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DIFFUSION CHARACTERISTICS
OF AIRBORNE PARTICLES WITH
GRAVITATIONAL SETTLING IN
A CONVECTION-DOMINANT

INDOOR FLOW FIELD

S. Murakami, D.Eng. S. Kato, D.Eng.
Member ASHRAE Member ASHRAE
ABSTRACT

I Particle diffusion with gravitational sedimentation has
been investigated.” The property of particle diffusion
becomes complicated with the increase of particle size
because of the effect of gravitational sedimentation.

Maintaining a high degree of cleanliness in a clean
room requires the ability to predict and control the
diffusion characteristics of various sizes of airborne
particles in the room. This study seeks to establish a
method of predicting the diffusion characteristics of such
airborne particles in a conventional flow-type clean room
by numerical simulation based on the k-¢ two-equation
turbulence model and by the particle diffusion model
considering gravitational sedimentation. In order to
validate the accuracy of the simulations, the authors
compared the numerical simulations with the experimental
results. A good correspondence was found between the
experiments and the numerical simulations of airflow
Sields. |

ce it is rather difficult to examine the charac-
teristics of the diffusion field of particle sizes larger than
10 um by experimental methods, the technique of numer-
ical simulation was used to systematically analyze the
effect of particle size on the diffusion fields under the
effect of gravitational sedimentation.

Diffusion fields with particle sizes smaller than 4.5
um in diameter are regarded as having no gravitational
sedimentation in a conventional flow-type clean room with
a convection-dominant flow field. In cases of larger
particle size, i.e., 50 or 100 um, the effect of gravita-
tional sedimentation must be taken into account.

INTRODUCTION

This study is one of a continuing series of efforts to
predict and analyze the diffusion characteristics of air-
borne particles in clean rooms by means of experiments

S. Nagano Y. Tanaka

and numerical simulations. Predicting and controlling such
diffusion characteristics are particularly important when
designing clean rooms for high levels of cleanliness and
maintaining their efficiency. Airborne particles are often
assumed to be passive contaminants, that is, assumed to
move in the same manner as the airflow under the
prevailing influence of advection and diffusion. This
assumption is adequate when predicting the diffusion
characteristics of small-diameter airborne particles in
clean rooms. However, particles with a certain scale of
diameter have their own inherent properties of coagula-
tion, sedimentation, and deposition that are different from
those of gaseous contaminants, and it then becomes
necessary to examine the inherent properties of advection
and diffusion of such particles throughout the room by
taking these factors into account.

Many previous studies have confirmed the effec-
tiveness of analyzing diffusion fields in conventional flow-
type clean rooms by numerical simulation. The authors
and others have confirmed that numerical simulation based
on the k-e two-equation turbulence model reproduces the
three-dimensional isothermal airflow fields of a clean
room with sufficient accuracy (Murakami et al. 1987;
Nielsen 1988; Baker et al. 1988). The authors have also
confirmed through many studies that numerical simulation
of gas diffusion where the gas has the same specific
density as air will reproduce the results of model ex-
periments concerned with contaminant distributions in a
clean room (Murakami et al. 1988, 1989). However, for
the diffusion of airborne particles as affected by gravita-
tional sedimentation, there are few studies on particle
concentration distribution over the whole room that
consider the inherent properties of the airborne particles
and gravitational sedimentation (Busnaina et al. 1988).

This study thus examines the validity of simulations
of airborne particle behavior in clean rooms. There are
many difficulties in carrying out accurate experiments that
analyze the behavior of airborne particles with larger
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diameters. It is difficult to continuously generate airborne
particles larger than 5 um in diameter in an experiment.
Also, in such experiments, particle loss often occurs as a
result of adhesion to the sampling tubes used for mea-
suring particle concentration. Consequently, it is difficult
to examine, by model experiments, the effect of gravita-
tional sedimentation of such large particles on the dif-
fusion fields in the room. Therefore, the purpose of this
study is to systematically analyze these effects by numer-
ical simulation.

BASIC CONDITIONS FOR ANALYSIS
Size of Airborne Particles

Particles that are troublesome with regard to control
of cleanliness in actual clean rooms are usually considered
to be those about 0.3 to 4.5 um in diameter. Howeyver, to
clearly examine the effects of gravitational sedimentation
on diffusion, the analysis given here includes particles up
to 100 um in diameter. A maximum concentration of
about 10% particles/m® is assumed. The gravitational
settling velocity is calculated considering the properties of
monodispersed standard polystyrene globular particles
(density = 1.05 g/cm?).

Advection and Turbulent Diffusion
of Airborne Particles

The relaxation time of airbome particles, 7, is ex-
tremely small, i.e., about 1 X 10~7 s for particles 0.1
pm in diameter at a density of 1 g/cr_n3, about 3 x 1076
s for particles 1 um in diameter, and about 3 X 10745
for particles 10 ym in diameter. The diffusion coefficient
given by Brownian motion is extremely small when
compared to the 0.15 cm?/s of kinematic viscosity of air,
i.e., 8 X 107 cm?/s for particles 0.1 um in diameter, 3
X 10~7 cm?/s for those 1 um in diameter, and 2 X 10—8
cm?/s for those 10 um in diameter. For these reasons, the
passive scalar contaminant is assumed to be such that,
when considering advection and turbulent diffusion of a
simple airborne substance of small diameter in a room, it
moves in exactly the same way as airflow to a first
approximation, without interfering with the movement of
the airflow. However, in some cases it is necessary to

take account of body forces, such as gravity, electrostatic
forces, etc., if the particles are affected by their effects.
Particular attention is paid to the effects of gravity. The
gravitational settling velocity, 7g (¢ = gravitational
acceleration = 9.8 m/s?), is often difficult to ignore with
large particle sizes, so the usual hypothesis of passive
scalar contaminants cannot be maintained (e.g., 0.003 m/s
for particles 10 pm in diameter [see Table 1]).

Coagulation of Airborne Particles

The effect of coagulation depends largely on the
initial particle concentration. If the initial value is about
108 particles/m3, as assumed in this study, the change in
particle concentration due to coagulation is found by the
preliminary analysis to be extremely small, even when the
influence of diffusion by Brownian motion is included.In
the range of particle concentration considered in this
study, it is thus reasonable to assume that the particle size
distribution is not changed by coagulation. The syn-
thesized diffusion properties of airborne particles with
various particle sizes may possibly be evaluated using a
simple superposition of the respective diffusion fields of
each particle size.

Deposition of Airborne Particles

Generally speaking, the phenomenon of deposition
becomes effective within a small-length scale related to
Brownian diffusion or electrostatic force. Therefore, this
effect becomes important when considering the behavior
of airborne particles near a wall or equipment. However,
when considering the diffusion characteristics of airborne
particles in the room as a whole, the significance of
changes in the particle concentration due to deposition
may be considered negligible. In this study, the effect of
deposition is therefore considered only where it results
from gravitational sedimentation.

FULL-SCALE MODEL EXPERIMENTS

Figure 1 shows the configuration of the full-scale
clean room used for measurements (L X W X H =
3,290 mm X 5,850 mm X 2,800 mm), and Table 2 gives
the specifications of the clean rooms used for the simula-
tions and experiments, The experiments and simulations

TABLE 1

Gravitational Settling Velocity by Particle Size
Particle size 0.3l 1.0 4.5 10 50 100
(um)
Gravitational 4.5 3.5 6.2 3.0 1.5 3.0
settling x10°-¢ x10°8 x10°4 xlo-* x10°2 x10°!
velocity(m/s)
NOTE: Particle density is assumed to be 1 g/cm® (polystyrene, etc.)

and particles of globular shape.
gravitational settling equation.

Calculated using Stokes'

=



(a) Type 1 (no obstacle)

Figure 1

were carried out under conditions of an isothermal flow
field (supply velocity = 1 m/s). The air exchange rate
was 40 per hour in both Type 1 and Type 2 experiments
(two supply outlets, four exhaust inlets). The model
equipment is installed in the middle of the Type 2 room
as an airflow obstacle (L X W X H = 1,100 mm X 650
mm X 820 mm).

Measurements of airflow fields were taken using
thermistor anemometers reading the scalar velocity, and
direction was determined by visual observations using a
smoke tester. To measure the concentration of airborne
particles, an optical particle counter was used. A sampling
tube (6 mm in inside diameter, 5 m in length) with a
pumping speed of 4.7 X 10~ m3/s (0.1 ft3/min) and a
measurement time of 60 seconds was also used. Particles
were generated by an atomizer using two types of mono-
dispersed polystyrene standard particles (average particle
sizes of 0.31 and 1.0 um, respectively, and a density of
1.05 g/cm® in common). Considering the particle con-
centration frequently observed in clean rooms, the
generation of particles was set at about 10° particles/s (the
nominal concentration in the room [particle generation
rate divided by airflow rate] is about 3 x 10° par-
ticles/m?), and the particle concentration at the source was
about 6 X 108 particles/m’.

i
:aupply air velocity

(b) Type 2 (with obstacle)

Model clean rooms used for full-scale experiments and simulations.

As the particle concentration was rather high near the
source, the degree of coagulation near the source had to
be examined. The half-value period of particle number
due to turbulence coagulation in the case of a monodis-
persed aerosol of 1.0 um particle size (turbulence coagu-
lation constant K = 10716 m¥/s with €, assumed to be
3.3 x 1073 m2/s3) is about 107 seconds, according to
preliminary calculations based on the simple coagulation
model dn/dt = —Kz.n2 (Takahashi 1982). This value (107
seconds) is sufficiently large compared with the nominal
diffusion time in a room of 180 seconds (the length of
time required for one air exchange), so the influence of
the turbulence coagulation can be ignored. The effect of
coagulation due to the Brownian motion has already been
shown to be much smaller.

NUMERICAL SIMULATION

The configurations and specifications of the model
clean rooms used for simulation were the same as those
shown in Figure 1 and Table 2, respectively. The isother-
mal three-dimensional airflow properties were analyzed on
the basis of the k-¢ model. Table 3 shows the basic
equation and the numerical constants, while Table 4 gives
the boundary conditions and finite-difference scheme. The

TABLE 2
Specifications of Model Clean Rooms Analyzed
Type of Number Number Supply Height Volume of Airflow
clean of of outlet of air change obstacle
room supply exhaust velocity source
outlets inlets (m/s) (m) (m?/s)
Type 1 2 4 1.0 0.25 0.64 No
Type 1 2 4 1.0 0.8 0.64 No
Type 1 2 4 1.0 1.6 0.64 No
Type 2 2 4 1.0 0.85 0.64 Yes

3



TABLE 3
k- Two-Equation Model (Three-Dimensional)

(1) Continuity equation

ouy

X% - 0

(2) Momentum equations

au, au\u, 8 Bl 21 8 ol , a8y

gt o Lt soiet £x) ¢ gl (G2t a1l )
{3) Transport equation for turbulent energy k

dk , 9kl _ d [v. ]+ w0 " =

dt ax; ax_p (oY 6)(,. ¢
(4) Transport equation for turbulent energy dissipation &

Jd¢e dely _ 3 ve de £ v B

at ' 39X, %, Lo, ax,] Gy 5T -Gy

(5) Expression of eddy kinematic viscosity based on eddy viscosity modelling

Ve= Cu=-= Cug

(6) Transport equation for concentration C

8C , 8CU, , 9CW, _ 9 veﬂ] + C
It d X, dXs X, Los 80X, ’

2

Here, S' = 2SS = {2 gg: gg }

0.1=1.0, 01=1.3, 0s=1.0, Cu=0.09,Ci=1.44,C2=1.92

TABLE 4
Boundary Conditions and Finite-Difference Scheme for Numerical Simulation
(1) Supply Ue=0.0, Un=Uoue, ko=0.005(m*/s?), £,=0.285(m), C= C,
Qutlet subscript t, n: tangential and normal direction with respect to
outlet surface.
Uo: supply outlet velocity (=1.0 m/s)
Co: supply concentration (=0.0 kg/m®)
(2) Exhaust Ue=0.0, Un=U;n, 3k, /3n=0.0,8 ¢,/8n=0.0,8C,/3n=0.0
Inlet Uin: exhaust inlet velocity (=1.0 m/s) 7
(3) Wall (0Ue/ 3n)nao=m(Us) nan/h, Ua=0.0,3 k/n=0.0,3 C/3n=0.0,
Surface (e)nen=( Cit knen®?) /(Cu'’* kh)
h: distance from wall surface to the center of the near-wall cell
m: 1/7, power law profile U. oc Z® is assumed near the wall
k: 0.4, von Karman constant
(4) Finite Space differential:
Difference 1)QUICK scheme : momentum equation
Scheme 2)First-order upwind scheme : transport equations for k, e and C

3) Centered differential scheme for all others

Time differential:
Adams-Bashforth scheme with

second-order accuracy

NOTE: This simulation is performed using full-scale physical parameters.

analyses of the airflow and diffusion fields were per-
formed with a mesh system of 43(X) X 20(Y) X 23(Z)
in Type 1 and 43(X) X 20(Y) X 20(Z) in Type 2. Figure
2 shows the mesh system for Type 1.

In the numerical simulations of the diffusion of
airborne particles, the following assumptions were applied
on the basis of the previously described assumptions.
When the gravitational settling velocity is assumed to be
zero, contaminant diffusion is assumed to be the same as
that of a completely passive scalar contaminant. That is,
(1) distribution changes due to particle loss from coagula-
tion and deposition are ignored, (2) gravitational sedi-
mentation is ignored, and (3) airborne particles are

b

considered as being transported as one body with the air.
In all simulations, it is assumed that particle generation is
constant, and the rate of generation is chosen so that
nominal concentration (particle generation rate divided by
airflow rate) is 1.0.

When gravitational settling velocity is considered, as-
sumption 1 (neglecting the effects of coagulation and
deposition by Brownian diffusion) is applied, but as-
sumptions 2 and 3 are not because particles are deposited
on the floor by gravity. The particle diffusion is assumed
to follow Equation 6 in Table 3, and airborne particles on
the floor and top surfaces of the obstacle are assumed to
be removed from the air by sedimenting and accumulating
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Model clean rooms used for full-scale ex-
periments and simulations.

Figure 1

due to the downward concentration flux as a result of
gravitational sedimentation.

The total concentration flux toward the floor, namely,
the deposition rate onto the floor, is expressed as (—U;C
- W.C + yloy - 3 C/0 X3). When considering the
gravitational settling velocity in this simulation, the
resulting concentration flux toward the floor is given as
W,C. 1t is calculated assuming a normal velocity, U;, and
a normal concentration gradient, dC/dX;, at the floor
surface as zero. Furthermore, the effect of deposition by
Brownian motion onto the floor is ignored. The validity
of the simulation results is examined by comparing them
with the results of the full-scale experiment. In these
experiments, where monodispersed polystyrene standard
particles of 0.31 um are used, gravitational sedimentation
is found to be negligible.

COMPARISON OF EXPERIMENTS AND
NUMERICAL SIMULATIONS WITHOUT
GRAVITATIONAL SEDIMENTATION

Flow Fields in Type 1 Room Model

Figures 3a, 3c, and 3e show the results of simulations
and Figures 3b, 3d, and 3f show the results of the full-
scale experiments. Both indicate approximately sym-
metrical velocity fields, and the averaged flow fields
correspond well with each other. The supply jet spreads

in all directions after reaching the floor (Figures 3c, 3d)
and rises along the walls (Figures 3a, 3b, 3e, 3f). Be-
tween the supply outlet jets, the airflows along the floor
collide, forming a small rising stream (Figures 3a, 3b). In
the cross section (Figures 3e, 3f), a recirculation consis-
ting of a downward flow in the center and a rising flow
at the walls appears due to the effects of the supply outlet
jets. However, a distinct downward flow is observed in
the center area in the case of the simulation, while in the
experiments this airflow velocity is small and somewhat
different from the simulation (Figures 3a, 3b, 3e, 3f).
Although there are some unknowns, including the short-
comings of the k-¢ model itself, one reason for this
difference may be that the average velocity profile and the
turbulent flow properties at the supply outlet cannot be
precisely matched for the simulations and the experi-
ments. This difference between simulated and measured
airflows causes a small lack of correlation between the
diffusion characteristics of the simulations and the ex-
periments when the height of the source is changed, as
will be described below.

Diffusion Fields of Type 1 Room Model

The diffusion properties of monodispersed airborne
particles 0.31 um in diameter, as measured in experi-
ments, are shown in Figures 4, 5, and 6. Since the
gravitational settling velocity of 0.31-um particles is 4.5
x 106 m/s, the effect of gravitational sedimentation on
diffusion properties is small, as is experimentally exam-
ined in the appendix. The space concentration distribution
is presented as the dimensionless concentration divided by
the average concentration at the exhaust (nominal dif-
fusion concentration) in both experiments and simulations.
Except in the cases shown in Figures 4 and 5, the dif-
fusion properties are almost symmetrical, so only one-half
of the distribution is shown.

Case of Airborne Particles
Generated Near Wall (Figure 4)

Although there are some differences in the distribu-
tion of high-concentration areas, the clean domain (with
a dimensionless concentration of less than 0.4) is very
similar in the simulation (Figure 4a) and in the experiment
(Figure 4b).

Case of Airborne Particles
Generated Under Supply Jet (Figure 5)

Except for small differences in the shape of the
dimensionless concentration contour line, the pattern of
concentration distributions is almost the same in the
simulation (Figure 5a) and in the experiment (Figure 5b).

Case of Source Height Being Different (Figure 6)

The diffusion patterns in the cases of source heights
being 0.25 and 0.8 m (Figures 6a, 6b, 6¢, 6d) show good
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correspondence between the simulations and the experi-
ments. When the source height is 1.6 m (Figures 6e, 6f),
the domain of dimensionless concentration above 1.6 is
larger in the simulation than in the experiments. This is
because at the source height 1.6 m, airflow conditions
differ slightly between the simulation and experiments, as
stated before.

Airflow Fields in Type 2 Room Model
Figures 7a and 7b show the results of simulations and

experiments when an obstacle is placed in the center of
the room. The airflow fields of the simulation (Figure 7a)

(%

Comparisons of flow fields of Type 1 room model (with obstacle).

and the experiment (Figure 7b) correspond approximately,
such as where the supply jet impinges on the floor and
diffuses in all directions, becoming a rising airflow along
the side of the obstacle and the wall of the room.

Diffusion Fields in Type 2 Room Model

When the source is located in an area of weak airflow
on the upper surface of the obstacle, the airborne particles
stagnate, causing a high concentration domain. Thus, the
results of the simulation (Figure 8a) and the experiment
(Figure 8b) match well. This can be expected, since the
airflows in the numerical simulations and the experiments
also correspond closely (Figure 7).



(a) simulation

(zero gravitational settling velocity)

source

(b) full-scale experiment

(particle size 0.31um)

including supply outlets (section)

Figure 4

(a) simulation

(zero gravitational settling velocity)

Comparison of contaminant distributions of Type 1 room model (no obstacie, source located near the wall).

(b) full-scale experiment

(particle size 0.31um)

including supply outlets (section)

Figure 5
Jet).

Discussion of Negligible Gravitational Sedimentation

As is experimentally shown in the appendix, airborne
particles of about 0.3 pm in diameter have approximately
the same diffusion properties as a gas of the same density
as air, as far as the time-averaged space concentration
distribution is concerned. This is due to the fact that the
characteristic time scale of diffusion in areas where
advection and turbulent diffusion are predominant is small
compared with the characteristic time scale related to
inherent particle properties such as gravitational sedimen-
tation. Thus, the spatial concentration distribution of
particles about 0.31 um in diameter, for which gravita-
tional sedimentation can be ignored, is well predicted by
the simulation with no consideration of sedimentation, as
would be expected, since previous studies (Murakami et
al. 1987, 1988) confirmed that the diffusion properties of
a gas equal in density to air can be well reproduced by
simulation.

Comparison of contaminant distributions of Type 1 room model (no obstacle, source located just under supply

NUMERICAL ANALYSIS CONCERNING EFFECT
OF GRAVITATIONAL SEDIMENTATION

The diffusion properties of airborne particles are
examined in the case of gravitational sedimentation for
Type 1 and Type 2 airflow fields. For comparison, the
results of zero gravitational settling velocity are also
shown.

Diffusion Fields for Type 1 Room Model

{Figure 9a)

Figure 9a shows the diffusion properties of monodis-
persed polystyrene standard particles of 0.31-um diameter
as measured by full-scale experiments. Only one-half of
the symmetrical results are shown. Table 5 shows the
average concentration in the room and at the exhaust inlet
for each particle size.



(a) simulation (b) full-scale experiment

height of source is 0.25 m

(c) simulation (d) full-scale experiment

height of source is 0.8 m

s iaaee

(e) simulation (f) full-scale experiment

height of source is 1.6 m

0 04 08 16 3.2
Dimensionless concentration

Comparison of contaminant distributions of
Type 1 room model (no obstacle, height of
sources is changed, simulation: gravitational
settling velocity is assumed to be O, experi-
ment: particle size = 0.31 um).

Figure 6

Case of Zero Gravitational Settling Velocity
{Figure 9b)

As was stated above, the results of the simulations
correspond well with those of the experiments.

including supply outlets (section)
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(b) full-scale experiment
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Figure 8  Comparison of contaminant distributions of

Type 2 room model (with obstacle).

Cases with Various Gravitational Settling
Velocities Considered by Particle Size
(Figures 9c¢ through 9h)

The results of the simulations for particle sizes of
0.31 to 10 pum (Figures 9c through 9f) do not differ
significantly from those with zero gravitational settling
velocity. However, the larger the particle size, i.e., 50
and 100 um (Figures 9g, Sh), the smaller the diffusion
area of the airborne particles. When the clean domain
with a dimensionless concentration below 0.4 extends
over a greater portion of the room, the results of the
simulations are very different from those of the experi-
ments with a particle size of 0.31 um. As shown in Table
5, the room-average concentration is about 1.7 when the



(a) full-scale experiment (b) simulation (c) simulation

(particle size 0.31um) (zero settling velocity) (particle size 0.31 um,
settling velocity 4.5x10"%m/s)

(d) simulation (e) simulation (£) simulation

(particle size 1.0um, (particle size 4.5um, {particle size 10 um,
settling velocity 3.5x10"°m/s) settling velocity 6.2x10 ‘m/s) settling velocity 0. 3cm/s)

o Il | < I
0 04 08 1.6 3.2
, Dimensionless concentration
(8) simulation {h) simulation
(particle size 50um, (particle size 100um,
settling velocity 7.5cn/s) settling velocity 30cm/s)

Figure 9  Comparisons of contaminant distributions of Type 1 room model (no obstacle, gravitational settling velocity is
considered).

TABLE 5
Average Concentration in Room and at Exhaust Inlet by Particle Size

Type of Airflow Average Particle size (um)

clean obstacle concentration

room 0.31 1.0 4.5 10 50 100

Type 1 No Room 1.70 1.70 1.68 1.59 0.52 0.11
Exhaust 0.99 0.%9 0.98 0.91 0.11 0.00

Type 2 Yes Room 1.84 1.84 1.77 1.47 0.05 0.01
Exhaust 0.99 0.99 0.95 0.77 0.01 0.00

NOTE: Value of concentration is normalized with that at the exhaust in
the case of 0.31 um particles.

?



particle size is below 4.5 um, while it is about 0.5 when
the particle size is 50 ym, showing a distinct difference
in the effect of deposition between the two cases. The
average concentration at the exhaust inlet decreases as the
particle size increases, directly reflecting the result of
deposition on the floor. In particular, the concertration at
the exhaust inlet falls to zero in the case of 100-um
particles; consequently, it may be concluded that most
particles accumulate and deposit on the floor without
being exhausted from the room. The experiments de-
scribed in the appendix also show that the effects of
gravitational sedimentation on the diffusion of 4.5-um
particles are very small, confirming the findings observed
in the simulation results.

Diffusion Fields for Type 2 Room Model
(Figure 10a)

Particles are assumed to be generated in the calm
region above the top surface of the obstacle.
Case of Zero Gravitational Settling Velocity
{Figure 10b)

As already described, the simulation results well
reproduce those of the experiments.
Cases with Various Gravitational Settling
Velocities Considered by Particle Size
(Figures 10c through 10h)

When particles are smaller than 4.5 um (Figures 10c
through 10e), the results from the simulation do not differ

(a) full-scale experiment (b) simulation (c) simulation

(particle size 0.31um) (zero settling velocity) (particle size 0.31um,

settling velocity 4.5x10"°m/s)

%

(d) simulation (e) simulation (f) simulation

(particle size 1.0um, (particle size 4.5um, (particle size 10um,
settling velocity 3.5x107%m/s) settling velocity 6.2x10"“m/s) settling velocity 0.3ca/s)

——
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i L ;
0 04 08 1.6 3.2
| Dimensionless concentration
i YYTrTTSE—ra
(g) simulation (h) simulation
(particle size 50um, (particle size 100 um,
settling velocity 7.5cm/s) settling velocity 30cm/s)

Figure 10  Comparisons of contaminant distributions of Type 2 room model (with obstacle, gravitational settling velocity

is considered).



from those with zero gravitational settling velocity. When
the particles are larger—10 um (Figure 10f)—the influ-
ence of gravitational sedimentation begins to appear. As
the particle size becomes even larger, 50 and 100 um
(Figures 10g, 10h), the diffusion of airborne particles
becomes very small and the clean domain with a dimen-
sionless concentration of less than 0.4 occupies the whole
room. As shown in Table 5, the average concentration at
the exhaust inlet is almost zero when the particle size is
50 pm, which is still smaller than the value of 0.11 given
in the case of Type 1. This is the direct effect of depo-
sition on the top surface of the obstacle, because depo-
sition due to gravitational sedimentation is particularly
effective when the vertical distance between the source
and surface of the obstacle is small.

Discussion on the Effects of
Gravitational Sedimentation

In this study, the characteristic time scale for tur-
bulent diffusion and advection due to airflows in the room
is estimated to be about 100 seconds on the basis of the
air change rate in the room (40 per hour). On the other
hand, in the case of Type 1, the time scale calculated by
gravitational settling velocity (0.3 cm/s) for particles 10
pm in diameter is about 300 seconds from the source to
the floor (0.8 m), or three times the characteristic time
scale for turbulent diffusion due to the airflow in the
room. However, the characteristic time scales calculated
by gravitational settling velocity for particles 50 ym and
100 pum in diameter are very much shorter than for tur-
bulent diffusion, about 10 seconds and 3 seconds, respec-
tively. The difference in the ratio between the two
characteristic time scales is well reflected in the con-
centration distributions, as shown in Figures 9 and 10. In
other words, the effect of gravitational sedimentation can
be predicted easily by the rough estimations of the two
characteristic time scales related to sedimentation and
turbulent diffusion. The effect of gravitational sedimen-
tation becomes significant only when the former time
scale falls to the same order as or to an order below the
latter time scale.

CONCLUSIONS

As a method for predicting airborne particles in a
conventional flow-type clean room, the numerical simula-
tion method using the k-e model and the particle diffusion
model considering the effects of gravitational sedimen-
tation were examined. The following resuits were ob-
tained:

1. With regard to the concentration distribution of small
airborne particles with negligible gravitational sedi-
mentation, the experimental results are well repro-
duced by the simulation by means of the k-¢ model,
assuming a complete passive scalar contaminant.

(i

2. In the diffusion fields examined here, airborne
particles smaller than 4.5 um show diffusion proper-
ties similar to those in the case of zero gravitational
settling velocity. When the particles are larger, 50 or
100 pum, almost no diffusion takes place in the room;
instead, particles accumulate on the floor. Conse-
quently, the room takes on an entirely different
concentration distribution. When the particle size is
10 pm, although the effects of gravitational sedimen-
tation start to appear, diffusion properties similar to
those of the 4.5-um particles are observed.

3. A good indicator of the characteristic time scale for
turbulent diffusion fields in the room is the air
exchange rate. When the sedimentation time scale of
airborne particles (calculated by the vertical distance
from the source to the solid surface boundary and the
gravitational settling velocity) is larger than or on the
same order as this characteristic diffusion time scale,
the diffusion fields do not differ much from that in
the case of zero gravitational settling velocity. How-
ever, as the sedimentation time scale becomes smal-
ler, the effects of gravitational sedimentation appear
and the diffusion properties of airborne particles vary
greatly from the case of zero gravitational sedimen-

tation.

NOMENCLATURE

C#’ Cl)

and C, = empirical constants in the turbulence model
(see Table 3)

c = mean concentration of airborne particles

C, = source term of airborne particles

C, = correction term due to coagulation

Dy = eddy diffusivity coefficient

g = gravitational acceleration

k = turbulence energy

k.. = boundary value for k of inflow

K; = turbulent coagulation constant

¢ = length scale of turbulence

L = boundary value for ¢ of inflow

L, representative length scale defined by width
of supply outlet

P = mean pressure

Re = Reynolds number

W = settling velocity of airborne particles

U, U; = components of velocity vector

U, = representative velocity defined by inflow air
velocity

€ €, = turbulent energy dissipation

K = von Karman constant, 0.4

P = density

v, = eddy kinematic viscosity

ay, 09,

and 03 = turbulence Prandtl/Schmidt number of k, e,
C (see Table 3)

T = relaxation time of airborne particles
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APPENDIX

MODEL EXPERIMENTS ON EFFECTS
OF GRAVITATIONAL SEDIMENTATION
OF AIRBORNE PARTICLES

To examine in detail the effects of gravitational
sedimentation on the diffusion properties of airborne
particles, diffusion experiments in which the relative
settling velocity of particles (the ratio of gravitational
settling velocity to supply outlet velocity, W/U,) is varied
were performed using a one-fifth scale model room. The
concentration distribution properties were measured in
detail.

MODEL EXPERIMENT

Figure 11 shows the model used for the measure-
ments (L X W X H = 1,050 mm X 770 mm X 490
mm). Table 6 shows the measurements for the experi-
ments performed. The experiments were carried out using
an isothermal supply jet. Contaminant sources were
located at two points, one at a height of 35 mm (@ point)
and one at 245 mm (® point) in the center of the model
room. The center section of the model room, including a
supply outlet and an exhaust inlet, was measured. Airflow
was measured in components in three directions using a
hot-wire, tandem-type probe (Murakami et al. 1980).

To measure the concentration of airborne particles,
the particle counter mentioned in the main text was used.

1050

8 (unit:mm)

e

...................

supply outleti §
(70x70)¢ %
_____ : ‘§~
\‘\‘ §
: AN
exhaust inlet 2>
(70x70)

Figure 11 Room model and measuring plane (room
model: one supply outlet and one exhaust
inlet, one-fifth scale model).



TABLE 6
Classification of Measurements
{Change in Supply Outlet Velocity and Gravitational Settling Velocity)

Case Measure- Supply Source Contaminant Gravitational Ws/Uo
No. ment No. outlet position settling
velocity velocity (m/s)

1 Ethylene - g

1 2 €) 0.31um particle 4.5x10°° 2.3x10"°
3 2.0(m/s) 1.0 puwm particle 3.5x10°% 1.8x10-°
4 (Re= 4.5 um particle 6.2x10°*" 3.1x10°*
5 Ethylene - ==

2 6 3300) ® 0.31 um particle 4.5x10"°° 2.3x10"°°
7 1.0 um particle 3.5x10°°% 1.8x10"°°
8 4.5 um particle 6.2x10°* 3.1x10°¢
9 Ethylene - -

3 10 0.31um particle 4.5x10°°% 9.0x10-°
11 0.5(m/s) 1.0 um particle 3.5x10°® 7.0x10"°°
12 (Re= 4.5 puwm particle 6.2x10"°¢ 1.2x10°?
13 Ethylene - =

4 14 2300) ® 0.3t um particle 4.5x10°% 9.0x10-°
15 1.0 um particle 3.5x10°°% 7.0x10"°
16 4.5 um particle 6.2x10°* 1.2x10"%

Airborne particles were generated by spray drying, using
an atomizer. Three types of monodispersed polystyrene
standard particles (0.31, 1.0, and 4.5 um in particle size
and 1.05 g/cm? in density) were used. These particle sizes
were chosen because the airborne particles that create
various problems in clean rooms are usually up to 5 um
in diameter. The particle concentration just after the
source was 10% to 1010 particles/ma. With a sponge ball
4 cm in diameter stationed at the edge of the particle-gen-
eration tube, contaminants were uniformly generated in all
directions with a discharge velocity of less than 1 cm/s,
which has no effect on the airflow in the room. Since air
is cooled in the atomization process, particular care was
paid at this point to keep temperature differences in the
model room within a tolerance of 0.1°C. To compare the
diffusion properties of airborne particles, a diffusion
experiment using a tracer gas of ethylene (one with the
negligible buoyancy effect, specific gravity 0.97) was
performed as well. To measure the tracer concentration,
a flame ionization detector (gas chromatography) was
used. The airflow and the concentration of airborne
particles and contaminants are given here as average
values over a measured time of 30 seconds.

DIMENSIONLESS DIFFUSION PARAMETER

The diffusion equation for airborne particles is
ac 9CU, oCW,
_— [P 4
ot oX; X,

0 DTaC +C
aX, 90X, r

"3

where

C = particle concentration

Dy = eddy diffusivity coefficient

C, = correction term due to coagulation, etc.,
which is ignored in the study

suffix 3 = component in vertical direction.

By making the equation dimensionless using the
representative length scale, L, and the representative
velocity scale, U, the following two parameters can be
obtained:

UL
-———2  (turbulent Peclet number)
D,

W,

T]:'. (settling velocity ratio).

In diffusion experiments using airborne particles, it is
necessary to take care with these parameters. In this case,
L, and U, (= 0.5 and 2 m/s) in each experiment are
fixed and the effect of a change in Wy/U, on the con-
centration distribution is examined in the model room
under conditions of approximately the same Peclet
number. Since Dris proportional to L, and U, the Peclet
number becomes the same automatically.

RESULTS OF EXPERIMENTS
Airflow Properties in Model Room (Figure 12)

. For both U, = 2 m/s and U, = 0.5 m/s, the airflow
distribution is similar. The supply jet attacks the opposite
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Figure 12 Measurement of flow fields by hot-wire,
tandem-type probe.

wall and descends to the floor along the wall, from which
it moves toward the exhaust inlet along the floor. Other
areas have low airflow velocities. The descending flow
near the surface of the wall on the right side of the room
is slightly weaker when the result of U, = 0.5 m/s
compared with that of U, = 2 m/s.

Diffusion Properties of Airborne Particles

Case 1 (U, = 2 m/s, Source Point @, Figures 13a
through 13d) The air in the supply jet is clean, and the
concentration rises between the source and the exhaust

inlet. No significant difference can be discerned between
the concentration distribution of ethylene and the other
three particle sizes. The characteristic velocity of advec-
tion and turbulent diffusion fields is defined as follows:
characteristic length scale/characteristic time. This value
is about 0.03 m/s assuming the characteristic time scale
of the room as a whole to be on the order of 100 seconds
(the reciprocal of the ventilation rate in the case of U, =
0.5 to 2 m/s) and the characteristic length scale of the
room as a whole to be 2.5 m (the distance along the
streamline from the supply outlet to the exhaust inlet).
The characteristic velocity scale, 0.03 m/s, is large
compared to the gravitational settling velocity, 6.2 X
10~* m/s, of particles 4.5 um in diameter.

Case 2 (U, = 2 m/s, Source Point ®), Figures 14a
through 14d) The air in the supply jet stays clean with
a higher concentration only very near the source. No
significant difference can be discerned between the
concentration distributions of ethylene and the other three
particle sizes.

Case 3 (U, = 0.5 m/s, Source Point (), Figures 15a
through 15d) The concentration distribution is similar to
case 1. No significant differences can be discerned
between the concentration distributions of ethylene and the
other three particle sizes.

Case 4 (U, = 0.5m/s, Source Point ®), Figures 16a
through 16d) The clean domain resulting from the
supply jet does not reach as far as the opposite wall. The
concentration is higher as a whole compared to case 2.
Figure 17 shows the correlation of concentration at each
measuring point for No. 13 (ethylene) and No. 16 (par-
ticle size 4.5 ym). No significant difference can be seen
between the concentration distributions of ethylene and the

(a) measurement No.l

(ethylene)

(b) measurement No.2

(particle size 0.3l um)

(c) measurement No.3

(particle size 1.0um)

(d) measurement No.4

(particle size 4.5um)

Figure 13  Comparisons of contaminant distributions in case 1 (U, = 2 m/s).
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(a) measurement No.5 (b) measurement No.6

(ethylene) (particle size 0.31um)

=

(c) measurement No.7 (d) measurement No.8

(particle size 1.0um) (particle size 4.5um)

Figure 14  Comparisons of contaminant distributions in case 2 (U, = 2 m/s).

(a) measurement No.9 (b) measurement No.10

(ethylene) (particle size 0.31um)

(c) measurement No.1l (d) measurement No.12

(particle size 1.0um) (particle size 4.5um)

Figure 15  Comparisons of contaminant distributions in case 3 (U, = 0.5 m/s).
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(a) measurement No.13

(ethylene)

(b) measurement No.14

(particle size 0.31um)

(c) measurement No. 15

(particle size 1.0unm)

(d) measurement No.16

(particle size 4.5um)
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. . / .
Dimensionless concentration

Figure 16  Comparisons of contaminant distributions in case 4 U, = 0.5 m/s).
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Figure 17  Correlation of C/C, between measurement
No. 13 (ethylene) and No. 16 (particle size

4.5 um).

4.5-pm-diameter particles. The correlation coefficient
between the two is 0.87 and is sufficiently high.

CONCLUSIONS

The concentration distributions in diffusion experi-
ments in which the ratio of the gravitational settling
velocity of the airborne particles to the supply airflow
velocity, Wy/U,, is varied from 2.3 X 1076 t0 1.2
X 1073 do not differ from those in the case of
passive scalar contaminants.

Since the supply airflow velocity of an ordinary clean
room is approximately 1 m/s, it may be concluded
that the effects of gravitational sedimentation on the
diffusion in a room can be practically ignored when
the particles are smaller than about 5 ym in diam-
eter.





