different Reynolds for AR=1, 1/2 and 3, the result shows
magnitude of vortices in Figure 15. to Figure 17. Because the
ratio I/W is same, and the result is a little different, so we only
focus to analyze one case with aspect ratio AR=1 and ratio
I/W=1. Comparing values of many cases with Re=50-4000,
we concluded that the primary of each case appeared at cavity
and the flow became steady. The maximum value of main
vortex was 6.4 at Re=50, 0.24 at Re=500, 0.18 at Re=1000,



DOT: https://doi.org/10.53893/ijrvocas.v2i2.66 67

0.1 at Re=2000 and 0.6 at Re=4000, respectively. After that
the center main vortex became steady and flow was becoming

stable.
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Figure 16. Distribution of Vortices magnitude along horizontal centerline
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3.3 Pressure features
The result of pressure output is particularly important for
the problem regarding mass flow rate or friction of flow in

channel. Almost the drop pressure of output was caused by
friction of fluid flow with wall, and density or gravity force.
This study assumed body force or gravity force to be
neglected. In this way, flow was only affected by internal and
friction force. For discussing pressure drop output, this
investigation observed characteristic of dynamic pressure
distribution on centerline in channel. An unexpected
observing phenomenon was drop pressure at a cavity. By
looking for this phenomenon, Figure 18 to Figure 21were
illustrated.

For aspect ratios AR=1, 1/2, 1/3 and 1/W=1, this study
observed that pressure distribution was the same. Opposite for
AR=1, looking for the plot as well as Figure 18, the pressure
was drop in cavity. Then the characteristic of flow became
stable that pressure was no changed during time. This study
also observed that the flow with Re was much smaller, but
pressure output was better than that one.

The variation of pressure along that horizontal centerline
for AR=2 was shown in Figure 21. Because unsteady behavior
appeared in channel, so pressure became fluctuated. The main
reason for fluctuation of vortices was that the given behavior
of fluid in channel was becoming unsteady. This figure
indicates a result of the post data having a standard deviation
of 0.52 Pascal for pressure drop of ratio with Re=50.
Comparing with other cases, this one was much more stable
since its pressure remained almost unchanged. For the case
with Re=500, the pressure of flow was almost affected by
cavity when its value was very small. At Re=1000, the
pressure was reduced as 0.2Pa under moving of primary vortex
and right side of cavity, and the maximum pressure
approached to 1.1Pa.

Moreover, a small variation of pressure was given by
moving many vortices on surface of wall. The next
observation for the pressure at Re=2000 showed that the
pressure drops insignificantly in cavity, and then pressure was
approaching to maximum 1.0Pa. As for the case of Re=1000,
the changing of pressure was given by moving many vortices
on surface of wall. The best changing pressure was the case
with Re=400. At the beginning, pressure declined to 0.55-
0.45Pa and then enhanced to maximum 1.4Pa.
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Figure 19. Variation of pressure along horizontal centerline for AR=1
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Figure 21. Variation of pressure along horizontal centerline for AR=1/3
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Figure 22. Variation of pressure along horizontal centerline for AR=2
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Figure 23. Variation of pressure along horizontal centerline for AR=3

Final observation of pressure distribution along
horizontal centerline with AR=3 was showed in Figure 23.
This is plausibly a result of observation that gave best
resonance and fluctuation of flow in channel. As well as other
cases, an unexpected phenomenon was pressure drop in cavity
and moving of vortices created fluctuation that main reason
made fluid becoming unstable. It should be noted for the value
of pressure drop at cavity for about 1.6 to 0.02Pa at Re=50. At
Re=500, the pressure was reduced to 0.15Pa on vertical
centerline of cavity and this one approached to maximum
1.3Pa at right side of cavity.

Notably, for three cases of AR=3 at Re=1000, 2000 and
4000, the pressure together brought up about 1Pa and then
pressure was reduced to approximately zero. Many small
vortices occurring in cavity gave insignificant change in
pressure. However, owing to many vortices, its pressure
dropped in channel. The maximum changed pressure of vortex
at Re=1000 was from 0.8Pa to 3.5Pa in channel behind the
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cavity. It is difficult to explain which case is better because the
flow became strongly unstable after Re=500.

4. Conclusion

The present numerical results and investigation on
characteristics of flow over a cavity in channel can be
summarized as follows:

First, the results showed that the flow is becoming
turbulent with increasing either Reynolds number or cavity
aspect ratio. For all cases with AR<1, the flow pattern becomes
quickly stable or small fluctuated at first time and then
becomes steady later on. For group AR>1, the flow patterns
are almost unchanged when Re=50. When Re goes up to 500,
the status of flow in channel becomes turbulent under the
effects of cavity and viscosity. The fluctuation of main vortices
was caused by resonances adjacent vortices that make the fluid
flow become unstable.

Secondly, this numerical study showed that clear
characteristics of vortices were affected by Reynolds number
and the shape of cavity. The effect of Reynolds number on the
vortex structure in cavity is significant. For group AR>1, at
Re=50, the flow patterns become stable and only bring out a
large vortex covering cavity. When Re > 500, flow patterns
become more turbulent and then generate three main vortices
with the following model. The first main vortex at left wall
cavity is rotating counter-clockwise with center and moving
up from bottom to top wall as well as creating resonance. The
second main vortex at right wall cavity is rotating clockwise
with center, moving up from bottom to top wall, and then
creating the vortex at bottom wall. The third main vortex,
which is located between main right and left vortex, is rotating
clockwise with center and moving along flow direction in
channel, and then creating the vortex at top wall. Furthermore,
many small vortices appear and happen resonance, causing
flow to become more turbulent.

Thirdly, observed vortices magnitude shows that the
more Ratio AR and Re are, the lager quantity of vortex and
lager vortex’s magnitude are. For any case with AR<I at low
Reynolds number, the results look slightly different and flow
pattern remains stable.

Finally, an unexpected phenomenon was found, that is
there exists drop pressure at a cavity. When comparing the
pressure distribution on centerline in channel, for aspect ratios
AR=1, 1/2, 1/3 and I/W=1, the observed pressure distributions
are the same. This study also observed that the flow with
decreasing Re will enhance pressure output. Other
observations show many small vortices occurred in cavity,
giving insignificant change of pressure output.
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