CLEANROOM ENVIRONMENTS

INVESTIGATING COMPUTER
MODELING OF CLEANROOM

AIRFLOW PATTERNS

Tony Lemaire and Peter Luscuere

oday’s powerful computing capabilities make it
possible tosimulate and investigate two- and three-
dimensional, nonisothermal turbulent airflows
with high resolution. In this way potential airflow-
related contamination problems in a cleanroom envi-
ronment can be identified and investigated for a variety
of alternative design concepts prior to the start of
construction. In addition, the use of smoke generators
and other flow visualization aids, which are often
sources of unacceptable contamination, can be mini-
mized during the postconstruction certification period.

The case studies described in this article were se-
lected by researchers from the international architec-
tural and engineering firm Philips Building Design and
Engineering AIB (Eindhoven, the Netherlands) and the

Netherlands Organization for Applied Scientific Re-

search, TNO (Delft) to investigate this engineering
tool. Several typical cleanroom airflow situations were

investigated using a computer program capable of mod-
eling three-dimensional nonisothermal turbulent air-
flow patterns. The resulting patterns and turbulence-
intensity mappings were both found useful as a means of
identifying potential problems. Additional investiga-
tions were then conducted into the diffusion of an
assumed contaminant by means of the calculated flow
patterns. In the future this type of computer analysis
could be extended to include gravity and drag forces in
order to arrive at a complete particle behavior model.

THE COMPUTER PROGRAM

Capabilities and Applications. The flow modeling
performed in our studies was done with the computer
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program WISH3D, which was developed at TNO. The

program is based on the commonly used finite volume
method and is optimized for minisupercomputers to
minimize computing time. At present the program is
able to compute three-dimensional laminar and turbu-
lent airflows in rectangular enclosures that are filled
with obstacles. A separate preprocessor is used for
flexible definition of geometry and boundary condi-
tions. Convection and diffusion of heat and mass species
are taken into account.

The most frequently used applications of the flow-
modeling technique are the prediction of thermal com-
fort and indoor air quality in rooms or large spaces with
heating, cooling, ventilation, and contaminant sources;
and the prediction of the spread of smoke and fire, includ-
ing thermal radiation. The flow modeling of a cleanroom
environment, which was the focus of the investigation
presented in this article, is among the new applications
for the modeling technique that have been developed
recently.

The Modeling Method. The computer program solves
the time-averaged equations of conservation of mass,
momentum, and chemical species by the finite volume
method, using nonlinearly spaced grids to account for
high gradients near room walls. Air is considered an
ideal gas and an incompressible fluid. Turbulence is
modeled with the well-known k-e model, resulting in
extra transport equations for k, the kinetic energy of
turbulent fluctuations, and €, the energy dissipation of
turbulent fluctuations. The dynamic viscosity of the air
is replaced by an effective viscosity, which is deter-
mined by kK and €. The flow near walls is modeled with
standard logarithmic wall functions.
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Several types of parameter presentations are achiev-
able, including the following:

 Flow patterns by means of colored velocity vectors
(where each color represents a velocity range).

. [so-velocity contours—Ilines of constant absolute
velocity.

e |so-turbulence-intensity contours—lines of constant
turbulence intensity.

e |so-mass-fraction contours—Ilines of constant mass
fraction of contaminant.

EXPERIMENTAL CONDITIONS

The theoretical cleanroom posited in our investiga-
tion of airflow pattern modeling was a full-laminar or
unidirectional downflow room with a height of 3.2 m,
including a raised floor. The cleanroom walls or as-
sumed symmetry planes were used as vertical bound-
aries, and all surfaces were assumed to be smooth. In
some experiments a two-dimensional approach was
used to allow an increase in resolution of the grid. The
orincipal boundary conditions are listed in Table |. The
turbulence intensity given there was based on experi-
ences with free flows into spaces, and turbulent kinetic
energy and its dissipation rate were calculated from that
intensity value. Additional boundary data for another,
two-dimensional study are presented in Table IlI.

Only the transport of contaminants caused by convec-
tion and diffusion was investigated, using a transport
equation based on the conservation of chemical species.
The molecular diffusion coefficient in the equation was
replaced by an effective diffusion coefficient to account
for turbulent mixing. An effective Schmidt number of 1

was assumed.

--------------------------------------------------

0.4

Return velocity through floor (m/sec) 0.45
Turbulence intensity at supply (%) D

Turbulent kinetic energy at supply (J/kg) | 7.6 X 1074
Turbulent energy dissipation (J/kg. sec) | 1.9 X 1074

Turbulent kinetic energy at walls (J/kg) | 0.0
Turbulent energy dissipation at walls |

(J/kg. sec)

Table |: Main cleanroom boundary conditions.

0.0

Downflow rate (m3/sec.m)

012 |
Return flow rate through floor
(m3/sec.m) | 0.612
Exhaust flow rate through bench top |
- (m3/sec.m) | 0.280
- Exhaust tlow rate through rear side I
(m3/sec.m) | 0.120 |
Contaminant mass flow at batn |
. surface (g/sec.m) 3.305 |

Contaminant velocity at bath surface

(m/sec) | 0.001

Table Il: Boundary conditions for two-dimensional wet-
bench studly.
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CASE STUDY RESULTS

Airflow around a Wet Bench. Two-dimensional mod-
eling was used to generate airflow patterns and turbu-
lence contours for the area around a wet bench located
against the wall of the above-described cleanroom. In
cross section, the bench consisted of an actively ex-
hausting top and rear side and a process station for wet-
chemical baths. The study focused on the effects of
placing a spoiler along the top of the bench to guide the
airflow so as to decrease turbulence and velocity near
the process station.

Figure 1 depicts these conditions using a computa-
tional grid of 68 x 72 cells. The spoiler is modeled by a
stepped curve, and the figure’s right vertical axis repre-
sents a vertical symmetry plane at a distance of 2.25 m
from the rear wall. It was assumed that air would be
exhausted uniformly through the underside of the top of
the bench and through its rear side between the process
station and the top. A contaminant source (from a
brocess bath) would exist at a height of 0.82 m above the
floor and a distance of 0.50—0.754 m from the rear side
(see also Table II).

Results of the computer modeling, shown in Figures
26, indicate thatthe spoiler would actas aresistance to
airflow along the top of the bench, causing a decrease in
velocity and turbulence only in that area; the contami-
nant spread near the process station would not be
affected by the spoiler.

Airflow near Ceiling Grid Support Bars. Airflow
disturbances near the filter-support bars in a typical
cleanroom ceiling were also investigated, using three-
dimensional flow modeling. The filter-support system
was assumed to consist of smooth 5 X 10-cm rectangu-
lar support bars in a 60 X 120-cm grid. Figure 7
illustrates one support bar in this structure with a high-

resolution numerical grid of 32 X 26 X 19 cells. One
symmetry plane is assumed; a second is left out for ease
of interpretation. There is an imaginary horizontal
boundary at a distance of 1.0 m from the ceiling, where
the influence of the filter-support grid on the airflow
has disappeared. |
Airflow disturbances and recombinations near the
support grid were modeled, and investigations into
particle transport below the ceiling by convection and
diffusion were conducted using iso-mass-fraction map-
pings of an assumed contaminant. Results of these
simulations are presented as Figures 8 through 15. The
turbulence mappings (Figures 12 and 13) clearly show
that the isolated areas just beneath the support bars
contain the higher turbulences, and Figures 14 and 15
indicate that such turbulence is the driving force behind
contaminant transport. The simulations also supportthe
theory of ceiling-grid-tracing contaminants; i.e., the
iso-mass-fraction contours follow the grid, even around
corners, rather than propagating into the flow field.
Airflow at Ceiling/Wall Interfaces. The interfaces of
the ceiling filter-support system and the walls of a
cleanroom are also possible sites of airflow disturbance.
The flow characteristics of two commonly used interface
sealing systems (wet and dry) were compared in our
study. The two-dimensional modeling was done in grids
of 37 X 72 and 32 x 62 cells, respectively. Because of
the boundary conditions, it was necessary to simulate
the complete cleanroom height, which was done by
using a nonlinearly spaced grid. The left vertical axis in
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Figure 2: Airflow velocity pattern around the wet bench,
showing a stagnant area in front of the bench top and
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critical locations.

o ¢ € K% K X& ® B 0w 0B B % & K 3 % N

o . ’ % W W W OB % % % % w % % % % b & &k kR B

® £ 2 ® Y : *e T ke 4 Yoo My R E A
8 R ¥ % %% W Ow K B R OB R il % £ * # & & & & @
* + * e ] B E Mg Har “h: - 5 W, R .
i *E ﬁ 'ﬁ ﬁ m ﬂ‘ ﬁ: ﬁ ?'1 X o2 '."L. _11 P i r'lll: - '-".'-. |-r.l r Ly
& i 04 - e e Y . 1 Ll
] G E L S Hy T T x » B v 2
x - ¥y ® "Fi - ‘3‘%. g ¥ : g -1 s
. . -
* T 4 = " '*ﬂ:r &._ &?"?-l“ x iti 2 .
o N
‘ B ® TR TR R TR o= s
L F * R & w We e : PO
i :.r .f
> i e L e TR .
3 ' o
P ‘.1*- #‘- # - Eﬂliﬂ :‘i T o k‘: . :
3 4l by :"'ﬁ: L4
] : - _,:l:-'.'."_ 4 i o
: L i %, 2.
R o T N #
W Tl Tef % g
* f. ;H :-F: .J:-I'.' ;:_ II 1 Il I-J'
- B L LY S
: ﬁ ".'._ I'._I- .::1-
T Y R 5
4 o Tk ¥
L, L
# 5«'1‘ g't' r.:"': t~
’ e . . : jot
B !. i’: ::f." ‘.J-' 'l: T #
T 4 1 I S
. B N ' ) J
¥ ¥ 5
& T 5 3 o, J N g
F . 34 -il‘r »i:r. ?G-l.': : 5 K }
o ' : . . 4 +Tr rr
: R & % A -
& a‘f | -
at ’ - J.'
3t ”gfl' f."i".!r J-qlf .
# ";r-.r ‘#; >
£ ] k
_ o 1y
§ - o
q
: ; o #". _f ;
%, - / g
b ; & b £ %
1 : L2
¥ #e' F 3
: _ d !
; .I r .“EF F‘“{’ "*-I-'
=, * i
¢
_I"i f‘f - -' E,
I : [ e (= r *_'-’t:l,
T T T Y o T reTr AT P T AR £ T £ PR MG P P IINR  ( e ""‘”fi:':'r o .i'} # :-‘;' il:f* : : | ‘
¥ e W L3 o % '
ot g LA S J"‘ Hf _;"; “"' : : | | 'I
'ﬂf/f 'hfr fea “ %, 2 xS P 7

R

g - e | | - | J
- ﬁf‘ : :zi""‘ !.f .;5: _I‘r" 1-.'1 r 3 T;
Fﬁwﬁ/ﬁ/ﬂf Iﬁf b o i s S < S S -

Jﬁ J } ]
- JF".? "-l'-'h"‘:?“" " ' " . . . r ;1. ,.I-t .1-: r E | 3 :'.

Fihg Fa i . " . f . ) | " - - - ; 1 lilr y : .." _‘:_' i

S W 5 S 5 A o ! £ g9 g ¥ 9

%';E:‘.-II__ ]:;Lé. Eﬁhn :r.:;'.'*'_l_ 11"'1} #,ii**"l'-,}-"ﬂﬂ ﬂ?._*‘i""-' e o S o I o r"i'h s fr:l :I f f ! Il
B Al T A A AN G S A A

AP r_.-'“r':ﬂ,_r‘ e ‘ _r.-r‘: g F £ Ilr.
N Y i fa o fr‘rf - lf f; J f{

W, Doy o ]
= "y i/ 7Y v Ty ey . 3 o i o i, .
1 ‘ ’ KR o o Fa

0.2000
0.2000 SCZ = 0.2000

SCX
SCY

FRONT VIEW Z = 0.50 m
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top of the wet bench without a spoiler, showing a
recirculation zone in front of the top.
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Figure 4: Detailed view of the velocity pattern near the Figure 5: Iso-turbulence-intensity contours of airflow
top of the wet bench with a spoiler, showing that the around the wet bench without a spoiler.

spoiler eliminates the recirculation zone shown in

Figure 3.
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Figure 9: The airflow velocity pattern shown in Figure 8

on a different plane.

Arad e bod oy fyed B fobe BTwd WV N B Tl R T T T T e TR T T e e b e T L T e P e g Tl e, "l o g - M AL B B D Wl i L e e g P B i g Pl Sl W e TS e ]l e e ] ard T e T P Ll e ey ey i, gl e e ol B el P W i T g i el gl U o S, o S S Pl o el A D A R W T L S P T e g Bl b Bl B ] e s e e ]ifiii%]l\llm

Y

;
A

;
i
1_
i
l
I

SRS LA e L A [ e e el e ga foadrsi Loy L Lead

B
I}I
e P v [
H Pasy oL I sl IR - 5
it L sV ET LR m Lk

; BT W T e mNr . Wiy e WY B T e e

Aty i LT ] phreid ] dfmads Lews &

TOP VIEWY = 0.89 m

2
:
:
:
w & - . T o e, Fhs B w. ...l..l..?. ..... 2 _w_-. ks ...._.1_.._...-.WT w_.__l.._rﬂ_* o fPTERE
i ™ v
i 3 ¢
5
u..m_ i e, e B i .@. T ple - i . ;J.....H.. .:...;w..__.._ H-H..J....-.v- Iu.-l.»w WR_. .
M = - _....H.. "
i N
CE T - <l o . : ] -
“, A E o e B ok - " - . e 9 b
.nw * k- =i’ -y .-I- -l_ir-. |d.|* ._.u.r* ﬂ.r.:m? ..-.1:.-....#..‘ a* m“ =y .-ﬁ_f .I!.-....-...I.....Mn.ﬂf. w. m 3
w..a # & -y . vy g q-r* .* d..lf.w._ .I..."#l mmmmm _w. hﬂ_- -y IT IFT-#. -_-..._-...I.-W- __.u.
iy L | 2 |
H..q - . - - N Mg gy Lergh A - ) ___..i...#.__ (e .r*.. Q.. 1!...1.?! - __.I:-.H.r- R =iy
_.”nu I. ¥ b R G s & e e A aioky. o e Tf ...:..L.w. l.___.[.._a.uw. M _.
r o o ey M et o - i, wili - 3 3n e Lft,_ww
o - .
- N e e e e e Lo o . o i, = gt e m
m..__r < Mool el ey s Q- - ~e ey iy S e i..,mT _m .
x ; . o LS = e r - ot L e )
ca e A o retin i g - b mw.. :
m o o PO L3 o - M vl o e 4 T 4 _n.: i hrh e Ik =dfted i Bieml  Wew S i Meily  aEAeAr)  Apdls  medin M-l el
I§ & ® ¥ * .H g e o R R - - i
H. h X . - -y i =l -.utp 4 *.. - .h‘_ ..n...lnn_‘. -11.!.# -.1. _-..__r....l.v* 117‘%-

: I o - - i i yriei -

2 % b & - _ . ko _nf W_vﬂ

* L2 - el eied it e cazac 1) .p-__.".m-_._ ...._.-.“w.!. L .v. u.......l.___...”wu. w.-.r. . 1.I.u.-..-_ iz D S ks o e e e I.M. k. i h.rn.___.___.__ Palle - olein - -t Frwin T Th Ty, et e aeble Geetly Rrdy i e el Wiy iy WA Ay
. . £
L *

¢
i
§
§
%
3%
.
*
‘i
¥
1
¥
1
%
\
}
k.

y s Pt Fral A el e b
e TLITErreeyy

TOPVIEWY = 0.99 m

]
¢
¥
g
g
1
¥
 §
o
¥
?
{
W

......

g il pa et bt ek A At A Sl b AL AR LR
. ?: n!'*;n'm
t
§
| | 45 Ko N oy e MR SETS o
3
{
/
%
¢
v
;
¥
[
i
ol beh s W e wal M e REY o mh A ma SR W 9RO W e AN e sl D 4 Ve e o e ik e

i i e S RPN e | gl 8 et b 1 < 2 1 b el 2 e ey

13
:
i
I
;
o 4= :
el 1
S vei "
o ] 3 i
i ._ m
e :
i
] :
i
E
¥
w
|
et

’ I | Tl il e il P Pt it Sl S W o et et [ et il e Yt B By e, | ] et Tl el et el s S e T e, | ] e T s B T T i g g g e | P e R il

000¢'0 = Z3S 00060 = AJS 000¢°0 = X3S
w100 = Z M3IA LNOYHS

TS e o Sy S EElET | e s

RA LR U D A TLer T (i T AT b o e v ey

I
i
|
3
E
i
i
i
|
!
{
i
!
|
|
¥
!
5
|
|
{

- ™ —r iy o sl g F athl e I ) B T ] LY Ty I TR P T, L

support pbar is extended because of similar flow distur-

bar in the ceiling grid. The recirculation zone under the
bances under the perpendicular support bars.

Figure 8: Airflow velocity pattern near a filter-support
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Figure 16: Airflow velocity pattern near a ceiling/wall
SCX =0

interface in a dry-sealed cleanroom, showing a clearly
visible boundary layer. (This type of seal is modeled as a

localized thickening of the wall.)

Figure 18

ceiling/wall interface
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DR/
Aspettano in Italia

Texas Instruments is deploying and
expanding advanced wafer-
fabrication facilities worldwide to meet
the needs of our global customers in
each major market. We are accomplish-
ing this with the resources of a $6.5 bil-
lion company with 68,500 employees In
over 30 countries. We are currently
ramping up a new state-of-the-art high
volume 4Mb DRAM facility located
about 80 km from Rome in the Appen-
nino mountains of central Italy in the

the simulations represents a line of symmetry. The
results presented in Figures 16 and 17 show there was
little difference between the sealing methods with re-
ocard to overall flow fields. But the turbulence mappings
presented in Figures 18 and 19 indicate higher turbu-
lence levels near the interface in the cleanroom that was
sealed using the wet technique.

CONCLUSION

Computer modeling of the airflow and air-turbulence
patterns of various cleanroom designs can be a useful
tool for predicting, and thereby preventing, contamina-
tion problems. The computer program used in our study
of this technique is limited to rectangular geometries.
However, efforts have begun on implementing a method
of “boundary-fitted coordinates” to account for objects
with curved surfaces. Also, faster solution methods—
e.g., multigrid—will be applied. With regard to clean-
room airflow modeling, an extension of the program into
particle-behavior modeling, including gravity and drag
forces, is planned.

city of Avezzano. In the future this facil-
ity will also produce 16Mb DRAM.

We have exciting opportunities for Sr.
Technologists/Managers, Process Engi-
neers and Equipment Engineers who are
currently authorized to work 1n ltaly.
You will join our multi-national teams of
professionals from around the world
including the United States and Japan.
Opportunities exist for professionals
with expertise in the following areas:

Diffusion Plasma Dry Etch
Thin Film/CVD Photolithography
Product/Test Engineering
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Responsibilities: All positions require a
technical degree (with a strong prefer-
ence for advanced degrees), a minimum
of 3 years experience for individual con-
tributors and 8 for Sr. Technologists/
Managers, as well as strong background

and accomplishments in device physics,

semiconductor manufacturing and pro-
cess engineering, current authorization to
work in Italy, and a desire to continue
your career in ltaly.
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Tony Lemaire is a scientific member of the Netherlands
Organization for Applied Scientific Research (TNO),
Delft. He specializes in computational fluid dynamics
and has developed software for the prediction of air-
flows and contaminant spread in the building environ-
ment. He is involved in the validation of airflow models

as part of the IEA project Airflow Patterns within
Buildings. (Lemaire can be reached at [31] 15 608492.)

To Apply Send resume to Roger G. Coker,
Texas Instruments, P.O. Box 655303, MS
8333, Dept. MC8, Dallas, Texas 75265.

FAX 214/997-5536.

An Equal Opportunity
Employer M/F/V/H

Peter Luscuere was responsible for technical manage-
ment of the system know-how group Contamination-
Controlled Production Facilities with Philips’ Building
Design and Engineering AIB, Eindhoven, the Nether-
lands. He has seven years of experience in worldwide
cleanroom consulting and recently joined TNO. He
received an MS (1982) in mechanical engineering from
Delft University of Technology, where he has just been
appointed as a professor of architecture. (Luscuere can

be reached at [31] 15 608608.) ]
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