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Numerical Study on Diffusion Field

as Affected by Arrangement
of Supply and Exhaust Openings

AV

in Conventional Flow Type Clean Room

S. Murakami, D.Eng.

ABSTRACT

Room air distribution is greatly affected by the
arrangement of supply outlets and, possibly, exhaust
inlets. The influence of those arrangements on the flow
fields is studied here by numerical simulation based on
the k — e two-equation turbulence model. Room airflows
in several types of conventional-flow-type clean rooms are
analyzed from this point of view.

The flow fields in such rooms as analyzed here are
well modeled as serial combinations of “flow units,” each
of which is composed of one supply jet and the rising
streams around it. When the number of supply outlets is
decreased, the flow units corresponding to the eliminated
supply outlets vanish and the remaining flow units
expand. A change in arrangement or in the number of
exhaust inlets hardly affects the entire flow field, however,
such changes often has a large influence on the contami-
nant diffusion field.

INTRODUCTION

The conventional-flow-type clean room is now indis-
pensable in many fields of industry for use in quality con-
trol. In designing effective contamination control for such
clean rooms, an understanding of the flow field itself and
of the best means by which to control the resulting diffusion
field of contaminant is very important. The airflow pattern
in a conventional-flow-type clean room is mainly deter-
mined by the shape of the room and by the nhumber of
supply outlets. That the flow fields of such clean rooms
share many common characteristics, especially when the
supply outlets are arranged in the ceiling, is well known.
The authors earlier analyzed the flow fields and the
resulting diffusion fields of contaminant in typical
conventional-flow-type clean rooms (Murakami et al. 1987;
Murakami et al. 1988).

This study extends the previous study to analyze the
influence of the arrangement of the supply and exhaust
openings on the flow fields and diffusion fields using the
same and modified types of clean room as were studied
before.

S. Kato, D.Eng.

Y. Suyama

In the field of ventilation engineering, the following
principles are widely accepted:

1. The exhaust system, including the location of the
exhaust opening in a room, has rather small influence on
its entire flow field. 2. It does, however, have great influence
on the contaminant diffusion field. 3. in contrast to the
exhaust system, the supply system—especially the
arrangement of the supply openings—has a great infiu-
ence onthe flow field. 4. However, itis the exhaust system,
not the supply system, that is mainly responsible for
exhausting contaminants.

Because of the last principle, the influence of the
arrangement of the supply openings in a room on the con-
taminant diffusion has not yet been clarified. The aim of this
paper is to clarify the influence of the location and the
number of such openings both on the room airflow
distribution and on the contaminant diffusion in a conven-
tional (turbulent) flow-type clean room.

Numerical simulation of turbulent air flow allows us to
precisely analyze the flow and diffusion fields in a room
(Murakami et al. 1987). In a preceding study (Murakami et
al. 1988), with the simulation based on the x — e two-
equation model, the flow fields and their resulting diffusion
fields of contaminant in a conventional-flow-type clean
room, whose supply outlets were located on the ceiling,
were analyzed precisely. It was shown that the flow and dif-
fusion fields are mainly characterized by serial combina-
tions of “flow units,” each composed of an inflow jet and the
rising streams around it. The detailed description of “flow
unit” is shown in Murakami et al. (1988).

Inthis study, using the same and modified clean room
models as studied before, the influence of the arrangement
and number of supply and exhaust openings on the flow
and diffusion fields in rooms is analyzed from the viewpoint
of flow structure and ventilation efficiency (Kato et al.
1988a).

DIMENSIONLESS STUDY OF CONCENTRATION
(MODELS 1 AND 2)

In this study, physical quantities are made dimen-
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sionless by dividing by representative quantities. The
quantities selected are the width of the supply outlet, L;
its bulk velocity, U,; and the mean contaminant concen-
tration, C,, averaged over all exhaust inlets. The value of
C, is necessarily equal to the ratio of the contaminant
generatlon rateto the supply air volume rate. The value of
g ged according to the room type in which
_ ] egatlon rate to the supply air volume rate

be d. Thus, two kinds (Models 1 and 2) of
dimens?oﬁess concentration are used. Model 1 is defined
asthe concentration non-dimensionalized by the individual
C, of the each room type.

Model! 1 is not convenient for comparing the different
diffusion fields because the representative value is not
common. When we want to compare two dimensionless
concentration distribution fields, the value of C, must be
held in common. If the representative concentration used
for non-dimensionalizing the concentration is identical, the
two dimensionless concentration fields can be compared
directly. For this purpose, the value of C,, for the basic type
(e.g., Type 4) is used as the common representative con-
centration. This dimensionless concentration is defined as
Model 2. Inthis case, the two different concentration fields
can easily by compared, because the contaminant
generation rate is held in common despite the different
supply air volume rate.

The two normalization methods of Model 1 and Model
2 become identical in the particular case where the value
of C,, the ratio of the contaminant generation rate to the
supply air volume rate, is the same within the different con-
centration fields to be compared. In this case, the com-
parison of concentration fields may be conducted by
means of Model 1. Conversely, the comparison based on
Model 1 may be made on the assumption of the same
supply air volume rate and the same generation rate.

MODEL CLEAN ROOMS ANALYZED

Thirteen types of clean rooms are used for analysis in
this study. Type 5 through Type 13 are modified from the

previously studied basic types of Type 1 through Type 4
(Murakami et al. 1988). In Table 1, the specifications of
these rooms are presented. Figure 1 shows the plans and
sections of these 13 types.

1. Type 5 and Type 6: Being derived from Type 1, the
height of the exhaust openings is raised. 2. Type 7: Being
derived from Type 2, the height of the exhaust openings is
also raised. 3. Type 8: Being derived from Type 2, the two
diagonal exhaust openings are closed. 4. Type 9: Being
derived from Type 3, the two center supply openings are
closed. 5. Type 10 through 13: Being derived from Type 4,
the supply openings are closed progressively.

Generally, the length and width of the supply outlet,
L., in a conventional-flow-type clean room is about
0.6 m. The height of the ceiling of the clean room models
(4.5in dimensionless value ) in full scale thus corresponds
to 4.5 x 06 = 2.7 m. The source points of contaminant are
located under the supply outlet, near the wall, and at the
center of the room, respectively. Their height from the floor
is set equally at 1.25 in dimensionless value. Another
source point of contaminant is located in front of the ex-
haustinlet, where its height from the floor is 0.5. Since the
contaminant in this study is assumed to be of passive
scalar quantity, and thus of no effect on momentum equa-
tions, its transportation or diffusion is fully controlled by the
air flow. Flow fields and resulting diffusion fields are as-
sumed to be in steady states. The contaminant generation
rate is also assumed to be constant.

NUMERICAL SIMULATION METHOD

Model equations (3-D k — e two-equation turbulence
model) are given in Table 2. The boundary conditions are
tabulated in Table 3. Various types of boundary conditions
at the solid wall have been devised, and some of them are
shown in Table 4. Some boundary conditions were deriv-
ed using the concept of log-law (Launder et al. 1974,
Chieng et al. 1980; Rodi 1984; cf. Table 4). The solid wall
boundary condition derived from the power law of veloci-
ty profile is also used (authors cf. Table 4). The latter is very

TABLE 1
Specifications of model clean rooms used

Types of Dimension Height of Number of Number of Supply Air ;

\lodel of Plan Ceiling Supply Exhaust Velocity Remarks

Clean Room (¥1) (*1) Outlets Inlets (%2)

TYPE 1 543 4.5 1 4 1.0 basic type:the smallest room

TYPE 2 8 X8 4.5 4 4 1.0 basic type

TYPE 3 11X 8 4.5 6 4 1.0 basic type

TYPE 4 11x11 4.5 9 4 1.0 basic type:the largest room

TYPE 5 5X53 4.5 1 4 1.0 changing the height of exhaust inlets
TYPE 6 5X5 4.5 1 4 1.0 changing the height of exhaust inlets
TYPE 7 8Xx8 4.5 4 2 1:0 2 exhaust inlets are closed

TYPE 8 8 X8 4,5 4 4 1.0 changing the height of exhaust inlets
TYPE 9 11X 8 4.5 4 4 1.0 2 supply outlets are closed

TYPE10 11X11 4.5 6 4 1.0 3 supply outlets are closed

TYPEL1 11X11 4.5 5 4 1.0 4 supply outlets are closed

TYPE12 11Xx11 4.5 4 4 1.0 5 supply outlets are closed

TYPE13 11X11 4.5 1 4 1.0 8 supply outlets are closed

| : dimensionless value (divided by the width of supply outlet Lo (0.6m))
#2: dimensionless value (divided by the supply air velocity V, (1.0m/s))
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simple and has given successful results (Murakami et al.
1987: Murakami et al. 1988). The difference in the simula-
tion results between these log-law types and the power law
type is negligible (Kato et al. 1988b; Nagano et al, 1988).
In this context, the solid wall boundary condition derived

from the power law of velocity profile is used.

The flow fields in rooms divided into the mesh systems
shown in Figure 2 are solved by the finite difference
method. The numerical simulation method follows that
given in Murakami et al. (1987). After the room flow fields
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Note: 1) supply outlet valocity : 1.0 u/s
2) O :contaminant trecer source anslyzed in this paper.
3) @ :contaminant tracer source analyzed in previous paper.
(Murakami, Kato & Suyams, 1987, 1988)

Plans and sections of model clean rooms (Length scale in this figure

is nondimensionalized by the width of supply outlet Lo)
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are obtained, the contaminant diffusion fields are
calculated using such flow field properties as the distribu-
tion of velocity vectors and eddy viscosity. The simulated
flow fields are not entirely steady and symmetrical due to
numerical instability. However, asymmetry of flow fields is
very slight and can be disregarded. The calculated con-
taminant diffusion fields are thus also slightly asymmetric
in accord with the flow fields.

ANALYSIS BY MEANS OF
NUMERICAL SIMULATION

The correspondence between experiment and
numerical simulation is fairly good for both velocity vectors
and contaminant concentration in the typical room con-
figurations (Murakami et al. 1987; Murakami et al. 1988).
Flow fields and contaminant diffusion fields are therefore
analyzed only by numerical simulation in this study.
Analysis by simulation is superior to experiment when the
purpose is to analyze the resultant influence on the flow
and diffusion fields by parametric changes in the flow con-

TABLE 2

ditions. In experiments, it is rather difficult to control the flow
conditions precisely. For example, one cannot exactly con-
trol the uniform distribution of the air supply as well as the
exhaust air volume distribution on each exhaust inlet.
However, in simulation one can impose any condition with
strict exactness. Thus, in this paper, flow fields and contami-
nant diffusion fields in all the room models are examined
only by means of numerical simulation.

EXPRESSION METHODS OF CONTAMINANT
DIFFUSION FIELD AND DEFINITION OF SVE1, 2, 3

In this study, contaminant diffusion fields are ex-
pressed by four methods:

1. Distribution of contaminant concentration in case of
point source: this distribution allows intuitive comprehen-
sion of the contaminant diffusion field in a clean room.

2. Spatial average concentration: the first Scale of Ven-
tilation Efficiency (SVE1). This value is proportional to the
average time the contaminant is present in the room and
indicates how quickly the contaminant generated in the

Two-Equation Model (Three-Dimensional)
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TABLE 3

Boundary Conditions for Numerical Simulation

(D Supply OQutlet: Uk =0.0, Upy=Upyt, k=0.005,
suffix t: tangential component ,n : normal component

boundary

l=0.33, C=0.0

Uput : Supply outlet velocity, Ugyut=1.0

 Exhsust Inlet :
boundary

Ut =0.0, Un-

Uin, 0k/92Z=0.0, 3e/0Z=0.0, §C/0Z=0.0
U in: Exhaust inlet velocity ,total exhaust air volume is the same

with the total supply air volume,

for example in case of TYPE2, 7, 9,

12: U;.=1.0

@ Wall boundary : § U/8Z ,.0=mUt op/h, Uy=0.0, 3 k/5Z=0.0, §C/FZ=0.0

€ op=[Cuk 22 1/0C k1)
h : Length from the wall surface to the center of the adjacent cell
m: 1/7, Power law of profile U «Z" is assumed bere.

X : 0.4, von Karman constant

[



TABLE 4
Yarious solid wall baundary conditions
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INFLUENCE OF

ARRANGEMENT OF EXHAUST INLETS
Change in the Height of Exhaust Inlets
(Type 1, 5, 6 and Type 2, 7)

Type 5 and Type 6 are room models derived from Type
1 and are regarded as a sequence in which the height of
the floor exhaust inlets in Type 1 are raised. In Type 5 and
6, the exhaust inlets are located 0.5 and 1.0 from the floor,
respectively. Type 7 is a room model derived from Type 2,
and it, too, is regarded as part of the series in which the
height of exhaust inletsin Type 2 ischanged. In Type 7, the
exhaust inlets are located 1.0 above the floor.

As is shown in Figure 3, the three flow fields of Types
1, 5, and 6 are almost identical. The flow patterns of the jets
from the supply outlets, the rising streams beside the walls,
and the large recirculating flows around the jets are all very
similar.

Figure 4 shows the result of Type 2, which was studied
in a previous paper (Murakami et al. 1988). As shown in
Figure 5, the characteristics of the flow structure of the four
flow units are very similar between Type 2 and Type 7
(Figures 4a and 5a), although there are slight changes,
such as rising streams toward the exhaust inlet from the
floor and some weak rising streams at the upper position
of the exhaustinlet in Type 7 (Figures 4c and 5¢). When the
contaminant is generated at point C near the exhaust inlet
in Type 7 (cf. Figures 4d and 5d), the rising streams near
the exhaust inlets transport and diffuse some contaminant.
In these figures, dimensionless concentration Model 1 is
used. In this case, the contaminant spreads toward the
upper area of the exhaust inlet in contrast to Type 2. Soin
the case of contaminant diffusion with source point C, the
values of the spatial average concentration (0.16) and
mean radius of diffusion (2.5) in Type 7 are greater than the
values in Type 2 (0.06 and 1.7, respectively) for the same
generation condition as shown in Table 5. However, this
case is the only exception. For the cases of all other con-
taminant sources, not only the pattern of concentration

TABLE 5

distribution but also the values of ventilation efficiency
scales (SVE1 and SVE2) are quite similar between Type 2
and Type 7.

Decrease of Exhaust Inlets (Type 2, 8)

Type 8, in which two exhaust inlets are located
diagonally, is a room model derived from Type 2 and is
regarded as a case of decreasing exhaust inlets. In this
room model, only two exhaust inlets are located at
diagonal corners (the other two exhaust inlets are
eliminated). As shown in Figure 6a, there are four "“flow
units” inthistype as well asin Type 2 (Figure 4a). Since the
exhaust air flow rate at each exhaust inlet is greater than for
Type 2, the velocity vectors in front of the exhaust inlets
become greater than those in Type 2. In the case of con-
taminant generation at A, which is in the "flow unit” adja-
cent to the exhaust inlet and is under the supply outlet,
although the contaminated space is nearly the same as
with Type 2 (cf. Figures 4b and 6b) and the value of the
mean radius of diffusion is the same, the value of the spatial
average concentration is smaller than that for Type 2, which
means that the contaminant is exhausted effectively by the
stronger flow toward the exhaust inlet. A comparison of two
scales of ventilation efficiency is shown in Table 5.

At the corner of the eliminated exhaust inlets, strong
rising streams along the wall appear. When the contami-
nant is generated in this position (point C), the contaminant
spreads upward along the wall and the large area along
the ceiling becomes highly contaminated (cf. Figures 6c¢
and 6d). Inthis case, the values of the average spatial con-
centration and the mean radius of diffusion are higher than
for all other cases in this room model (1.58 and 3.38,
respectively). The distribution of the concentration in the
case of uniform contaminant generation throughout the
room is shown in Figure 7. Atthe corner near the ceiling of
the upper position of the closed exhaust inlets, the concen-
tration becomes very high; the possibility that the air mass
in this area will be contaminated should be very high,

Values of Spatial Averaged Concentration (SVEI)
and Mean Radius of Diffusion (SVE2) for TYPE 2 ~ TYPE 9

point A (under supply outlet)| point B (center of room) point C (at corner of room)
seaten ot | e el W Rl el i~V R it
Efficiency |Concentralion Diffusion |Concentration Diffusion |Concentration Diffusion
SVE1*' (Nodel 1) SVE2** SVE1 (Model 1) SVE2 SVE1 (Model 1) SVE2
TYPE 2 0.76 3.0 1.50 3.2 0.06 V.7
TYPE 7 0.72 3.0 1. 41 3.1 0.16 2.5
TYPE 8 0.60 3.1 1.38 3.2 1.58 3.3
TYPE 3 0.53 2.7 1.72 3.6 0.03 0.13
TYPE 9 1.03 3.5 1. 64 3.6 i —

%] : These values are made dimenslionless by the mean concentration Co at all exhsust Inlets of
each room model resEectlvely. This type of nondimenslionalization ls deflned as Model 1

¥2 : Dimensionless lengt
the supply outlet (0.6m).

o)

these values are made dimensionless by the dividing by the vidth of



because the high value of this concentration reflects the
long traveling time required by an air mass to reach this
point from the supply outlets (cf. Kato et al. 1988a).

INFLUENCE OF
ARRANGEMENT OF SUPPLY OUTLETS

Decrease of the Number of Supply Outlets
(Type 3, 9)

Type 9, in which four supply outlets are located at the
ceiling, is aroom model derived from Type 3 and is regard-
ed as a case of decreasing supply outlets. In this case, two
supply outlets at the center of the room are eliminated. A
comparison of Figure 8 with Figure 9 shows that the two
flow units corresponding to the eliminated supply outlets
vanish, and four flow units corresponding to the supply
outletsin the room model appear. Each flow unit occupies
a quarter of the room and becomes larger than those of
Type 3, where six flow units occupy the same space.

When the contaminant is generated under the supply
outlet at point A, the contaminant spreads in the quarter of
the room corresponding to that flow unit. In this case, the
mean radius of diffusion is 3.5, which is much greater than
that in the case of the same contaminant source position
in Type 3 (2.7). A comparison between Type 3 and Type 9
is also tabulated in Table 5.

In this study, non-dimensionalized contaminant con-
centration Model 1 is defined by dividing by the represen-
tative contaminant concentration, C,, which is the mean
value of all exhaust inlets. Therefore, actual concentration

11lustreted plane
(Fig.6,7)

Fig.6
b (o). (d)
a O Fig.7(a)

o o

_F=£E==£E==:_ Fig.7(b)
@ ¢l Fig.6
(a), (b}
(sectlon) Fig.7{o)
O * mouruss fnik; closed inlet inlet

isthe product of this dimensionless value (Model 1) and the
representative concentration, C,, which is the ratio of the
contaminant generation rate to the supply air volume rate.
However, to compare the two dimensionless concentration
distributions in an equal condition, the representative con-
centration, C,, must be held in common between the two.
This condition requires that the contaminant generation
rate in Type 9 be two-thirds that in Type 3, for the air ex-
change rateis two-thirds that in Type 3. If a comparison with
Type 3 under the same contaminant generation condition
is required, both must be normalized by the same
representative concentration, C,, and the value of dimen-
sionless concentration in Type 9 must be multiplied by 1.5.
Thistype of non-dimensional value is defined as Model 2,
as mentioned above. Using this procedure, the value of the
spatial averaged concentration of Type 9 in the case of
source point A (cf. Figures 9b and d) is 1.55(1.03 x 3/2),
which is much greater than the value of Type 3inthe case
of the same source point (0.53); this means that Type 9 is
inferior to Type 3 in its ability to exhaust contaminant.

Atthe center of the room, the rising stream appears at
the boundary of the flow units. The contaminant generated
at source point B (cf. Figure 9f) is transported toward the
upper portion of the room and a heavily contaminated
region appears near the ceiling. Furthermore, in this case
the contaminant spreads throughout the room, and the
value of the mean radius of diffusion becomes greater (36).
The values of the ventilation efficiency (SVE1 and SVE2) are
tabulated in Table 5.

closed inlet

axhaust inlet
(8) Including exhaust Inlets (section)

D

(a) veloolty vectors

Including exhaust inlets (plen)

........

] ﬁ
R R T

(b) concentratlion : point A

g

{c) velooity vectors

near wall (sectlon)

Figure 6 Velocity vectors and contaminant distribution (model 1) in
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lets, source: uniform generation in whole room)
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The concentration in the case of uniform contaminant
generation throughout the room remains very high at the
upper side of the room, at each corner of the room, and at
the area around the supply outlets (cf. Figure 10), where
the possibility of the air mass being contaminated
becomes very high because of its long traveling time from
the supply outlets.

DISCUSSION

The influence of the arrangement of the supply and
exhaust openings on the flow and contaminant diffusion
fields is summarized as follows:

The flow fields in such rooms as analyzed here are well
modeled as combinations of flow units, each of which is
composed of one supply jet and the rising streams around
it. When the number of supply outlets is decreased, the
flow units corresponding to the eliminated supply outlets
vanish and the adjacent remaining flow units expand.
When the contaminant is generated in that expanding flow
unit, contaminant spreads throughout the flow unit and the
value of the mean radius of diffusion becomes greater.

While the change of arrangement of the exhaust inlets
has a small affect on the entire flow field, it does have a
large influence on the contaminant diffusion field. When

the two exhaust inlets at the corner of the room are
eliminated, rising streams along the walls grow stronger in
front of the eliminated exhaust inlets. Since these areas are
located far from the remaining exhaust inlets, the contami-
nant generated in this area is exhausted less effectively
from the room. The fresh air mass takes a long time travel-
ing to these areas, and the possibility for it to be con-
taminated becomes large.

Raising the location of the exhaust inlet has little
influence on the flow field except for the area near the
exhaust inlet.

INFLUENCE OF SYSTEMATIC CHANGE
OF ARRANGEMENT OF SUPPLY OUTLET
(TYPE 4, 10-13)

When designing a clean room, a matter of great con-
cern is how the air exchange rate isto be set because it is
directly related to operating expense. In this section, flow
and contaminant diffusion fields in the same room with dif-
ferent arrangements of supply outlets (Type 4, 10—13) are
compared. These supply arrangements, in which the
numbers are progressively decreased, are modeled on
the basis that the air exchange rate is decreased by the
elimination of supply outlets rather than by decreasing the
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Figure 9 Velocity vectors and contaminant distribution (model 1) in TYPE 9 (4 outlets & 4 inlets, source: point A,B)

supply air volume.

Figure 11 shows the flow field and contaminant diffu-
sion field inthe case where the contaminant is generated
at the center of the room (Point E). The outline of the struc-
ture of the flow units is illustrated in each figure using
broken lines. It must be noted that in these figures the
dimensionless concentration Model 1 is used.

Flowfields and Contaminant Diffusion Fields
in Case of Contaminant Generated at E

Type 4 (Figures 11a-c). There are nine flow units in
the room model, and rising streams appear at the boun-
dary of each flow unit. The rising streams in the space
between the two closest jets do not reach to the ceiling.
Since the contaminant is generated in a supply jet, the
highly contaminated region spreads under source point E.
The flow unit that includes the contaminant source is highly
contaminated.

Type 10 (Figures 11d-f). Six flow units comprise the
total flow field. At the centerline of the room, where three
supply openings are closed, strong rising streams appear
toward the ceiling. This centerline corresponds to the
boundary of the expanded flow units. Since the contami-

nant is generated in this rising stream, the highly con-
taminated region spreads upward from source point E. The
whole room is filled with highly contaminated air.

Type 11 (Figures 11g-i). The five checkered flow units
comprise the total flow field. The rising streams surround-
ing the center flow unit spread toward the upper portion of
the walls. Since the contaminants are generated in the
supply jetin the center flow unit, the highly contaminated
region appears under source point E. This contaminated
air is transported by the rising flow toward the upper por-
tion of the walls and most of the space becomes con-
taminated. The concentration becomes more than 1.0 in
most of the space.

Type 12 (Figures 11j-1). Four large flow units com-
prise the total flow field. At the center of the room, a narrow
rising stream appears toward the ceiling. Since the con-
taminantis generated inthe rising stream, the highly con-
taminated region spreads above source point E, and most
of the room is filled with contaminated air. In this simulation,
the contaminant diffusion field is slightly asymmetric
because of the asymmetry of the flow field due to numerical
instability.

Type 13 (Figures 11m-0). There is only one flow unit

lo
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inthe room model. Since the contaminant is generated in
the supply jet, the highly contaminated region spreads
under source point E. The concentration is more than 1.5
throughout the whole room except for the area around the
clean supply jet.

Comparison of Location of Supply Outlets
concerning Ventilation Effectiveness
(Source Point E)

In Table 6 two kinds of averaged spatial concentration
(Models 1 and 2) and the mean radius of diffusion are
tabulated for each type. Model 1 is a dimensionless con-

{

[ bR o S I R
.lo ‘I l. o B 0. o
Dimensionless concentration

Contaminant distribution (SVE3) in TYPE 9 (4 outlets & 4 inlets, source: uniform generation in whole room)

centration, which is normalized by the averaged concen-
tration, Co, for all exhaust inlets for each type. Model 2 is
also a dimensionless concentration, converted so as to
have the same contaminant generation rate as Type 4
despite the different air exchange rate.

The supply air velocity is the same for all types.
Therefore, the air exchange rate is naturally different for
each. In Model 1, the generation rate differs and, naturally,
the ratio of contaminant generation to air supply rate, the
representative concentration (C,) used in dimensionless
value, is also not the same. Butin Model 2, the generation
rate is modified to be the same for all types. Inthat case the
representative concentration, C,, of Type 4 is used in
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common for making the dimensionless value.

Figure 12a shows the spatial average concentration of
each type for source point E. In this figure, the dimen-
sionless concentration of Model 2 is shown. The hyperbolic
curve expresses the dimensionless average spatial con-
centration of Type 4 in which the air exchange rate is
gradually decreased under the condition of a constant
generation rate. We can thus comprehend the ventilation
effectiveness of the different arrangements of the supply
outlets. Using this figure, if the plotted point of average
spatial concentration for a type is below the hyperbolic
curve, the ventilation effectiveness of that type is superior
to that of Type 4 under the same air exchange rate. This cor-
responds to the comparison based on Model 1, since the
comparison based on Model 1 assumes the same air ex-
change rate and the same contaminant generation rate.

Since the plotted points of the spatial averaged con-
centration of Type 10 and Type 11 are on the hyperbolic
curve, it may be concluded that the arrangements of the

supply outlets given as Type 10 and Type 11 have an effec-
tive ventilation ability equal to that of Type 4 for the same
air exchange rate. The ventilation effectiveness of Type 12
isinferior to that of Type 4 because its plotted point is above
the hyperbolic curve. Although the value of the average
spatial concentration of Type 13 is rather large, in accord
with its correspondingly small air exchange rate, the
contaminant-exhausting ability is somewhat superior to
Type 4 inthe same air exchange rate. In conclusion, for the
contaminant source point E, ventilation effectiveness
among these different supply outlet arrangements may be
judged in the following order: Type 13 > Type 4Type 11Type
10 > Type 12 (cf. comparison of SVE 1 based on Model 1
in Table 6).

For the mean radius of diffusion Type 4, Type 11, and
Type 13 have rather high values (cf. Table 6). The con-
taminant source point in all these cases is located in the

supply jet.

TABLE 6

Values of Spatial Averaged Concentration (SVEI)
and Mean Radius of Diffusion (SVE2) for TYPE 4, TYPE 10 ~ 13

sources point E (center of room) point C (between center and wall) point B (near the wall)
Scales of SVEI SVEL SVE2 SVE1 SVE1 SVE2 SVE1 SVE1 SVE2
l‘-{??:::cle?rln::;m (Model 1) [(Model 2)°! (s2) (Model 1) | (Model 2) (Model 1) | (Model 2)

TYPE 1 1. 37 1.37 4.2 1..15 1.15 3.3 1.56 1.56 3.1

TYPE 10 1.51 2.27 4.0 1.56 2.34 4.1 1.68 2.52 4.0

TYPE 11 1. 40 2.52 4.3 1.38 2.48 3.8 1.03 1.85 4.0

TYPE 12 1.92 4.32 3.8 1.81 4.07 3.8 | 1.30 2.90 4.0

TYPE 13 0.97 8.73 3.9 1.31 11.76 4.3 1.29 11.58 4.3

%1 2 Model 2 |s also dimenslonless concentration In which contamlnant generatlon rate ls the same

as TYPE 4 for all thas.
¥2 : Dimenslionless length:
the supply outlet (0.6m).

/3

these values are made dimensionless by dividing by the width of



Diffusion Field in Case of Contaminant
Generated at C (Type 4, 10-13)

Because contaminant source point Cislocated inthe
supply jetinthe case of Type 4 and Type 10 (cf. Figures 11a
and 11d), the highly contaminated region spreads under
the source point. Furthermore, contaminated air is
transported toward the ceiling by strong rising streams
along the wall and the highly contaminated region spreads
along the wall. In the case of Type 11 (cf. Figure 11g),
slanted streams rise from around source point C toward the
upper portion of the wall. In the case of Type 12 (cf. Figure
11j), wide streams rise from the floor to the ceiling from
around source point C. In the case of Type 13 (cf. Figure
11m), horizontal streams along the floor appear around
source point C, and the highly contaminated region
spreads along these adjective flows from the source point.
Contaminant spreads both in the flow unit in which the con-
taminant is generated and inthe adjacent flow units located
between the contaminant source and the closest exhaust
inlet. In the case of Type 4, the contaminant spreads
through one-third of the room, while in other cases it occu-
pies about half the room except for Type 13. In Type 13, the
contaminant spreads into the entire space.

Comparison of Location of Supply Outlets
Concerning Ventilation Effectiveness
(Source Point C)

For the case of source point C, two kinds of average
spatial concentration (Models 1 and 2) and the mean
radius of diffusion are tabulated for each type in Table 6
and comparisons of ventilation effectiveness are show in
Figure 12b in the same manner as before.

Since every plotted point of the average spatial con-
centration in Type 10—Iype 13 room model is above the
hyperbolic curve, it may be concluded that the arrange-
ment of the supply outlets in Type 10—Type 13 for this con-
taminant source is inferior to that of Type 4 under the same
air exchange rate. For contaminant source point C, ventila-
tion effectiveness among these different cases of arrange-
ment of supply outlets is estimated in the following order:
Type 4 > Type 13 = Type 11 > Type 10 > Type 12.

For the values of the mean radius of diffusion, there
seems to be small difference among them.

Diffusion Field in Case of Contaminant
Generated at B (Type 4, 10-13)

Source point B is placed near the wall. In every type,
strong rising streams appear along the wall (cf. Figures 11a,
d, g, ], and m). The contaminant generated at source point
B is transported by this rising stream, and the contami-
nated area spreads widely from the source point to the
ceiling.

The contaminants spread in the flow unit that contains
the contaminant source and some spread inthe adjacent
flow units, which are located between the contaminant
source and the closest exhaust inlet. In the case of Type 4,
about one-third of the room is highty contaminated, while
in the other cases about one-half of the room is
contaminated.

Lix

Comparison of Location of Supply Outlets
concerning Ventilation Effectiveness
(Source Point B)

For the case of source point B, two kinds of average
spatial concentration and the mean radius of diffusion are
tabulated for each type in Table 6; comparisons of ventila-
tion effectiveness are show in Figure 12c as before.

Since the plotted points of the averaged spatial con-
centration of Type 11 and Type 12 are below the hyperbolic
curve, it may be concluded that for this contaminant
source, the arrangements of the supply outlets in Type 11
and Type 12 are superior to that of Type 4 under the same
air exchange rate from the viewpoint of ventilation effec-
tiveness. Note especially that Type 11, which has only five-
ninths the air exchange rate of Type 4, has almost equal
ventilation effectiveness with Type 4. Thus, for contaminant
source point B, ventilation effectiveness among these dif-
ferent arrangements of supply outlets is estimated in the
following order: Type 11 > Type 13 > Type 12 > Type 4 >
Type 10.

The values of the mean radius of diffusion for these
room models, except for Type 4, are close to 4.0 and thus
larger than Type 4 (3.1: cf. Table 6).

DISCUSSION

Flow fields and diffusion fields (Model 2) are com-
pared among Type 4 and Type 10-Type 13 clean roomsin
which the arrangement and the numbers of supply outlets
vary. Type 4 has the most effective ventilation ability, and
Type 13 has the worst ventilation ability because the former
has the largest air exchange rate and the latter has the
smallest value. However, when a comparison is made bas-
ed on dimensionless concentration Model 1, which means
that itis made assuming of the same air exchange rate and
the same generation rate, the arrangement the supply
outlets that has the most effective ventilation ability differs
in accord with the position of the contaminant source.

For the three cases of contaminant source analyzed
here, the ventilation ability of Type 11 is relatively effective
because its five supply outlets and resultant five flow units
are in a checkered arrangement with clear boundaries.

CONCLUSION

Flow fields and contamination diffusion fields in
several types of conventional-flow-type clean rooms are
analyzed by means of numerical simulation based on the
k — e two-equation model. Inthese analyses, the influence
of the arrangement of supply outlets and exhaust inlets on
flow fields and contaminant diffusion fields is clarified. The
results are as follows:

1. Numerical simulation easily and precisely manifests
complex conditions that cannot be realized in model
experiments. Numerical simulation is the most useful
method for analyzing parametrically the influence of
changes in the flow conditions.

2. The supply outlets have great influence on the flow
fields and also a rather large influence on contaminant dif-
fusion fields. When the numbers of the supply outlets are
decreased, the flow units corresponding to the eliminated
supply outlets disappear and the remaining flow units
expand.



3. The arrangement of exhaust inlets has a rather small
influence onthe flow fields. However, since the path of con-
taminant transportation is changed greatly by the position
of the exhaust inlets, contaminant diffusion fields are likely
to be affected greatly by the arrangements of the exhaust
inlets.

4. The arrangement of the supply outlets in a
checkered pattern is superior to the arrangement of the
supply outlets in a linear pattern from the viewpoint of ven-
tilation effectiveness in general.

NOMENCLATURE

C,C1.C, = empirical constants in k — e turbulence model
(cf. Table 2)

C mean contaminant concentration

(@]
o
i

representative concentration defined by that of
exhaust outlet

empirical constant in log law, 9.0 in case of
smooth wall

interval of finite difference

length from the solid wall surface to the center of
the adjacent fluid cell

turbulence kinetic energy

length scale of turbulence

representative length for non-dimensionalization
defined by width of supply outlet

mean pressure

contaminant generation rate

air exchange volume

scale for ventilation efficiency

components of mean velocity vector
representative velocity for non-dimensionalization
defined by inflow jet velocity

turbulence dissipation rate

von Karman constant, 0.4

fluid density

molecular kinematic viscosity

eddy kinematic viscosity

m
Il

=g
[

- - x
nunn

(LA [ A A

T ™ x M
1 1 [

01,05,05 = turbulence Prandtl/Schmidt number of k, ¢, C
(cf. Table 2)
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