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Constrained Interpolated Profile (CIP) method was used for the advection phase of
momentum and energy equation, and central difference was used to solve the non-

advection phase of momentum and energy equations. The numerical studies include

Keywords: different aspect ratios (AR), 1 to 4 and various Reynolds numbers (Re), 50 to 1000. It
Constrained Interpolated Profile (CIP); was found that a lower flowrate and larger cavity aspect ratio let the main flow to enter
contaminants; cavity the cavity to the bottom without creating shear layer at end of cavity.

1. Introduction

Cavity flow can be found in flow past a panel, flow in organ pipes, flow past a sunroof of vehicle,
flow past a window, flow around a weapon bay, landing gear of an aircraft and etcetera. There is a
lot more applications on cavity flow such as flow over street canyon which involving environmental

study related to air pollutant control.

Details on properties and effects of cavity onto main flow have been reported by many
researchers such as effect of oscillation from cavity flow onto main flow [1-3], flow acoustic effect
resulting from circulation past cavity as shown in Figure 1 and many more. These studies focusing on
effect of cavity onto flow itself [4,5]. Parameter use for cavity flow such as depth of cavity, D and
length of cavity, L will result different flow structure inside cavity. Different inlet velocity will produce
different free stream velocity, U0 and different boundary layer thickness, §. On the other hand, there
is also research on contaminated cavity flow [6,7] where the contaminated cavity is studied on their

particle removal process.
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Fig.1. Geometry resulting acoustic effect on cavity flow [4]

A contaminated cavity can be seen inside hydraulic components such as metal exposed to water
and resulting rust particle accumulate inside cavity [8]. Another example of a contaminated cavity is
contaminated pipeline resulting from improper fitting of pipe joint. Therefore, cleaning process of
the contaminated cavity becomes an important process to maintain hydraulic and pipeline to
working properly. Furthermore, cleaning contaminated cavity can be a tedious process because need
to dissemble them and clean them part by part.

Focusing on the poor fitting of pipeline, hydrodynamic cleaning is one of simple methods to clean
the contaminated cavity without dissembling it part by part. There are many studies on
hydrodynamics cleaning of components, parts and pipelines that known as one research area as a
method in cleaning process in pipes. One of them is by using a restrained ball and let lateral vibration
of the ball clean the wall of pipe as done by Grinis and Korin [9]. They were focusing on harvesting
the levitation effect of a ball inside a pipe to clean sediment and rust inside a pipeline as shown in
Figure 2. The components of the experiment as follow: item 1 is tank, item 2 is pump, item 3 is valve
to control flow rate, item 4 and 8 are manometer, item 5 is flow meter, item 6 is ball used for cleaning
purpose, item 7 is pipe and item 10 is flexible wire to restrain the ball. The ball will rotate due to
effect of wall of pipe and provide lateral vibration of the pipe to clean the pipe.
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- Manometer

- Flow meter

- Ball

- Pipe
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9 - Integrating
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Fig. 2. Experiment equipment sketch by Grinis
and Korin [7]

On the other hand, the effect of mixed convection flow in enhancing contaminant removal
process is also one of the research areas in hydrodynamic cleaning in pipe. Zain [10] has studied the
effect of heated bottom wall to the particle removal process from cavity. Similar study as shown in
Figure 3 reported by Fang [11], where the bottom wall of cavity supplied with constant heat flux to
enhance the removal process inside the cavity. The constant heat flux will change the flow structure
inside cavity due to thermal buoyant effect to the fluid flow.
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Fig. 3. Work by Fang [11] (a) Sketch of a
contaminated cavity with constant heat flux
at the bottom wall of cavity, (b) Remaining
contaminant of cavity for aspect ratio 4 at
steady state

Another examples of application-related on problem arise from flow over cavity with thermal
effect is cooling computer chip and computer hardware. In order computers to function properly,
cooling process of its hardware is crucial as advanced computer chip provides faster processing time
but also will produce heat faster [12]. As the computer component such as processor can be costly
to replace if it is burned due to overheating, cooling system for computer components is also has
become an interest in the computer industry. In cooling system of computer, there are many
methods such as blow cooler air to the heated component and sometimes air conditioner is used to
provide faster cooling to the computer. Due to the importance of application related to flow over
cavity, it is become one of interest field to further study to expanding knowledge.

Aforementioned above regarding problem arise on cavity flow, it is important to explore and
study them for better understanding. In order to study on flow over the cavity, there is three methods
can be used to get the results. There are 3 types of method to solve fluid dynamics which are doing
analytical calculation for solution, experimental analysis and numerical method analysis [13]. For
analytical calculation can be solved by some mathematical calculation by applying correct boundary
and initial condition. Results obtained were due to simplification of Navier-Stokes equation and
match to the real situation but it is can only apply to very simple cases such as inviscid flow.
Experimental analysis is very reliable because it is done according to the real-life situation with
minimal simplification and assumptions. The major concern of conducting experiment is that the test
rig can be so expensive that researcher always tries to do non-destructive test to their test rig. For
numerical method, it is a cheaper method to use as it can produce significant results together with
the ability to control the boundary condition and parameter of study easily

Recently, Abdelmassih et al., [14] have studied the flow over cavity with heated bottom wall
inside the cavity by using a numerical method which is a three-dimensional direct numerical
simulation and experimentally for channel flow over cavity. They have reported that there is periodic
flow at Re=100 and Ri=10 in their mixed convection flow which related to heat removal process from
the bottom of the cavity. Nevertheless, they captured the fluid velocity by using Particle Image
Velocimetry (PIV) where small particles are seeded in the water and motion of the particles were
captured and flow velocity was obtained.

There are also such similar cases study on flow over the cavity but the cavity is contaminated and
hydrodynamic flow is used for contaminant removal from the cavity such as done by Fang [11]. In
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this case, the heated wall inside cavity is located at the bottom wall of the cavity. His study was
focused on the effect of aspect ratio of cavity and effect of Grashof number to the contaminant
removal effectiveness. He found that higher Grashof number will significantly improve the
contaminant removal from cavity. His study includes different aspect ratio from 0.25 to 4 and Grashof
number 1 to 4000. His conclude that different flow pattern can be found by imposing heat flux from
bottom of cavity. It is also shows that different aspect ratio provides different contaminant removal
percentage but only limited for heated bottom wall of cavity.

In different study [15], the removal of contaminant and flow behaviour due to
magnetohydrodynamic effect was studied. They were using numerical method to study the heat
transfer performance and the removal process of fluid particles. In general, stronger buoyant flow is
reported to improve the removal process from the cavity at higher Grashof number and higher
Reynolds number. However, their report provided very limited cases which are only 3 cases for
different Reynolds number and 3 cases for different Grashof number. As mixed convection flow is
known by applying constant heat flux from the bottom wall of the cavity can change the flow
structure, there are also right vertical wall and left vertical wall of the cavity that also can contribute
to changing the flow structure. There is literature available such as the one done by Stiriba et al., [16]
where the right vertical wall of the cavity is remaining at constant temperature that higher than
ambient temperature. Another study by Aminossadati et al., [17], the heated wall is at same location
but only part of the wall is heated which reported only half of the wall is heated in the middle of the
wall. Their study provides data on the effect of different heated wall inside the cavity to the flow
behaviour without contaminant inside the cavity.

Manca et al., [18] has study numerically for temperature distribution and stream function using
air for 3 different heated wall position for aspect ratio 2. Experimental study was done later by Manca
et al., [19] for heated left wall of cavity. Nevertheless, they also provide experimental study for
heated right wall of cavity [20]. Even though their study focused on temperature distribution, their
studies also shown that different heated wall will produce different vortex structure inside cavity but
their studies are limited for temperature distribution and flow structure without contaminant
removal process. It also didn’t include data for heated bottom wall of cavity.

It appears from the aforementioned study that investigation has been conducted regarding mixed
convection cavity flow but some of their studies are more on heat removal process efficiency and
flow structure inside cavity. It is appeared that removal of contaminant from cavity with mixed
convection flow study can be broaden in term of different flow condition such as different Reynolds
number and Grashoff number. It is also can be notify various study that used different aspect ratio
of cavity and different heat source location can change the flow structure and flow behavior.
Therefore, research on contaminant removal inside cavity by utilizing mixed convection flow sources
from cavity wall is still a gap of knowledge in engineering and it is necessary to go for deep research
on effect of Grashof number and location of heated wall to the effect of contaminant removal from
the cavity. Hence, this study aims to numerically develop the flow structure in the cavity using CIP
method by using streamlines plot.

2. Methodology
2.1 Governing Equations for Numerical Analysis
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To simulate the flow in a channel in two-dimensional analysis, continuity equation and Navier-
Stokes equation was used. There are three variables in the equation which are pressure, velocity in
horizontal and vertical direction in Navier-Stokes equation. There are two popular methods used to
solve the equation which is 56 primitive variable method and stream function - vorticity approach
[21]. To reduce the pressure term in Navier- Stokes equation, stream function - vorticity approach is
used in this research so that the variables reduce into two which is vorticity and stream function.
With fewer variables in governing equation can reduce computational time to solve the equations.
Stream function, y and vorticity, w defined as follows

U=—
oy (1)
0
v=_2Y
ox (2)
ov ou
— =
ox Oy (3)

For flow in channel of two-dimensional analysis, two equations will be used to solve fluid velocity
which is continuity equation and Navier Stokes equation. By assuming the fluid flow is incompressible
and in two dimensional, the continuity equation is expressed in Eqg. (4) and Navier Stokes equation
can be expressed in Eq. (5) for momentum in x-direction and Eq. (6) for momentum in Y direction.

du 8v_0
ax Tay

(4)

“pax ozt oz

8u+ 6u+ ou 16p+ 0*u  0%u
at " “ox ”ay‘ p 0x v

(5)

av+ 6v+ v 16p+ 62v+62v
—4tu—+v—=-— v
ot  “ox " Uay  pay  "\axz ' ay?

(6)

where;

u = Velocity in the horizontal component
v = Velocity in the vertical component

p = pressure

p = Fluid density

v = Kinematic viscosity

By differentiating Eq. (5) with respect to y and Eq. (6) with respect to x then subtracting these two
equations will produce new equation. By using first derivative and second derivative of vorticity
equation and substitute the derivatives into the new equation will produce Eq. (7) and (8) with
vorticity and stream function variables include into the equation
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dw N dw N dw 2%w N 0%w
ot “ax Vay - “\oxz T a2 o
7

(8)

Dimensionless variables will be used to substitute physical variables so that input will regardless
of its unit whether Sl unit or metric unit. It is also used to reduce the number of physical variables
and will reduce the complexity of equation [22]. To transform equation with physical quantity into
dimensionless equation, these equations will be used to be substituted into Eq. (7) and (8).

X
X — '5
(9)
y = %
(10)
u
U=—
Ueo (12)
V=—
Veo
(12)
= LD
Ueo (13)
wD
0= —
Uoo (14)
tu,,
T =2
D (15)
UeD
Re = —=—
v (16)

By substituting, these dimensionless parameters into Eq. (7) and (8) will produce Eq. (17) and
(18). It needs to emphasize that Eg. (17) consist of advection term which is a type of hyperbolic
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equation and non-advection term. Advection term will be solved using Constrained Interpolated
profile method (CIP) while non-advection term will be solved using central difference method.

00 00 00 1 (9?0 0°0
T = " 9X ~ 9Y Re\daxZz ay2
(17)
orw v _
X2 " 9y2 (18]

aQ+U6Q+V6Q_ 1 62.0.+62Q
aT = 98X = 8Y Re\dX? oYz
N J

J

Advection term Non-advection term
2.2 Discretization Process

The Eq. (17) will be separated into two phases which are non-advection phase at left side of the
equation and right side of the equation is advection phase. It is necessary to determine the non-
advection phase first and solve it using the central finite difference while the advection phase is
solved using Constrained Interpolated Profile method (CIP).

The non-advection phase

5 A2 5?
(,\Q =L£: g;)' +i §3J=g= Phase 1
ol Rel o oY (19)
and the advection phase
@+U£+V(X—2 =Phase 2
or oX oY
(20)

2.2.1 The non-advection phase

The phase of non-advection should always be dealt with first before CIP is implemented. The non-
advection phase equations are discretized using Central Finite Difference and to reduce numerical
diffusion, spatial derivative of X and Y should be included as the time evolution propagate [23].

oQ 1 (2°Q &
—=g=—| =5t
o1 Re| ax?  aY?
(21)
O, U oV
%:a\.g—a\n%—a,g%
O C. C (22)
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4
—aQ_a,g Oy QaU (‘;’,Qﬂ
or oY oY
where

- 1 (&  &'Q
0‘\-g = — 3 + ‘\_2
Re|l aX*® axoy

- | o a'Q
0,8 =— =+t —;
Rel oX-8Y oY

After discretization and rearrange the equation, the results from Eq. (21) are as follow

or el ox?® oy?

Q,-Q _ 1, 29 + Q7 Q.",,.—ZQ" +Q
AT Re (M)2 (Ay)
- AT, 200+ QI’,1-2Q." +Q L
ij RC (AX)2 (AY)- i)

For spatial derivative in X-direction, we discretize it and rearrange it as follow

A 4
O.rQ:axg Qﬂ—a Qa_I
or ) oX oX
64\'01.1 —a,\Q:’ a‘g‘ ; a 'Qi / Ul’:l} _Uin—l.j _ayQi / ’/1:1 J I/rnl o
AT o 2AX i 2AX

- - Q." 1, _Q," 1, Ur:l _U.nl Q:' +1 _Q," 1 l::l - ’:nl
0,0 =ATd, g —AT—=ld Tl | Zieky by | A el Tl | iy il
s L 2AX 2AX 2AY 2AX

+0,8)
J i.f

For spatial derivative in Y-direction, we discretize it and rearrange it as follow

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)
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4
0,02 =0,g-0 \,Qa—U —a,,Qa—l
or oy oY (32)
6)'9:. ' -5)-'97. ' ~ Uiiu—Ul ~ Vi."sl - V;.n'—l
JAT L= a)'gi,j _0.\"0:',/ : IAY . _0)’Qi.j T
(33)
5,,9: —ATd,g, —ATQ'"”" _an—l./ U:'.’p] —l]l’.'_/—l —ATQ'"'H _Q:"./—l V:pl —V::'/—I
7 ! 2AX 2AY 2AY 2AY
+0,8], (34)

The spatial derivative for X dimensionless direction and Y dimensionless direction for phase one
will discretize and rearrange it as follow

1 (&Q &'Q
o33

= — + 5
Rel ax*® axay?

(35)
Q:'+2.) _ZQ::»]./ +2QAH—LJ _an—l./
1 2AX°
0,Q, =—
XS4 Re N Q,”u.m —20:’.1.1 +Q:'+1.;-1 —Q:'-l.m + 29."-1.; —Q:"-L;-l
2AX(AY)’
(36)
1 [ & &0
0yg=— Tt ——
Rel ax’oy oy )
Q‘"n.m _ZQI”.]+1 +Q:l—l.,-| _anu.;-l + ZQ:;—I _Q:"—l.j—l
fa - 1 2AY(AX)?
C Y Re| (o ,-200,+200,-00
2AY?
) ' (38)

By combining these equations for X-direction and Y-direction will produce
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. - val ] -QJ"-I ] ("‘ Ly -( " Ql g+l _Q:’1 | a”l - ,;’—’l
c,Q ;= 0, —AT : - —AT y y
' : 2AX 2AX 2AY 2AX

+A_T Q;"? J _ZQ;"?l i +ZQ:,4 _Q.Rf TN Q. 1+l ZQ.R 1 +Qf 1yl Qfl j+1 ZQ:’—L) _Q.{L,—l

Re 2AX° 2AX(AY)

(39)
2, Q. -2, Q" Qf.,.} -QF L Ul a Uf),l —ATQ‘"'M _Q:rl ‘::4 _‘::—1
2AX 2AY 2AY 2AY

AT Qn*l J+l ?Ql") 1 +QJ L+l Q:’ l) 1 + 7Q| 11 Q:lflﬂ)fl + Q:‘.)<2 _ml"'j 1 ?Q‘ 11 Ql ]-

Rc 2AY(AX) 2AY?
(40)

Noted that Q}‘J- is the value obtained from non-advection phase. From here, these values will be
used to restore the value for the following time step. However, to accommodate few values that can
be observed in the last two equations the unique procedure closes the wall should be performed
[20]. These values are Q' 5, Qi 5, Qfj+2 and Q_,  For example, at the point i=2, Qi ,; = Qg
and there was no such point in MATLAB, therefore procedure is based on the average value of the
neighbouring nodes

Q) +Q
=] W] ZQ;Y
2 N
(41)

Q=20 -
N Lj 2,j

(42)

Qma\u 1j Q::mxwl Jo__ oy

T S %maxi,j
2 (43)
_ n n

Qmaxt+l J 2Qmax1 Jj Qmaxi—l,j
(44)

Q + Q:,Z n

- 4~ Ql 1

2

(45)

Q= 24, -,
(46)

Q)‘I ) + QII

i,max j-1 i,max j+1 n
2 Ql max j

(47)

10
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n _ n n

Qi.mm{j+l - 2Qi.maxj - Qi.nmxj—l
(48)

In MATLAB, this following statement can be used to overcome the near-wall treatment.

IF i=(maxi-1), Bl = ZQZWJ _er;axi—l,j ELSE, Bl= Q;Lz,_,-

IF i=2, B2= 2Q{’.j —Q’z’.j ELSE, B2= Q:'_z‘j

IF j=(maxj-1), B3=20,, -, ,  ELSE B3=Q,

IF j=2, B4=2Q" -Q, ELSE B4= Q;l.j—l

Then, the equation can be rewritten as
a Q' — a Q" ‘ _A7< Q:IAI./ _Q;, Lj (j:"»l.,' _(]1" lj —AY‘ Q:'.j-l _Qf/ 1 I»’":L, - ’.‘:”Li
K A 20X 20X 2AY 2AX
+A_T 81_207-1., + 2Q:1 Lj - B2 + Q:,'I-l./ol _ZQ?»L/ +Ql",‘l., 1 _Q.," 1 j+l +2Q:' 1.j —Ql", 1,j-1
Re 2AX° 2AX(AY)
(49)
. Qn.l _Q" . l]ﬂ 'l _(]n l QI] '1 _Q" . l_.’" '1 — l!" l
6),01 — a)Q’n —AT i+l ) =17 1] L) —AT i) i) i) i)
N 7 2AX 2AY 2AY 2AY
+A_T 33_29;’.,.1 +ZQ:'., 1 - B4 + an'l./ol _ZQZ,.I '*'Q." 1,j+1 _Q:l-l., 1 +2an., 1 _Q:' 1,j-1
Re 2AY? 2AY(AX)

(50)

2.2.2 The advection phase

CIP will be executed in this chapter for solving advection equation mention earlier. The cubic

polynomial in the two-dimensional hyperbolic equation is using rectangular grid as discussed by Ref.
[18]

Ui,j(X, Y) = [(Alu)? + Az,”]? + ABLJ)X + A4l,]?
+0xQ; ;X
+ [(A5;,;Y + A6, ;X + A7;;)¥ + 8y, ;]Y

i (51)

where X = X-X;; and Y = Y-Y; ;. The following parameters are incorporated in CIP method in
determining the value of Q(X,Y)

11
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ASi.j =Qi.j _Qi+l.j _Qi.j+l +Qi+l.j+]

(52)
A1, =[-2d,+0,(Q,,+Q, )AX |/ AY’

‘ (53)
A2, =[ 48, —0,d AX |/ (AX*AY) (54)

43, =[3d,-0,(Q.,,+20,,)AX |/(AXAY)
(55)
A4, =[-48,  +0,d AX +8,d AY |/ (AXAY) (56)
Asi.j - [_2dj +0y (Qi.j+l +Qi../)AY]/AY3 (57)

A6, , =| A8, —0,d AY |/ (AXAY®

ij I: ij Y 'A :I ( A ) (58)
A7, =[3d,-8,(Q,,,+29,,)AY |/ AY? 59)

The solution for Q , &Q and & Q after period of AT can be estimated and after the one-time

step of AT whereQp}"™ = Uy;(X;; — UAT, Yy — VAT), 0x0}5"* = 0xU;; and 0y Q" = 9yU;; can be

rearrange explicitly as

Q' =[ (A1, E+ A2, n+ A3, )E+ 44, ;n+0,Q; |

[ (45,,n+ 46,6+ 47, \n+0,0; |n+Q],

(60)
0, Q! =(341,,E+242, n+243, )&
+( 44, + 46, 7)n+0,9; 1)
0,Q" =(345, n+246, E+247, )y
+(A4, + A2, £)E+0,0 )

wheren=-AV T, {=-AUT. The Eq. above is obtained for U < 0 and V < 0 as defined in Figure 4 which
is the upper left mesh. Thus, depending on the sign of U and V, i+1—i-1, AY=—AX and for U > 0 and,
j+1— J-1, AY=-AY for V > 0. The following technique should be followed to optimize the codes.

12
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i—-1,j+1 i,j+1 i+1j+1
Uz=0 U<0
& &
V<0 V<0
i-1j b i+l,j
U=0 U<0
& &
V=0 V=0
i-1,j-1 i,j—1 i+1,j-1

Fig. 4. Meshing of CIP in two dimensional

YY =-VAT
XX =-UAT
Jjsgn = sign(V)
isgn = sign(U)
im=1i—isgn
Jjm= j— jsign
d=Q,.,,-Q,,

d =Q Q

J i, j+1 - iJ

The treatment of grid cell will be substituted into the equation earlier to coefficient so that the

coefficient is written as follow

‘48 = Ql.j _Qiml._/ _Qi.jml + lel.jml
A = _Z(Q{ml.j _Ql.j )+(a.\’lel.J +a.l'QA./ )AXX (_Isgn)
— AX? x(—isgn)
Y ~(0,9,,,+8,Q, ) AX x (~isgn)
o (AXzAY)x(—jsgn)
3(lel.j - Ql.j ) - (6.\'Qunl._1 + 26.\'01.1 )AX X (_I Sgn)
A3‘-.I = AXZ

(63)

(64)

(65)

(66)

13
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44 — _‘421.1 ( ) (( szl J )Q:.;)
" AX x (—isgn) (67)
5 o200+ (6,2, ., +0,Q,JAY x(—jsgn)
W AY? x(—jsgn
(—J/sgn) 3)
16 ‘48: (( Q/ml/ o Q‘_/)AYX(—ngn)
A6, , = 5 -
(AXAY?)x(~isgn) (69)
o 23— —(8,92,,,+20,Q, JAY x(—jsgn)
Q! = (AL, XX + 42, YV + 43, ) XX+ 44, YY +0,0° | XX+
[(,.45,_,YY+A(),_IXX+A7,_,)YY+8,.QM]YY+Q‘; 1)
0, = (341, XX +242, YV +243, ) XX +( A4, + 46, YY)YY +0,Q
iJ J J J J J id (72)
U =(345, YY 246, XX +247, )YY +( A4, + A2, XX ) XX +0,Q
1) Ly i (73)

2.3 Drag Force Equation for Contaminants Trajectory

Contaminant will be added inside the cavity as small particles where the trajectory of these
particles will be determined by using equation of motion. Drag force will be determined in this
research as other components such as buoyancy and lift force are negligible in this study. The fluid
and particles will be treated as Eulerian-Langrangian approach where the particle is treated as a point
force and the fluid will influence the particle motion. Similar fluid and particles density is applied in
the simulation codes (density = 1000kg/m3). Drag force is defined as following and the discretization
is as Eq. (75)

mp d_tp = fd
(74)
vn+1 vn
m, "A_t” = f,
(75)

14
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where,

mp = Mass of particle

vp n+1 = velocity of the particle at time n+1
vp n = velocity of the particle at time n

At = time step

fd =drag force

The location of particles after time projection will be defined by using equation of motion as
follow

n+l _ .n

pn+l — Xp Xp
p

n+1l __ ,..,n+1 n
Xp T =vy At + X,

(77)
The drag force of the particle can be defined as Eq. (78)
lu — v;|(u - v;)
= C4A . .
fa dapP > (78)
24
d = o,
Re
P (79)
D,|V
Re, = —pl |
v (80)
where;

fd = Drag force

Cd = Drag coefficient

Ap = Area of particle

Dp = Diameter of particle

|V| = Relative velocity between fluid and particle

2.4 Mixed Convection with The Differently Heated Wall of Cavity

For mixed convection flow, a wall of cavity will be heated with constant temperature and the
other walls are adiabatic. The governing equation for momentum has slightly different from
isothermal cases. There is additional term will be included as temperature gradient will be included
in the momentum equation. Another equation also will be used for solving mixed convection flow
which is energy equation. This equation turns into dimensionless variables and the process is same
as isothermal derivation as mention earlier. The dimensionless variables of momentum equation and
energy equation are mentioned below.
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Dimensionless momentum equation

a0 a0 in 1 (620 62Q> Gr 00

ar "Vt TRre\ax? Tavr )t Rerax (81)

Dimensionless energy equation

—+U—+V 52+ 373

a0 a0 0 1 (2’0 070
aT ax aY ~ PrRe

(82)
where
6= T-T,

The advection phase for the momentum equation remains the same as in isothermal case but the
non-advection phase for the momentum equation will have some adjustment to satisfy the additional
term in the equation. For energy equation, the advection term will solve based on Eq. (79)-(81)

a0 _ (U a0 LV 60)
oT X ay (79)
9.0 (U 0,0 +V axe)
aT X ay

(80)
0,0 a0 a0
s (UL + VL)

For non-advection phase, the momentum equation is solved based on Eq. (82)-(84) and energy
equation will be solved by using Eq. (85)-(87). These equations are still needed to have near-wall
treatment as mentioned earlier in isothermal section.

i 1 (GZQ 62.(1) Gr 06

aT ~ Re\axZz T 3v%) T Rezox )
o 1 a3n+ EE) aﬂau aQav+ Gra 90
dT ~ Re\dX® ' 9Xay? ¥oax TV ax T Re? *ox

(83)
w0 1 [ 9% +a3n 5 Qau 5 Qav+ Gr 5 a0
aT ~— Re\ax2gy oY3 ¥Ray YUY Re? Xy (84)
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a0 1 (626 626)

3T ~ PrRe\axz T 3y

0 1 af*eJr 9%0 s eau 5 eav
dT ~ PrRe\aX® ' aXxoy? Tox VU ox
w0 1 %0 +a3e aeau aeav
dT ~ PrRe\ax2?ay oy?3 oy Yoy

After discretization, the results from Eq. (62)-(84) yi
From Eq. (62)

AT  Re

(AX)*

Qn
+

elds

—9n

i-1,j

(AY)? Re?

Rearrangement the equation to

. _~n , AT Q1 — 297 + QL
Qi.i_ﬂi'j+R_e (AX)2
Q}‘JH - ZQEI- + Q}fi_l
(ay)?
+ ATGr (0744, — 0}y
Re? 20X

From Eq. (63)

x 0  — 3x QY

AT
_ 1 (0%, - 200, + 200, - 01,
" Re 20X°

n n n n n n
N Qisrjer — 2% )+ Qg jog — Qg jur + 2057, j — Q4 j

ij+1 29‘21 + sz—l) Gr (e?ﬂ.j

20X

20X (AY)?
Ui’iu,j - in—l,i _ ' >Vi1.1+1i - Vi’ll.i
20X
Gr (9{l+1,j —-20]; + 91”—1,/)

— 0xQy

* Rez (AX)2

)

)

(85)

(86)

(87)

(88)

(89)
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After arrangement

axﬂf.i

AT( ?+2[ 20':l+1 J + 201 1,j = F—Z,j

= 0xj + 7g 20X

+ QF+1,1'+1 - 2*0'?+1,i + 'Q?+1,j—1 - ‘Ql 1,j+1 + 2'0'1 1,j Q?—1,]—1
2AX(AY)?

n n n n
(Qi+1,;‘ — ﬂi—l,j) Uis1,j — Uiq

AT

2AX 20X

B Q1 — Q1 \ Vit — Vitaj AT
20Y 20X

Gr (6], — 200 + 6
+_2 i+1,f 2 i-1,j AT
Re (AX)

(90)
From Eq. (64)

Oy j — 0y QY

AT
_1 Qi1 e — 200541 + Qg jer — Qg jor + 2005 — Qg i
= Re 20Y (AX)?

?j+2 29?/+1+29u 1 sz—z P ”Uir.lj+1_Ui',1j—1
2AY3 X0 2AY

n  _yn
ij+1 ij—1
20Y
n n
Gr (9i+1,;’+1 - 9i+1,;’—1 -6 1,j+1+ 0% 1,j— 1)

— Oyl

-
2
Re 4AXAY (91)

After arrangement

Oy d;

= 0,0,
O t e 24Y3

N Q1 je1 — 2005401 + Qi jer — Qg jor + 208, — Qg j4
2AY (AX)?
Q:l+11 ‘Q? 1,j Uln;+1 UiT,li-l AT
20X 2AY

Q:I]-f-l 11 1 V1n;+1 V:n; LAT
2AY 2AY

Gr (0] -0 -0 + 05
( i+1,j+1 i+1,j-1 i-1,j+1 i-1,j— 1)AT

AT (Q?I+2 29?1+1 + ZQU 1 ﬂ?i—z

+
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For the advection stage, the constrained polynomial is used to approximate the spatial quantities
of the grid interval using its neighbouring grid point’s spatial derivative value. This process is similar
for advection phase of isothermal section. For the energy equation, the advection phase describes as
follow

9;;(X,Y) = [(B1;;X + B2;;Y + B3;;)X + B4, ;Y + 0x6;|X
+ [(B5;;Y + B6; ;8 + B7; ;)Y + 8,0, ;] + 6, 03)

where X = X-X;; and Y= Y-Y;;. The coefficients were determined so that the interpolation function
and its first derivatives were continuous at both ends. With this restriction, the numerical diffusion
can be greatly reduced when the interpolated profile was constructed. To determine the value of 6
(X, Y) the parameters as following are integrated into CIP method

B8i;j =0;; —0i41; — 0;j:1 + 0is1,j4+1

(94)
B1;; = [—2e; + 0x(0i+1,j + 0;;)AX]|/AX? (95)
B2;; = [A8;; — dxe;AX]/(AX?AY)
(96)
B3;; = [3e; — 0x(Qy4q; + 26, ,)AX]/AX? 97)
(99)
B6;; = [A8;; — dye;AY]/(AXAY?) (100)
B7;; = [3¢; — dy(0;j+1 + 20;;)AY]/AY?
(101)

After period of time, AT, the solution for 6, dx0 and dy0 also can be predicted and after the one-
time step of AT where QfS"* = 9;;(X;; — UAT, Y;; — UAT), 9x0]5** = 9x9;; and 90" = 0y9;;
can be written explicitly as
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077! = [(B1;;€ + B2y jn + B3; ;)¢ + B4, jn + 8x0;; |¢

(102)
ax07 ' = (3 B1,;€ + 2 B2;jn + 2 B3;;)¢ + (B4y; + B6;,n)n
+0x83, (103)
o077 = (3B5;jm +2B6;§ + 2B7,;)n + (B4 + B2;§)é
+0y8;, (104)

where & = -UAT, n = -VAT. The Eq. (48) to Eq. (50) is derived for U < 0 and V < 0 as described in
Figure 5, which is the upper right cell. Thus, depending on thevalueof Uand V,i+1>i-1,AX =
-AX andforU2=0and,j+1->j-1,AY =-AY for V 2 0. The following procedures have to be followed
to simplified the algorithm developed

i-1,j+1 i,j+1 i+1,j+1
Uu=0 U<o
&
V<o V<0
i,j
i—-1,j i+1,j
U=0 U<o
V=0 V=0
i-1,j-1 L,j—1 i+1,j

Fig. 5. Meshing in two dimensional CIP

isgn = sign(U)
jsgn = sign(V)
iml =i-—isgn
jml =j—jsgn
e =041, — 0y
e =041 —0;

Eqg. (102)-(104) will be solved using those coefficients
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B8i; =0i; — Bim1,j — Oijm1 + Oim1,jm1

_ _z(eiml,/’ -_ 61",-) + (axeiml_,- + axe,;,-)AX X (—isgn)

Blij = AX? X (—isgn)
gy A8ij— (858 jm1 — 0x0; ;)AX X (—isgn)

v (AX?AY) X (—jsgn)

3(Bim1,j — 0ij) — (0xOim1,; + 20x6; )AX X (—isgn)

B3 = NG
Be = —A2; ;(AX?) + (0yBim1 ; — 0v0; ;)

wl (AX) x (—isgn)
BS. . = _Z(Gi,jml - ei.i) + (ayei‘l‘ml + GYB,‘I)AY X (—]Sgn)

" AY? x (—jsgn)
B6: : — A8i',' — (ayeimlj — 6y9,,)AY X (—jsgn)

i (AXAY?) x (—isgn)

_ 3(9”,,11 p— 9”) — (ayel"jml + ZBYG,])AY X (—]Sgn)

B7;; = NG

2.5 Boundary Condition

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

The flow in channel is having fully developed flow and the wall of channel is assumed to have
adiabatic properties. The cavity has three different walls and they are categorized as shown in Figure
6 where left wall is the vertical left wall of cavity, bottom wall is horizontal wall of the cavity and right
wall is the vertical wall of the cavity. For mixed convection one of the walls is remain at constant heat
flux where in the code’s programmes, AT is unity for constant heat flux and AT is zero for other walls.
The summary of the different heated wall is shown in Table 1. For mixed convection flow, Re will
remain constant for all simulation which is at 100. Study on the effect of aspect ratio will also be

included in this study.
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Fully
developed
flow

Left Contaminant __ Right
Wall Wall

Bottom Wall
Fig. 6. Sketch of numerical geometry

Table 1
Boundary condition for different heated wall analysis
Constant heat flux location =~ Temperature boundary condition

Left wall Bottom wall Right wall
Left wall Constant heat flux Adiabatic Adiabatic
Bottom wall Adiabatic Constant heat flux Adiabatic
Right wall Adiabatic Adiabatic Constant heat flux

The Richardson number, Ri is a dimensionless parameter which will be used in this numerical
analysis. In general, forced convection is more dominant in the flow system if Ri less than unity. Mixed
convection happens when Ri equal to unity and natural convection flow happen when Ri greater than
unity. It may be noted that usually the forced convection is large relative to natural convection except
in the case of extremely low forced flow velocities [24]. The equation for Ri is as below. In this study,
Gr =1000, 10 000 and 100 000 will be used as case study for constant Re=100. These values are used
to study the effect of forced convection flow, mixed convection flow and natural convection flow to
the contaminant removal process. The details of Ri used is as shown in table 2.

Ri Gr
[ = —

2

Re (113)

Table 2
Types of the flow used in numerical simulation
Reynolds number, Re Grashof number, G, Richardson number, R; Type of flow
100 1000 0.1 Forced convection
100 10000 1.0 Mixed convection
100 100000 10 Natural convection

It is important to set a clear selection of convergence criteria. There are many ways to choose on
how to stop an iteration loop. Some of research only required the simulation to run until the fluid
flow steady and so they stop the simulation when the velocity of fluid at all nodes has no change. In
this research, two variables were chosen as parameter to stop the simulation which is stream
function and vorticity. Previous calculation of stream function and vorticity will be deducted to
current calculation so that if this value is less than 10, the simulation will stop. It is simpler to express
them as

n+l n n+l n -9
P & QM - <10 (112
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For stability analysis, Courant number should be less than one [25]. This is need to determine the
spatial derivative for coding purposes and time marching for the simulation codes. Courant number,
C should be less than 1 and as shown in Eq. (115).

cAT

2w <1 (115)

3. Results
3.1 Numerical Results in Isothermal Condition

Flow over cavity was simulated using Constrained Interpolated Profile method (CIP) to solve
advection part of Navier- Stokes equations and central difference to solve non-advection part of the
equations. Reynolds number of 100 to 1000 is used to simulate flow structure inside the cavity for
aspect ratio three and aspect ratio four to validate with experiment result obtained earlier.

Afterwards, the results and discussion on numerical simulation on flow over cavity at aspect ratio
1, 2, 3, and 4 for Reynolds number 50, 100, 200, 400 and 1000 will be discussed about their flow
behaviour and flow characteristic.

3.1.1 Numerical results of flow structure in the cavity

Figure 7 and 8 shows flow structure for aspect ratio 1-4 at steady state at various Reynolds
number. For AR=1, it is shows that only single vortex formed inside cavity for all Re but the centre of
vortex is moving towards right side of cavity as Re increase. This is due to stronger shear produced
at the shear layer on top of cavity as Re increase and thus creating clockwise vortex with centre of
vortex moving to the right of cavity. Similar to AR = 2 but at Re = 1000, secondary vortex with counter
clockwise direction is created. This is similar to AR = 3 and AR = 4 where secondary vortex is created
due to higher Reynolds number. For AR = 4, Re = 1000, two secondary vortex is created instead of
one because of larger aspect ratio of cavity provide more space for main vortex to rotate inside cavity.
It is also need to emphasize that all of cavity flow is an open type except AR =4, Re = 50. Slower flow
and larger cavity aspect ratio will let the main flow to enter the cavity to the bottom without creating
shear layer at end of cavity.
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(a) AR1 (b) AR2
Fig. 7. Flow structure by numerical simulation
for various Re for (a) aspect ratio 1 and (b)
aspect ratio 2

Fig. 8. Flow structure by numerical simulation
for various Re for (a) aspect ratio 3 and (b)
aspect ratio 4

4. Conclusions

Contaminant removal from square cavity has been studied by using numerical study to simulate
transient removal of contaminant for isothermal and mixed convection flow. Constrained
Interpolated Profile (CIP) method is used for solving advection term of momentum equation and
central difference is used to solve non-advection term of momentum equation to simulate flow
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behaviour inside cavity. The numerical studies include different aspect ratios (AR), 1 to 4, various
Reynolds numbers (Re), 50 to 1000. It was found that slower flow and larger cavity aspect ratio will
let the main flow to enter the cavity to the bottom without creating shear layer at end of cavity.
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