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ABSTRACT

A knowjedge of the detailed f'ìow environment within cleanrooms and

suppìy ductwork can produce cost savÍngs and improvements in air quality.

This paper demonstrates how such knowledge may be obtained at the design

stage.

INTRODUCTION

Thís paper presents the results of a computational and experimental

study to assess the possib'le benefits of using mathematical modeÌing

techniques for cleanroom design. specific attention is paid to the

separate prob'lems of flow within HEPA filter plenums and the generaì

flow environment wÍthin á class 100 cleanroom.

A two-dimensiona'l modeìing visualization has been used for each of

the cases studied. Thjs has the advantage that its relative cheapness

aljows more design variations to be ana'lyzed than would be possible with

a three-dimensionaJ method. Full-scale measurements were also taken in

the clêanroom whlch was the subject of the modelíng exercise. The pre-

dictTons of the computational model were found to be in good agreement

with the measurements taken.
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The resuìts of this brief study suggest that significant cost

sav'ing may be achieved by incorporating methods of computational analysis

in the cleanroom design procedure. The anaìysis technique used Ín this

work can also provide a better understanding of the performance of

existing cleanroom facil ities.

TYPES OF PLENUM AND CLEANROOM

Pl enum

Accord'ing to Marsh and Quinn ('1981) the HEPA filter is the key

eìement in the laminar flow c'lean air system. It can be shown that the

greatest inefficiency in the tradiational laminar flow c'lean air module

is in the method of air distribution from the fan to the HEPA filter.
Figure I shows four of the many plenum designs which have been proposed

to facilitate the necessary air distribution.

Such designs are aìì very well in theory, but many cleanrooms are

constructed in existing buiìdings where space is at a premium. In such

circumstances a much simpìer plenum design may be attractive, such as that

shown in Figure 2.

Cl eanrooms

Figure 3 shows the two major classifications of cleanroom as defíned

in 8S5295 (1976).

Figures 3a and 3b are laminar cleanrooms in which the entire 'body'

of air within the room moves, ideally with uniform veìocity, aìong

parallel flow lines which may be either horizontal or vertical. It'ís

worth noting in passing that while the flow of air in such clean rooms

may be laminar when the room is completely empty, the introduction of

equipment, work benches and personneì undoubtedly ìead to turbulent air
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flows being generated. Figure 3c is 'defined' as a 'conventional flow

cleanroom', i.e. a cleanroom in Which the flow is not unidirectional or

of a uniform velocity.

The cleanroom design which was used for the modelìing exercise is

shown in haìf-section in Figure 4. This design was chosen because an

existing cleanroom was avai'lable for use in obtaining full-scale measure-

ments.

THE MATHEMATICAL MODEL

The computational prediction work was conducted using the program entitled

CAFE (lomputer Aided f ow lvaluation). This program is designed to solve

fìow problems which exhibit areas of recirculation. Aìthough this was

the first instance of using CAFE to predict air flow within cleanroomse

the program has been extensiveìy used for reìated prob'lems (see, for

exampl e, Broyd et. al . (l 983 ) ) .

A detailed description of the program CAFE is not given in this paper.

The following variables may be solved in either two or three dimensions

(depending on the visualization used):

- momentum in each dimension

- continuity

- 2 turbulence equations (unless the flow is genuineìy laminar)

- concentration

- temperature

It is possible to model flow domains of any desired geometry, and

internal b'lockages may be used to simulate work benches, items of equip-

ment, personnel, etc. The effect of heat-emitting (or abosrbing) equipment

or personne'l may be modeìled by introducing sources (or sinks) of heat
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energy arbitrari]y throughout the model domain, (although it should be

pointed out that it is difficult to simulate accurate'ly the effects of

people moving around). Likewise the shedding of particìes by pìant or

personneì may be modelìed by making the analogy between smaìì particles

and concentration of gases. For example, Figure 5 indicates that there

is little loss of accuracy by assuming that partic'les of < lOum remain

associated with individual "parce'ls" of air flowing through the cleanroom"

A full description of the solution technique used for CAFE may

be found in Dean and Moult (19i8).

COMPUTATIONAL PREDICTIONS FOR SUPPLY PL ENUMS

Two tests are presented, representing the following:-

Run ì. A baseline test which uses the physica'l geometry and

fluid flow specification given in Figure 2 and Table I

respective'ly. The filter is represented by an expressfon

(equation 'l ) derived from the manufacturers; f'low charac-

teristic (Figure 6). The relationship calculates a value

of equivalent filter porosity (on average = 0.0325) based

on the filter local exit flow velocity (Vo) and the

pressure drop (nP) across the filter

^P 
= 296.2 vol '1062 (l )

Run 2. A test to repnesent a dirty filter at its maximum

recommended pressure drop of 450 ttt/m2. Equation ì

was modified to represent a dirty filter by appìying

a pressure axis shift to give equation 2.

¡P = 968.g vol '1062 (z)

The results obtained are illustrated as streamline plots on Figures 7

and 8" In addition the outlet vertical velocity profile is aìso given f,on

each test case in Figure B.
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The streamlines pìotted represent the stream'l'ines at l0% , 20%, 30%

etc. of the mass flow nate.

The results may be summarized as:-

a) The presence of a ''low porosìty, filter causes a high

plenum pressure and strong recirculation within the

suppìy ductwork. The use of a sing'ìe pìenum resu'lts

'in a non-uniform velocity distribution along the

filtered arear with variations of around ì5% from the

mean velocity.

b) Reduction of the fi'lter porosity sìmulates an old, or

dirty filter. The effect of this is to fur ther

increase the variation of outlet velocity aìong the

fi I tered area.

PREDICTIONS AND MEASUREMENT S IN CLEANROOM ENVIRONMENTS

Comoutati ona l predì cti ons

computat'ions have been undertaken in the following configuratíons:

Run 3. A baseline test case based on the specification given

'in Table 2 and the geometry'illustrated in Figure 4.

Run 4. The same specification as the baseline Run 3 above, except

that flow ìs eliminated from the inlet filter, nearest the

wall.

Run 5. The same spec'ification as the basel ine Run 3 above,

except that flow is eliminated from the two end injet

fil ters, nearest the wal I .

Run 6. The same specification as the baseline Run 3 above, except

that the outlet duct is reduced in height from 450 mm to

250 mm.
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The resuìts of the four test cases are ilìustrated as streamline

pìots on Figures 10, ll, l?,13 respectiveìy. In addition, profiles of

vertical and horizontal components of velocity at a working height of

lm above the floor are given in Figures 14 and 
.l5.

The streamìines pìotted represent the streamlines at l0%, 2O%, 30%

etc. of the mass flow rate, as before. Extra stream'lines are plotted

in regions of recirculating flow, for example Figure ìì. In these diagrams

a'dividing' streamline is drawn, between the main flow and the recirculating

region, and also four other streamlines are drawn which represent equal

intervaìs between the dÍviding line and the stagnation point or line"

Thus, it should be noted that equaì spacing between the streamlines

either side of the dividing ìine do not signify equal mass flows. In

reality the recirculating air flows are a very sma'll percentage of the

total air flow within the room. l,lhile the presence of recirculation

flows within c'leanrooms is generlaly considered unwelcome, it is possible

to consider each case on its own merits if the flow environment may be

accurately predicted at the design stage.

The resuìts may be summarized as:-

a) Reduction of the filtered air supply from part of the

ceiling area (e.g., Figure ll) causes significant

locaìized effects, but has little effect on the bulk

aÍr flow through the room. Thus, the prime effect of

reducing the filter area by ZB%, the difference between

Runs 3 and 5, is to produce a small area of weak

reci rcuì ati on.
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b) Reduction of the size of the air outlet duct has little
effect on the buìk air flow through the room, but does

of course produce larger out'let velocities.

Measurement Techn i ques

Low velocity f'low under atmospheric conditions presents a difficult
measuring environment for most common flow measurement techniques; e.g"

pitot tubes, hot wire anemometry, etc. Two differ ent flow measurement

techniques were used in this work, enabling comparisons of the results

from different methodologies to be made.

Measurements were made with a single wire hot-wire probe yawed

through 90o to locate a maximum reading when the wire was aligned

perpendicular to the local flow direction. Both the magnitude and

directÍon of the local velocity was obtained with this technique.

The second measurement technique involved trackíng neutrally buoyant

helium bubbles introduced into the flow. Knowledge of the camera shutter

speed used to obtain pictures of tracks formed by individuaì bubbles

enabìed the magnitude of the velocity to be calculated. An example of

pictures obtained with this method is shown in Figure 16.

Results from the helium bubble flow measurement technique were used

to confirm the hot wire anemometer results. The hot wire results were

then used to plot the velocity vectors for comparison with the computed

resul ts.

Results and Discussion

The results of the flow measurements are shown on Figure 10, whieh

shows velocity vectors of the experimental measured resultant flow

velocity superimposed on the stream'line plot, for the baseline test modeÏ"
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Measurements were taken at 0.5m, 1.0m, ì.5m and 2.0m abóve the floor,
and at four positions across the half-section of the room.

Comparisons of experimental and predicted results generally show a

reasonable degree of correlation at all measuring heights. The correla-
tion is best where velocities are largest. This is to be expected since

measurements at these low velocities are at the lower limit at which a

hot wire anemometer wilì operate accurateìy.

In general, the experimental results confirmed the flow predictions

made with a relative'ly simpìe computer model and therefore show the

possibilities afforded by this type of fìow model in design studÍes fon

controlled environments such as cleanrooms.

Computer models simÍlar to that used in this work can be developed

to give greater degrees of correlation, by including other factors into
the model, €.9. 3 dimensionality, temperature effects, etc. These would

however, increase run time costs, but wouìd further help to improve

design procedures.

Differences n PredÍ d and Exo rimental ul ts

The differences experienced between predicted and experimentaì nesults

are attributable to two different sources of inaccuracy

a) Measurement technique errors

b) Limitations in the computer model

The first source of inaccuracy includes errors normally associated

wÍth hot wire anemometry, ê.9. temperature drift, contamination of the

measuring sensor, etc. This source also covers human errors of judgment

in alignment and location of the sensor and instrument error.
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The second source of inaccuracy incrudes assumptions made in the
flow model, for exampìe the assumption of pìanar frow. The assumption
of planar flow was shown by experiment to be well-founded for the cïean-
room studied herein, but cases of more complex geometry may need to be
handìed somewhat differentry. Greater accuracy in fìow modeiling is
possibìe with more sophisticated moders. Arso incruded here are the
dÍfferences in the flow model domain shape as mentioned earlier and the
difference in inìet ftow verocity. These are not strictry accuracy
probìems however' as they couìd be eliminated by redefining the predietfon
model .

THT EFF ECTS OF G Y EAT AND PARTICLE URCES ON C OMPUTAT ONAL RESULTS

The Cases Co ns idered

The computer program CAFE has been appl ied to a number of further
configurations, in order to assess the effects of changes in various
input parameters. The geometry of the cìean room, inlet and ouilet
conditÍons, etc. is the same as that in the baserine test case (Run 3)
apart from the changes noted below:

Run 7. Increas ed Inle t Flow Veloc i ty: Figure .l7.

Increasing the inlet mass flow rate to give an

increased inlet ve'locity from 0.3 m/s to 0.6 n/s

makes no fundamental changes to the flow charac_

teristics. It does not improve the vertical
nature of the flow at any point in the room. The

absolute velocities will however be higher in the

'stagnant' region in the centre of the room, which

may improve the purging effect in this region.
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Run 8. Introduction of a bench: Figures 18 and 19

Placing a bench in the 'stagnant' region of the cleanroom,

as shown in Figure 18 causes only a sìight disturbanee to

the baseline flow characteristics. Obstructions of this

type at other points in the room would be expected to

cause greater disturbances to the f'low regime.

Run 9. Introduction of a heat source: Figures 20-22

In this design study the bench top was given a l5uC

elevated temperature (a heat source of approximately
t

2.3 Kt.l/m'). This created a large region of low veloeity

recirculating flow above and downstream of the bench.

The main stream f'low velocity is increased, but confined

to the top and left hand side of the room as shown in

Figure 20.

R¡n 10. Introduc tion of a source of particles: Figure 23

A source of particles introduced at a point above the

bench results in the largest concentrations being

experienced in the low velocÍty region downstream of

the bench. The concentration values marked on

Figure 23 are non-dimensionalized for a release

concentration of ì.

Generaì Discussion

The results shown in Figures 17-23 have been presented fn order to

demonstrate the capabilities, and potential, of the computer program"

Reaì cleanrooms will be three-dimensional, and many contain combinatior¡s

of the effects studied, as weìl as transient effects which have not been
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included here. In princ'ipie, such transient effects can be modelled,

but it is felt that for many applications, steady state results can

give a good indication of the type of flow pattern to be expected

The heat source results are part'icularìy noteworthy, and show how

easily convection cells can be formed when the through-flow rate is so

low. The fact that the clean air flow completely by-passes the work

bench is obvious'ly a poor des'ign feature which could be spotted relativeìy

easily if the mode'l were to be used at the desìgn stage.

The particle dispersion shown in Figure 23 assumes that the partiele

size is sufficient'ly small that fall-out is negligib'le. If larger partieies

were considered important, the program could be developed to calculate the

trajectories of each particle size within the computed flow fjeld. 0om-

bination of such computations with the inclusion of heat sources couid

provìde very va'luabìe information on the relative merits of different

cl ean room des'igns .

CONCLUS iONS

It has been shown that the air flow through a cleanroom may be well

predìcted by a mathematical model. The purpose of this paper has been to

point out that such a capability exists, and the two components studied

have not been refined to optim'ize their performance, as would happen in a

full des'ign study.

The benefits of using computational methods of flow analys'is for

cleanroom design may be summed up as follows:-

- predictjon of flow patterns

- pred'ict'ion of temperature effects

- predi cti on of part'ic'le f I ows

- bad desìgn points p'icked up at design stage

- cost effective des'ign
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The disadvantages of using such an approach lie mainly in the

factors of cost and time invoìved. However, such consÍderations wíìT

generaìly be far outweighed by the knowledge that a given design wr'lì

perform up to its required standards of operation.
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FLOl'i MODEL SPECIFICATION Table 1

DUCTIVORK MODEL

GeometrT:

Length of duct (n)

l{idth of duct (n)

Height of duc-u (n)

Filter thickness (n)

Inlet duct (m)

Filter porosity (average)

Fluid Properties:

L2,20

0.762

0.940

0.078

0.7 x 0 "762
0.032s

4.25

1 .00

288

1.295

1.85 x 10-5

7 ,96

9. 011

2.825

L.247 x 0.623

0 .003

0.626

0 "L22
0. 450

Inlet
Inlet
Inlet
Inl et

Inlet
Inlet

¡nass flow rate (r'/r)
pressure (bar)

temperature (K)

density ßg/r3)
viscosity (¡¡s/mz)

velocity (n/s)
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FLOIY IIODEL SPECIFICATTON

CLEA¡IROOM MODEL

Geonet:1':

^iaDIe I

l\'idth of roon (m)

Height of room (m)

Inlet Filter size (m)

Gasket separating inlet ducts (m)

Distance between centres for inlet d,ucts (m)
Size of dead space in roof (m)

Height of outlet duct (m)

Fluid Properties:

Inlet air velocity (m/s)
Density of inlet air (kg/rsJ
Inlet pressure Gar)
Viscosity of inlet air (t{r/r2)
Inlet air temperature (K)

I.293
1.0

1.83 x I0-5
288
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