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Combined  formulat ion developed for the f luid-part icle  mixture is introduced to simulate the 

biocube-f lu id  mixture flow, which is utilized for sewage disposal. Some tricky boundary  

condit ions are introduced in order to simulate the effect of  screen wall and air bubble, which 

is injected from the bottom of  sewage reservoir. It has been shown that a circulated flow pattern, 

which was observed in experiment, is reproduced from the present numerical  simulation. 

Furthermore,  the effect of  biocube density on the distribution pattern o f  biocube is also studied. 

It has been shown that a biocube whose density is slightly smaller than that of  surrounding fluid 

or neutrally buoyant  one are optimal  for the uniform distr ibution of biocube. 
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ai~- Coefficient associated with u -ve loc i ty  of  

bij 

Cij 

Ca : 

ex, ey, 

Fdrag : 
g 

G 
H 1 

I 
I 
L 2 

m 

M fluid in combined formulat ion 

Coefficient associated with v-ve loc i ty  of  

fluid in combined formulat ion p 

Coefficient associated with pressure in R 

combined formulat ion T r  
Drag coefficient u 

ez : Uni t  vector in x, y, z direction U 

Drag 

: Gravity ff 

: External force ffm 

: A  function space which has the square v 

integrable first derivative S" 

: Identity matrix 

: Moment  of  inertia )(c 

: A space which has the square integrable 

function 

: Mass of  a biocube 

: Matrix associated with the mot ion of  a 

biocube 

Pressure 

Radius of  a i r -bubble  

Tract ion acting on a biocube 

x -component  of  fluid velocity 

Biocube velocity 

Transla t ion velocity of  biocube 

Fluid  velocity 

: Mesh velocity 

y -componen t  of  fluid velocity 

Posit ion vector of a point  on a biocube 

surface 

Posit ion vector of  the mass center of  a 

biocube Greek Symbols 

* Corresponding Author, Greek Symbols 
E-mail : hgchoi@snut.ac.kr /x : Viscosity 
TEL : -t-82-2-970-6312; FAX : +82-2-949-1458 19 : Density 
Corresponding Author, Full-time Lecturer, Department 
of Mechanical Engineering, Seoul National University Z" ' Viscous stress 
of Technology, Seoul 139-743, Korea. (Manuscript Re- F : Boundary 
eeived May 30, 2003; Revised May 6, 2004) • : Angular  velocity of  bicube 



Simulation of  Biocube-Fluid Mixture Using Combined Formulation 1419 

Superscripts 
T : Transpose 

n ~ Time step 

Subscripts 
p ~ Particle (Biocube) 

g ~ Dirichlet boundary condition 

w Surrounding fluid 

1. Introduction 

Environmental technology has been emerging 

as one of the most highlighted technologies as the 

demand of healthy life increases rapidly with the 

advent of 21 century. Accordingly, various new 

technologies have been introduced to solve the 

problems related to the soil, air and water po- 

llution. In the case of water pollution, several 

techniques have been used to effectively remove 

both nitrogen and phosphorus which are present 

in a sewage reservoir. Biocube-fluid mixture with 

air-bubble-jet  system (Kolon, 2000) has been 

introduced to remove the noxious chemicals in a 

reservoir rapidly and uniformly. A biocube of 

cubical shape, which is made of porous material, 

is used in order to trap microbes that destroy the 

noxious chemicals. 

In the present study, we have adopted a 

modified version of the finite element code (Choi, 

2000) developed by the first author in order to 

simulate the interaction of biocubes in the sewage 

reservoir with the air bubbles ejected from the 

bottom of the reservoir. The simulation of the 

present study is performed to qualitatively predict 

the behaviour of the biocubes in the system. The 

interaction of biocubes with the air bubbles 

results in the uniform distribution of them in 

sewage reservoir, leading to the uniform and rap- 

id reduction of the noxious chemicals in the 

sewage reservoir. The effect of air-bubble-jet,  

which is ejected asymmetrically from the bottom 

of the sewage reservoir, on the distribution of 

biocubes is studied in a qualitative way. Further- 

more, the effect of the biocube density and the 

wall height of the screen on the right side of a 

reservoir on the distribution of biocubes are also 

presented through the two-dimensional combined 

simulation of the fluid-particle mixture. The nu- 

merical method used in the present study is based 

on the combined formulation proposed by Hesla 

(1990) and later implemented by Glowinski et al. 

(1999), where the motion of the each particle is 

simultaneously solved together with the motion of 

the fluid that is governed by the Navier-Stokes 

equations. Hu (1996) firstly adopted the combin- 

ed formulation for the unsteady numerical simul- 

ation of fluid-solid particle system using unstruc- 

tured mesh. Choi and Joseph (2001) also adopted 

the combined formulation for the unsteady nu- 

merical simulation of fluidization by lift of 300 

particles driven by pressure gradient in a two- 

dimensional channel flow. It needs to be noted 

that most of previous researches on two phase 

flows have been based on data obtained by ex- 

periment or modeling (Kim, 2002, Lim and Han, 

2003) since the direct numerical simulation of a 

two-phase flow such as the present combined 

approach is very complicated as well as expen- 

sive. As for the experimental study of fluid-parti- 

cle mixture, Ahn et al. (2002) studied the charac- 

teristics of fluid flow and heat transfer in a fl- 

uidized bed heat exchanger with circulating 

particles. 

In section 2, the detailed description of the 

numerical method used in this study is given 

emphasizing some simplified tricky boundary 

conditions without which the simulation of this 

complicated simulation is impossible. In section 

3, some numerical results are given with respect to 

the effect of biocube density, the wall height of the 

screen and boundary conditions employed on the 

biocube distribution, respectively. 

2. Numerical  Method 

2.1 Problem description and boundary con- 
ditions 

The schematic of the problem to be simulated 

in the present study is shown in Fig. I. The 

polluted fluid in reservoir is transported to the 

next reservoir through holes of screen which have 

a smaller diameter than biocube. As shown in 

Fig. 1, air bubbles are ejected from the pipeline 

located at the bottom of the reservoir in order to 
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Fig. 1 Schematic of biocube plus air-bubble system 
in a channel flow with permeable screen 

generate swirls in the reservoir. The asymmetric 

distribution of the pipeline, where air bubbles are 

produced, generates a swirl counter-clockwise. 

The role of the counterclockwise swirl is to 

distribute biocubes uniformly in the reservoir pre- 

venting the concentration of them near the right 

screen. 
In the present study, a simplified two-dimen- 

sional approach of the biocube interaction with 

internal flow with screen and air bubbles is per- 

formed to qualitatively investigate both the mo- 

tion and the distribution of the biocubes. The 

cubical type biocube is simplified by two-  

dimensional circle as shown in Fig. 2 because the 

unstructured mesh near biocube is so much dis- 

torted when two-dimensional  square is used that 

the unsteady computation with moving grid is not 

possible especially when the number of biocube is 

, , i t  

Fig. 2 Unstructured mesh around particles 

great. In the present combined numerical simula- 

tion of the biocube-fluid mixture, an unstructured 

mesh is generated around each biocube and then 

the motion of fluid is solved together with that of 

each biocube simultaneously. This implicit type 

approach is based on the combined formulation 

proposed by Hesla. The method can be said to be 

"implicit" in the sense that the motion of biocube 

particle is solved with the motion of fluid at the 

same time instead of solving the motion of 

biocube separately with the calculated traction 

around each biocube which is obtained in a post 

processing step after the calculation of the flow 

field. Therefore, the unknown vector of the glo- 

bally assembled matrix includes both the pressure 

and velocity field of the flow field and the trans- 

lation and angular velocity of each biocube. Fig. 

3 shows the simplified boundary conditions used 

in the present study. The inlet flow through the 

screen of the reservoir is assumed to be uniform. 

The outlet screen with holes is modeled by the 

intrinsic feature of  P2P1 finite element, where 

velocity variables are interpolated by quadratic 

shape function and pressure variable by linear 

shape function, because lots of grid points are 

necessary when each hole is represented by an 

unstructured mesh. Utilizing the feature of P2PI 

finite element, the screen with holes is roughly 

modeled by imposing no-s l ip  and traction-free 

boundary condition, respectively on a vertex node 

and mid-node of each finite element on the screen 
wall. At the free surface, the following boundary 

condition is employed. 

Boundary condition at free surface : 

L = 65c 

Fig. 3 

X-momentum :Traction tree 
Y-momentum : No-slip V 

No slip at vArtAx 
' and inlet velocity 

at mid-node 

I 

L, = 45cm 

_ L_ = 6 2 c m  

I ~ Wall boundary 
condition 
Momentum 
forcing 

I NO slip at vertex 
and traction f ee 

I atm'd oodo I 

Boundary conditions for two-dimensional 
calculation of biocube-fluid mixture 
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Traction free for the x-momentum equation 

and v----0 for the y-momentum equation. 

This boundary condition is based on the as- 

sumption that both the surface tension and the 

normal velocity at free surface are negligible. This 

boundary condition is a kind of approximation to 

avoid the complexity of  fluid motion at free sur- 

face and reproduce the experimental result well 

qualitatively. 

Two following boundary conditions are con- 

sidered for the bottom surface, from which air-  

bubbles are ejected. 

Two boundary conditions tested at bottom sur- 
face : 
(Case-I) A rising velocity of a i r -bubble  ejected 

from the bottom is replaced by the fluid velocity 

at the boundary. 

(Case-II) Air -bubble  ejected from the bottom is 

replaced by an appropriate momentum forcing. 

The motion of a i r -bubble  interacting with bio- 

cube may be directly solved by using a numerical 

technique of multiphase flow. For  instance, level 

set (Sussman et al., 1994) can be employed. How- 

ever, the direct numerical simulation of the air-  

bubble interaction with biocube particle is not 

considered in this study due to the formidable 

amount of  computation. 

2.2 Governing equation and finite element 
formulation of biocube-fluid mixture 

The governing equations are the incompressible 

Navier-Stokes equations coupled with the motion 
of each biocube. 

V - i f = 0  (1) 

Dff 
p D y = V . a ,  a = - p I + r  (2) 

M ~  = G (body force) + Tr 
(3) 

= G (body force) + ~.aijui+~,bi~vj+~,c~pj 

where, M = 0 m U =  vp and 

0 0 Qp 

a : G +  Q,× ( ~ - ~ )  on/~, 

where, in Eqs. (1) and (2), ff is the fluid velocity 

and I is the identity matrix and z" is the viscous 

stress given by /z (~Y+vff r ) .  In Eq. (3), Tr is the 

traction acting on the biocube surface by fluid, 

which is the sum of pressure and viscous stress. [,  

m, 6 ,  f2p, "_Fp denote moment of inertia, mass, 

translation and angular velocity, and the boun- 

dary of  each biocube, respectively. :~, Xc repre- 

sent the position vectors of the node at biocube 

surface and the center of biocube, respectively, 

and ~ :  (up, vp). 

In the present unsteady combined computation 

of fluid-particle mixture, the traction ( T r )  in 

Eq. (3), which is a function of both velocity and 

pressure field, is evaluated at the current time step 

'n-I-1' rather than the previous time step 'n'. This 

is the key point of the present combined formu- 

lation and thus it can be said to be an implicit 

method with respect to the treatment of the mo- 

tion of  particle. Utilizing the combined formu- 

lation proposed by Hesla (1990), the following 

Galerkin weak formulation is derived from Eqs. 

(1 ) - - (3 ) .  

Find ffhEH~, p~L2h, ~ R × R ,  f~p~R such that 
D~ 

+ fqhV' ffhd f~ =0 for all admissible functions (4) 

Wh~ Vh, qh~L~ 
Vh=( whl wh~H~h on f 2 - ( F g U F p ) ,  
wh=0 on Fg, wh=SUp+8~p× (~-.~c) on F~ } 

P2P1 triangular finite element is used to meet 

the well known Ladyshenskaja-Babushka-Brezzi 

(LBB) constraint. In a standard discretization, 

test and trial spaces for velocity and pressure 

cannot be chosen arbitrarily, but they have to 

meet the Ladyshenskaja-Babushka-Brezzi (LBB) 

condition. Standard methods become unstable if 

the LBB condition is violated. The numerical 

procedure used in the present study can be sum- 
marized as follows: 

(!) The fluid variables (pressure and velocity) 

are obtained together with the translation and 

angular velocity of each biocube simultaneously 

by solving the following global matrix. 
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In Eq. (5), submatrices denoted by C represent 

the kinematic constraint satisfied at the biocube 

surface written as follows: 

i f =  upe.  + vpev + ~2pe, × (£- .X~)  (6) 

On the other hand, submatrices denoted by D 

and E represent the tractions acting on a biocube 

surface by pressure and viscous stress. It should 
be noted here that ALE (Arbitrary Lagrangian 

Eulerian) algorithm is adopted in the weak for- 

mulation (4) since each biocube is freely moving 

interacting with the surrounding fluid flow. There- 

fore, the momentum equations are to be modified 

accordingly. For instance, the x-momentum eq- 

uation is to be modified as follows: 

a U  __ ¢~p _~_ [.,LV2 u _~ 
(7) 

where ~ = 5--  5,~ 

L ff,~-O 
Boundary condition : ffm=~v; on Fp (8) 

f f~=  fir,  onFg 

The mesh velocity in Eq. (7) is obtained by 

solving the Laplacian equation with the appro- 

priate boundary condition given in Eq. (8) in 

order to obtain a smoothly varying element size. 

In Eq. (8), L is the Lapacian operator. 

(~) A globally assembled matrix of Eq. (5) is to 

be solved in order to obtain both the flow field 
and the velocity of each biocube. At this stage, 

AILU (Adapted Incomplete LU factorization) 

preconditioner proposed by Nam et al. (2002) is 

adopted to accelerate the convergence of BiC- 
GStab (Bi-Conjugate Gradient Stabilized) sol- 

ver, which was proposed by van der Vorst in 

1996. 

(~ The position of each biocube is updated 

from the new translation velocity obtained from 

step (2). 

@ Remeshing/interpolation is conducted if the 
unstructured mesh at step (3) is too distorted. 

Otherwise, go to the step (1) in order to obtain 

the new velocity field at the next time step. 

3. Numerical  Results and Discussion 

3.1 The  e f f e c t  of  boundary condit ion ( A i r -  

bubble e j ec ted  from the bottom)  

Two boundary conditions are tested to simulate 

the air-bubble jet ejected from the bottom. In the 

Case-l ,  the air-bubble jet is replaced by a jet 

velocity imposed where the air-bubble jet is 

ejected. The jet velocity has been calculated based 

on the following assumptions : 

(~) The diameter of an air-bubble is constant 

(~) The drag experienced by an air-bubble is 

balanced by the buoyancy force. 

Then, from the definition of the drag : 

1 2 Far~ ~- CaTowAv (9) 

Using the assumption that the drag is balanced 

by the buoyancy force: 

1 2 2 4 3 C~pwzcR v ~ r R  pwg (10) 

where, Pw is the density of the surrounding fluid 
and R is the radius of the bubble. From the Eq. 

(10), we obtain the following formula when the 

diameter of the bubble is 1 ram. 

Vb~16 ~C a (11) 

Since the drag coefficient is the function of the 

velocity, the rising velocity (jet velocity) is de- 

rived by trial and error. The calculated rising 

velocity of air-bubble is about 17cm/sec. The 

mainstream velocity of sewage through the hole of 

screen is about lcm/sec. In the Case-l,  due to the 

rising velocity imposed at the bottom, a normal 

velocity component at free surface has a non-zero 
value by continuity constraint, which is not 

consistent with the physics claimed in section 2. 

Although it is not shown in the present paper, a 

preliminary calculation with this boundary con- 

dition has shown that some small vortices appear 

near the bottom of the reservoir. However, the 

primary counterclockwise vortex shown in Fig. 4 
never appears, which is observed in experiment 
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(a) t--lsec (b) t--3sec (c) t--15sec 

F i g .  4 Flow field and neutrally buoyant biocube 
distribution with time 

(Kolon, 2000). Therefore, in the present numeri- 

cal experiment, we have used Case-lI in order to 

simulate the air-bubble jet. The magnitude of 

momentum forcing imposed inside the reservoir 

has been obtained by trial and error such that the 

magnitude of upward velocity of surrounding 

fluid caused by the momentum forcing is close to 

the rising velocity of air-bubble derived from Eq. 

(11) when biocubes are absent. 

It is really true that we should use the direct 

simulation of the motion of rising bubbles com- 

bined with fluid-particle mixture in order to ex- 

actly simulate the present problem in a general 

way. We might use an appropriate numerical 

technique such as level-set for the simulation of 

bubble-in-l iquid.  However, we have not had that 

kind of code yet and as far as we know, there is 

no reported work of that kind in the literature. 

Therefore, we have no other choice to use the 

"momentum forcing approach", which is used in 

some commercial code to simplify some problems 

of high complexity. 

At free surface, zero velocity is used for y- 

momentum equation and zero traction for x-mo- 

mentum equation. In the present computation, 

hundred biocubes are simulated by direct numer- 

ical simulation of the fluid-biocube mixture. The 

densities of surrounding fluid and biocube are the 

same as 1.Og/cm a in the simulation shown in 

Figs. 4--  5. The diameter of biocube is 1.0cm and 

the size of the reservoir is 62cm×65cm. The 

dynamic viscosity of fluid is given as O. l g / c m .  

see. Fig. 4-(a) and Fig. 4-(b)  show the flow field 

and the distribution of biocubes at the early stage 

of computation. It is shown that upward velocity 

is generated inside a reservoir due to the mo- 

mentum forcing and that biocubes move upward 

F i g .  5 Velocity field near the center of the primary 
vortex at t~40 sec 

6o I o I o 40 t=l.0sec 40 t=2'0sec 40 t=3'0sec 4of t=4'0sec 

2 0  t 2 20 

~0 5 0 -  

6oi 6oF 6ot 80 
' t = 9 . 0 s e c  ~ , t= l l .O l ;ec  ! t = 1 4 . g s e c  t = 1 6 . 9 s e c  

4o 4or . 4o! 4o- 
: I¢ . ..'l,~ 

201 " " 2 ' : " 

• • :',." l ,  "° 4oL .,.,:.~ i "'" 4o!. ":'~" ".£ ! '="  " "  

4°i" ':': ' "" • '~ i'..':"'" 
"":=...." " 

4°i" ':': ' "" • '~ i'..':"'\" 
2oi'lt =26.q:..~" :"| 2oi "7_.29.4~ ' 2ot=3¢.4 s 201t=4t.4.se~ 
o 6 ~ o~ t o o , . -~,,  o ~ - - ~ - -  

Fig. 6 Biocube distribution with time for the 
neutrally buoyant case 

along each jet generated by the momentum for- 

cing. Fig. 4-(c) shows the flow field and the 

distribution of biocubes when the flow field is 

nearly developed. It is clearly shown that the 

large counterclockwise vortex occupies most of 

the reservoir. Therefore, it can be said that most 

of biocubes are captured inside the primary vor- 

tex as the volume fraction of biocubes increases. It 

is shown in Fig. 4-(c) that some of biocubes hang 

over near the screen hole due to the mainstream 

fluid velocity through screen holes. Fig. 5 clearly 

shows a counterclockwise velocity field near the 

center of the primary vortex. Fig. 6 shows the 

distribution of biocubes with time. It is shown 

that more biocubes tend to distribute uniformly as 

the primary swirl becomes stronger as time goes 

o n .  



1424 Hyoung-gwon ChoL Myeong-ho Lee and Ho Taek Yong 

3.2 W a l l  e f f e c t  at  the upper and l o w e r  part  

of  the s c r e e n  

As shown in Fig. 6, some of  biocubes still hang 

over near screen holes due to the inertia o f  the 

mainstream flow near holes. In order  to wash out 

some of  biocubes hung over  screen holes, walls 

are installed at the upper and lower part of  the 

screen as shown in Fig. 7. As shown in Fig. 7, 

local vortices generated near those walls tend to 

wash out biocubes hung over near the screen 

wails. This happens because the upward velocity 

of  the surrounding fluid is larger than that of  the 

mainstream velocity inside the reservoir. 

3.3 E f f e c t  o f  b i o c u b e - d e n s i t y  on the d i s tr i -  

but ion pat tern  

It has been shown from the present s imulat ion 

~ =.::;;U7~7 d"!  

(a) Bottom wall of the right screen 

that some of  biocubes reside inside the pr imary 

vortex when the biocube is neutrally buoyant.  

Note  that biocube density used in the s imulat ion 

of  Figs. 4 - - 5  is the same as that o f  surrounding 

fluid. However ,  it is shown that a por t ion of  

biocubes aggregate near the screen hole due to the 

mainstream flow through holes. In order to see 

the effect of  biocube density on the biocube dis- 

t r ibution pattern, the same kind of  numerical  

s imulat ion has been performed with two different 

biocube densities : 0 .99g/cm s and 1.02g/cm a. Fig. 

8 shows the velocity fields as well as b iocube 

distr ibutions with time when the biocube density 

is t .02g/cm a. Fig. 9 shows biocube distr ibution 

with time for the biocube density o f  1.02g/cm 3. 

The interaction o f  gravity force of  biocube acting 

downward  with the momentum forcing and the 

mainstream flow (from the left screen to the right 

screen in Fig. 8) seems to be very complex.  Un- 

expectedly, most o f  biocubes move against the 

mainstream flow piling up near the lower left 

corner  o f  the reservoir. Al though  some of  bio- 

cubes detach from a pile of  biocubes in the corner  

10 

I 

20i 

20 

1'0 2'0 3'0 4'0 x fcm) 
(a) t - 0.2 sec 

Fig. 7 

I 
x ~ 

(b) Top wall of the right screen 

Wash-out near the (a) bottom and (b) top 

screen walls 

Fig. 8 

(b) t ~ 0.6 sec 

10 

01 
(c) t -- 1.0 sec 

Flow field and biocube distribution with time 
for biocube density= 1.02g/cm 3 



Simulation of  Biocube-Fluid Mixture Using Combined Formulation 1425 

8 I 40 t=0 .0see  

2 

' ' '20 . . . .  40' 

610I t = 0.2 sec 
4 0  

2 

''6'0 ' ' ' 2'0 ' '  '4'0' '6'o 

6 I 4o t = 0.6 sec 

2 0  

' 20 40 6'0 

60 I 40 t = 1.0 sec 

,% ,,h o" 

60[ 6o I 
t = 3.0 sec t = 6.5 sec 

40 40 

2 ~  2 0 ~ , ~  • : .~;'. 

06 ~0- . . . . .  ~(6 60 

Fig. 9 Biocube distribution with time for biocube 
density= 1.02g/cm 3 

i!i 

(a )  t = 4 . 0  sec 

Fig. 10 

(b) t=15.0sec (c) t=4.0  sec 

Flow field and biocube distribution with 
time for biocube density=0.99g/cm 3 

by momentum forcing (a i r -bubb le ) ,  they don ' t  

move toward the center of the primary vortex 

because they are captured by a small  vortex as 

shown in Fig. 8 - (c ) .  Fig. 10 shows a series of 

velocity fields and biocube distr ibut ions with time 

when the biocube density is 0.99g/cm 3. Fig. 10- 

(a) shows the velocity field and the correspond- 

ing biocube dis t r ibut ion at the early stage of 

computat ion.  Compared  with Fig. 4 - (a )  of the 

neutral ly buoyant  case, biocubes rise more rapid- 

ly along the a i r -bubb le - j e t  due to buoyan t  force 

acting upward. Fig. 10-(a) also reveals that a 

series of vortex are generated along the jet in a 

very complicated way. In Fig. 10-(b) ,  most of 

biocubes seem to float on the reservoir due to 

6o i 6oi e0; 
40 t t=l '0sec 40 t t=2'0sec 4~ t=30sec  40 i t=4 '0sec  

2o~ 2o I 20i ~ ' "  

L t = 9.0 se~ l l'.0s 60 i'; ~ 6°1 ~ 7 ~  

a0 [" :~:%~ "~ 2oI t = 2 

401 °:° o 'o°.~ 40! ~ ' "o" = 401 ~ o  

it ~ Z6.0 sec 
o~ . . . . . . . .  s~'  ~ so- ~ . . . . . . .  s ~  % - -  5'0" 

Fig. I t  Biocube distribution with time for biocube 
density=0.99g/cm a 

buoyant  force al though a counterclockwise pri- 

mary vortex appears near the center of reservoir. 

However, Fig. 10- (c) shows that eventually, most 

of biocubes are captured by the interaction with 

the counterclockwise primary vortex. Further-  

more, it should be noted that the number  of 

biocubes hung over the right screen decreases 

dramatical ly compared to the neutral ly buoyant  

case (See Fig. 4-  (c)).  Fig. 11 shows biocube dist- 

r ibut ions with time for the biocube density of 0. 

99g/cm 3. The process in which biocubes are 

attracted into the primary vortex is shown well in 

Fig. 1 1. 

3.4 Ef f ec t  of  gr id-reso lut ion  on the distribu- 
tion pattern 

As the last part of  the present numerical  study 

on f luid-part icle  mixture, the effect of  grid-reso- 

lution on biocube dis t r ibut ion pattern is inve- 

stigated using two different unstructured grid 

systems. Grid 1 consists of about  16,000 nodes and 

approximately 30 nodes are placed around the 

surface of each particle. Grid I has been used for 

all the results shown in Figs. 4--11.  In order to 

conduct  gr id- resolu t ion  test, a coarse unstruc- 

tured grid system (Grid II) has been used. Gr id  II 

consists of about  8,000 nodes and approximately 

20 nodes are placed on the surface of each circle. 

Fig. 12 compares the particle dis t r ibut ion with 

time for two different grid systems. It is shown 

that the time evolut ion of biocube dis t r ibut ion for 

Grid II is very similar to that for Grid I. There- 
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Fig. 12 Effect of grid-resolution on biocube distrib- 
ution (Number of node of Grid I-- 16,000, 

Grid I1--8,000) 

the screen induce local vortices near the up- 

per and lower part of the screen wall leading 

to the washout of biocubes residing near the 

screen wall. 

(4) In the viewpoint of numerical modeling, 

(a) The air-bubble ejected from the bottom of 

the reservoir is well modeled by momen- 

tum forcing imposed inside reservoir in the 

positive y-direction and its magnitude is 

selected depending on the rising velocity of 

air-bubble. 

(b) Based on the assumption that surface ten- 

sion and the normal velocity at free surface 

are negligible in the present problem, zero 

traction is used for x-momentum equation 

and v = 0  is used for y-momentum equa- 

tion. 

(5) A parametric study on the optimal array of 

bubble-generating pipes as well as the inten- 

sity of air-bubble jet is to be conducted as a 

future study. 

A c k n o w l e d g e m e n t  

fore, it can be said that present numerical results 

obtained using Grid I is quite close to a grid- 

independent solution. 

4. C o n c l u s i o n  

From the two-dimensional direct numerical 

simulation of biocube-fluid mixture flow, which 

is used in sewage system, the following conclu- 

sions are obtained. 

(1) It has been shown that air-bubbles ejected 

asymmetrically from the bottom induce a 

primary counterclockwise vortex, which is 

the essential ingredient for the uniform dis- 

tribution of biocubes inside sewage reservoir. 

(2) When a biocube density is slightly smaller 

than that of surrounding fluid or neutrally 

buoyant, most of biocubes in reservoir tend 

to reside in the primary counterclockwise 

vortex increasing the destruction rate of 

noxious chemicals than the case without air- 

bubble. 

(3) Walls installed at the upper and lower part of 
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