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Based on a k- £ equation turbulence model, 3-D numerical simulation was 

performed to evaluate diffusion property of airborne particles when gravity 

sedimentation was taken into account. Based on the results, ventilation ef­

ficiency was obtained for each particle size of the airborne particles. Also, 

by considering weighted average velocity of wind velocity,diffusion velocity 

given by random numbers, and density of particles and flow resistance assoc· 

iated with density difference of fluid, the diffusion of airborne particles 

was obtained from numerical simulation, and the validity was evaluated. 

2. INTRODUCTION 

In a·general clean room, fine particles with particle size of less than 

1 J.L m are deposited on wafer primarily by Brown diffusion arid gravity. Liu 

and Ahn (1987) assumed additivity of deposition velocity 11 by diffusion and 

gravity and estimated deposition velocity. Also, they used correlation equa­

tion for mass transfer~> obtained by Sparrow and Geiger (1985) to a wafer, 

which is placed perpendicularly to air flow. ~e measured31 the number of 
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particles deposited on wafer surface using visualization method by 

laser and confirmed the validity of the hypothesis of Liu and Ahn. 

On the other hand, to plan an effective contamination control 

cleanroom, it is important to quantitatively analyze and predict diffusion 

property of airborne particles.Murakami and Kato 4 > studied air flow property 

and contaminant diffusion property in various conventional flow type 
-/ 

rooms. 

In the present study, numerical simulation was performed on diffusion 
' ' 

property of airborne particles when gravity sedimentation was taken into ac· 

count, and ventilation efficiency for each particle size of airborne partie· 

les was obtained and discussed. The diffusion property of airborne particles 

was obtained by numerical simulation considering weighted average velocity 

of wind velocity by numerical simulation, diffusion velocity given by random 

numbers, density of particles and flow resist~nce associated with density 

difference of fluid, and the validity was evaluated. 

3. MODEL ROOM ANALYZED 

Figure 1 and Table 1 sho~ the con· 

figuration of the analyzed model room. 

The model room was designed in simple 

form in order to facilitate the determ· 

ination of diffusion property of airbo· 

rne particles.The model room has a size 

of 4.2X3.0X2.7m (WXDXH) ,and an Figure 1 Room Model(unit:m) 

obstacle with size of 0.6X0.4X0.8m (WXDXH) is placed in it. 

Each of the supply outlet and the eJthaust inlet has size of 0.12X0.27m, 

and there are provided one supplyoutlet and two exhaust inlets. The outlet 

temperature was set to room temperature. 

Table 1 Specifications of aodel clean roo• used 

Di•ension Heicht Direction Nu•ber of Supply Return Nu•ber 
of of of Exhaust Air Air of 

Plan Ceil inc Supph Air Inlets Velocity Velocity Air Chances oxn Ol [MIS) [ K IS ] ( I H ] 

4.2X3.0 2.7 .1. 2 2 1 6.9 
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4. CASES ANALYZED 

The types of analysis are shown in Table 2. For numerical analysis of 

diffusion property of airborne particles, it was assumed as follows: 

When it is assumed that there are passive contaminants, particle loss 

due to aggregation and deposition, change in particle size distribution and 

gravity sedimentation are neglected. It is also assumed that the airborne 

particles are transported together with air flow as an integrity. 

In case gravity sedimentation is taken into account, particle loss due 

to aggregation and deposition and changes of particle size distribution are 

neglected, and it is assumed that, on floor surface and on upper surface of 

the object, airborne particles are steadily deposited and piled on floor 

surface by concentration flux due to sedimentation and are separated and 

removed from the air. 

Table 2 Specifications for Cases Analyzed 

CASES 

nUIIeriC.ll siaulation 

supply outlet SO I air vol Ulle (a> /h) 

velocity (a/s) 

exhaust inlet NO 2,3 air volu11e (al /h) 

velo'city (a/s) 

Particle si:r.e of source (I' a) 

5. NUMERICAL SIMULATION 

1) CASE 1 

For analysis, 3-D numerical 

ltorhut.al plan• : SO(X) X33(Y) ••11bes 

I 2 3 

Sl S2 Sl 52 Sl S2 

234 +- ... +- +- +-

2.0 .... .... +- +- .... 

117 .... ... .... .... +-

1.0 .... .... .... .... .... 

- passiv o.s 100.0 o.s 100.0 

simulation was performed based on a k- £ 

vertlc.al pl.n• : SO(l) X 29(%) ... ~ae:~ 

Figure 2 Mesh dividing system 
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Table 3 Model equation 

C A S ! I 

.!...!!..: • 0 
~x . 

~u . 8u,u, ~ ( P ~~J ~ ( ( ~u . + <lu')) 7\ + ~ * -·~-;;·:T; + i . +h. "\4'i7 ~ 

here k' ..... c. c 
~ + ~. - 8

- (.!..!. .!!-). ~ . s- c 
l't .,x, -'x• "· bx , 
here sc(~+.!!!.!.)~ 

.Jx, '"'' ~x • 
.,c . c7u,, '("'4') c c• - + --.- -- +c ..... - s - ... c.-l't .,x, .,x, G.lx, _ k k 
.,C + _,u,C I ("• .!C} ' Tt -.x;- • ex; G. h. 

•• - 1.0 "·. J.J ••• 1.0 
C. • D.CII C, • 1.44 C, • 1.12 

t AS E z 
~ + 8u,C + .!£Y_ • _8_ {.!:.:. .!£.} 
It ""' lx. lx, cr. IX• 

"Sl 3 

x: .. • x: + U. At u • . d it • ~t a_ • .,, JUl..t u, 

y:•• - y: + v. 6.\ v • . d If • ~\ B-.,, ../tAt v. 

z:•• • z: + w. At W, 4 d 1 f c ~t B-• " ' ~4At W, 

Table 4 Boundary Conditions for 
Nu•erical Si•ulation 

SUI-'P I) Out It' I: u,cO.O. u . cu •• , , k•O.IXIi . C'=O.O 

t.ou11dar!<· s u f f i ).: t : I a Ill' r n I I A I co Jh J• on f' n t 

!'> U f f I ); II : n 0 r AI a I C om P U II t' II I 

u ••• : OU\Irl '\' f'IOCI\,_ 

Ex 11 e us \ lu I r t : u, •O.O • u . = u ... • ., k iJ n -= 0.0 

de dn =O.O, .&C ' &n =0.0 

u., : Exhaust 1nlrt vt:l~c 1 t~· 

¥.'all hnundary ; .Ju.'~n.-c = mu ...... ./h. u.~o.CI 

~)r;/trn .: Cl.o . aC/trn = CI.O 

c ••• ~ <c .... - .,.Jt<c .. ·~·,( h\ 

h : L~ncth from the •·•II surfac~ 

t o the c~nter of the adJacent ce II 

m : 1/7 • ~ (1.4 , v on Karman constant 

Table 5 Gravity sendimentation velocity 
for particle size (density 1 &/crn 1

) 

Partiele size (ua) 0.1 100 

Gravity sendiaentallon 

veloel tr (Ills) z. 32x lo-• 2.41XI0 1 

2) CASE 2 

equation turbulence model. Basi~ 

equations based on k- E model are: 

equation 

equation, transport equation 

turbulent energy 

dissipation E and concentratfon 

diffusion equation. .;1 
Basic equations 

in Table 4. Figure 2 shows 

division used for analysis. 

method was used 

air flow property. For 

apporoximation, forward difference 

was used for time, central 

difference for space, and windward 

difference for advection term. 

For analysis of concentration 

distribution property of airborne 

particles, SIMPLE method was used. 

For difference approximation,back­

ward difference was used for time, 

central difference for space, and 

windward difference for advection 

term. 

The number of mesh divisions 

was: [50(X) X33(Y)] for horizontal 

cross-section, and [50(X) X29(Z)] 

for vertical direction. 

Basic equations of Case 1 were used,and gravity sedimentation was taken 

into account for concentration diffusion equation as shown in Table 3.In the 
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3.In 

present analysis, density of 1 g /cma(assuming polystyrene standard particl~) 

as gravity sedimentation velocity of airborne particles as shown in Table 5. 

3) CASE 3 

Considering weighted average velocity of wind velocity, diffusion velo­

city given by random numbers,particle density and flow resistance associated 

with density difference of fluid obtained from basic equations of Case l,the 

diffusion property of airborne particles was obtained. In the present analy­

sis, density of 1 g /cm3 (assuming polystyrene standard particle) as gravity 

sedimentation velocity of airborne particles as shown in Table 5 . 

6. ANALYSIS BY KEANS OP NUMERICAL SIMULATION lmls 

1) Air flow property 

Figure 3 and Figure 4 

show air flow distribution 

by numerical simulation and 

the air flow distribution 

based on the experiments. 
' The aspects measured o·ver 

. the entire experiment are r­

eproduced by the-simulation. 

The outlet jet reaches floor 

surface without being atte ­
! 
·nuated very much and flows 

It d ' d' . Th I owar every uect1on. e 

·rir flow directed to an obs­

tacle goes up ward along wall 

the obstacle and is indu­

by the outlet jet at up­

portion of the obstacle 

forms vortex. 

. . . . . . - . ~ . . . . . . . . . . . . · · ... .. . 
::::::: :•.j 
• • ' • • 0 . 'I .... .. .. I 
:::: : ::\ 
I I ' o o o o 0 

· - .. ... I 
.... "•I 

.:::::: ;! 

.... . . . ·, 

.. .... . ; l ... .. . .. . 
• • •••• 0 •• 

:::::::::: :n· .. --~: ;)' . .. ....... . ' 
• •• Itt. • • • • I 

··~u•·· · · · ~.,.,j 
: ''111': : : . .r:.:z 

!
_ .. .. . .. . .. 
I< : : : : ::. 
!· .... ... 

I o 0 o o o I 0 

i : :::: ::: 
I· ..... 
i. 0 • • •• 0 • •• 

I · :: ::::: 
I ::::: :: : .. ::: .. ::::. 
I i;: ::::::: :: ::::: ::: . ... . . . .... . ··· -· 

: \ :_ : : : : : : :. ~ : : ::::: : . 
.. \_~..:...-:. .. ~:.:. :.. :..:... ·~-~~.:..: ; : 

Fir.u:.~ 3 Velocity vectors given by numerical -~mulation 
~ lmls 

I o IO o 1 0 o I 0 o o 0 I 0 0 0 o 0 • I t• 0 I I I 0 0 0 I • I f < I 0 °' 
.. • > ...... "- ,_ 4 ... • ... • ... , 
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Figure 4 Velocity vectors given by model experiaent 
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2) Concentration distribution 

property {CASE 1 and CASE 2) 

Concentration distribution 

property of airborne particles is 

given in Figure 5 for CASE l-S2,in 

Figure 6 for CASE 2-Sl, and in Fi­

gure 7 for CASE 2-S2. The concent­

ration is instantaneous uniform 

diffusion concentration and is tu-
\7 'V 

rned to non -dimensional. In both Figure 5 Contaainant distribution by nuerical 
CASEl-Sl and CASE2-Sl, air flow is siaulation (CASE 1 S2) 

induced by outletjet at the upper 

portion of the obstacle and forms 

vortex, and high concentration re­

gion with non-dimensional concent­

ration of 2 or more stagnates aro­

und the obstacle. In CASE 2-52, 

inlet concentration is O,and it is 

considered that most of the gener­

ated particles are not removed 

from the room and are deposited Figure 6 Contaminant distribution by nuaerical 

and piled on floor surface. 

3) Concentration distribution 

property (CASE 3) 

The airborne particle distr­

ibution property is shown in Figure 

7 for CASE 3-Sl,and in Figure 8 for 

CASE 3-S?. In both cases, the grav-
. / 

ity sedimentation velocity shown in 

simulation (CASE 2 Sl} 

Tab 1 e 5_ is. given as in i ti a 1 velocity t.::::~==~=====~===========:=:J=c~ 
\7 of the-particles. In CASE 3-Sl, the Figure 7 Contaminant distribution by numerical 

air flow is induced by the outlet jet simulation (CASE 2 52) 
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numerical 

over upper portion of the obstacle and forms vortex. The particles are caug­

ht in the vortex, diffused, and sucked into the inlet. In CASE 3-S2, gravity 

sedimentation is superior to diffusion, and no diffusion occurs. 

Figure 6 Contaainant distribution by 
numerical simulation (CASE 3 51) 

7. DISCUSSION 

Figure 9 Contaainant distribution by 
nu.erical si•ulation (CASE 3 52) 

Table 5 shows ventilation efficiency index, in which room average conc­

entration obtained from CASE 1-52, CASE 2-Sl and CASE 2-52 is standardize by 

instantaneous uniform diffusion and defined. When comparison is made between 

CASE l-S2 where passive contaminants are supposed to be present and CASE2-Sl 

where particle size is O.S~m and gravity sedimentation occurs, there is no 

substantial difference in ventilation efficiency index. Because inlet conce­

ntration is 0 in CASE 2-52, it is considered that most of the generated par­

ticles are not removed from the room and are deposited and piled on floor 

I Table 5 Ventilation Efficiency Index 

CASE CASEl-52 CASE2-51 CASE2-S2 

Ventilation Efficiency Index 0.2200 0.2196 0.0008 
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8. CONCLUSION 

The diffusion property of airborne particles was evaluated 

simulation in the case where gravity sedimentation occurs. The 

as follows: 

(1) Even when gravity sedimentation is considered, the diffusion pr 

was almost the same as in the simulation where passive contacin 

were supposed to exist. In case particle size was as large as 100 

the airborne particles did not diffuse from the room almost at all 

were deposited and piled on floor surface. Thus, room concentra 

distribution shows entirely different aspect. 

(2) When weighted average velocity of wind velocity obtained by numer 

simulation, diffusion velocity given by random number, and flow re 
' 

tance associated with density difference between 

are taken into account, numerical simulation of airborne particle dif-. 

fusion is effective for identifying the behavior of particles, 

is necessary to make some improvements in order to quantitatively det· 

ermine the diffusion property of the airborne particles. 
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= empirical constants in k- £turbulence model 

= mean contaminant concentration 

= length from the solid wall surface to the center of 

the adjacent fluid cell 

= turbulence kinetic energy 
= mean pressure 

= turbulence dissipation rate 

= von Karman constant, 0.4 

= fluid density 

= molecular kinematic viscosity 
= eddy kinematic viscosity 

= position of particle in X direction 
= position of particle in Y direction 
= position of particle in Z direction 

= moving velocity of particle in X direction 

= moving velocity of particle in Y direction 
= aoving velocity of particle in Y direction 

= time step 

= rate of change movable by diffusion 

= rate of change defined by random number 

= average diffusion velocity in X direction 

= average diffusion velocity in y direction 

= average diffusion velocity in z direction 
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