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ABSTRACT

An appropriate ventilation system design not only increases the
indoor ventilation effect but effectively improves the particle concen-
tration distribution.  The locations of indoor furniture are used to
analyze the indoor airflow and particle distribution by numerical skill
in this study.  Also, a 45 cm × 45 cm × 45 cm chamber is setup as
experiment apparatus which is made by acrylic resin board with 16
holes connected to supply air flow.  In order to simulate the furniture
effect, some wooden blocks are located at the chamber.  The tempera-
ture and humidity sensors are connected to the data acquisition system
with a personal computer to record all the test data.  The experimental
results show that much more deposited mass will be observed in
isolated zone than that in other area and the maximum simulated
suspending particles will exist at the vortex zone where the aerosol
distribution keeps almost constant.

INTRODUCTION

The particle size and concentration are very im-
portant factors for human living in an air-tight
environment.  It not only influences the human health
but also does in some precise manufacturing process.
Therefore, the research on the particle behavior for
considering the convective effect is very necessary in
some specific environment such as health facilities.

At 1988, Dunn [3] reported the influence of mois-
ture effect on particle deposition rate.  The moisture
decreased particle deposition rate because it changed
heat convection effect in the air.  Axley [1] examined
particle concentration with several important param-
eters such as indoor airflow, temperature and humidity.
By his experiment showed that the strength of airflow
would be most significant influence on the aerosol

distribution indoors.  Kurabuchi et at. [4] reported that
the particle diffusion increased as the temperature in-
creased and decreased the particle deposition rate.  At
2001, Lin [5] performed numerical simulation for ana-
lyzing the indoor air flow field; some important param-
eters including the inlet, outlet location, air jet speed,
temperature and the efficiency of the pollutants removal
were investigated.  This paper primarily studies the
effect of the locations of obstacles on the particle depo-
sition in an enclosure space where the temperature and
humidity are treated as minor factors.  The airflow
pattern and particle concentration in the isolated zone
are also predicted by numerical simulation.  Meantime,
the experimental data from scaled model are used to
compare the predicted results with different locations of
obstacles indoors.  The final conclusions may be as
important references for indoor building design.

NUMERICAL  MODELS

The numerical model includes mass conservation
equation, momentum equation, energy equation and
concentration equation.  Total of seven equations were
used to solve the flow field and concentration distribu-
tion with κ – ε turbulent model [2].  Through the dimen-
sionless analysis, the above seven equations were inte-
grated into Re number, Pr number and Sc Schmidt number.

1. Dimensionless governing equation

Continuity equation:

∂ui
∂xj  = 0 (1)

Momentum equation:

∂ui
∂t

+
∂ui∂uj
∂xj

=
– ∂P
∂xi

+
∂
∂xj

{νeff (
∂ui
∂xj

+
∂uj
∂xi

)} (2)

κ equation:

∂kuj
∂xj

=
∂
∂xj

[Pk
∂k
∂xj

] + νt S –ε (3)
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ε equation:

∂εuj
∂xj

=
∂
∂xj

[Pε
∂ε
∂xj

] +
ε
κ

(c1νt – c2ε ) (4)

Concentration Eq.:

∂cuj
∂xj

=
∂
∂xj

[αeff
∂c
∂xj

] + νg –
∂c
∂z (5)

2. Numerical process

The SIMPLE algorithm developed by Partankar
[6] was applied to solve the equations.  In order to avoid
the unreasonable zigzag or wavy velocity during the
convergent process, the staggered grid method was used
in this study.  The computational process kept going
until the relative error less than 1/1000 was reached in
all the physical terms.  Although the calculated time was
much longer than usual methods, the result seemed to be
better and more precise in physical quantity solutions.

SCALED  EXPERIMENTAL  MODEL

The scaled experimental model was formed by six
45 cm × 45 cm acrylic resin boards with 16 air supply

holes on each side.  An air compressor was used as the
air supply source with a mixing box controller.  The hot
wire anemometers were equipped on the air supply
outlet to measure the air velocities.  The standard
particles, F400, were used as the experimental particle
sample.  Before being injected into the chamber, the
particles would be needed to be mixed with air in the
mixing box.  Meantime, the capture cups set among the
wooden obstacles collected the dropped particles to
quantify the depositing concentration every 30 minutes.
The detailed experimental setup is shown in Figure 2.

RESULTS  AND  DISCUSSION

1. Simulation results

After airflow is driven from inlet, the jet will form
a strong vortex at the center location of the enclosure as
shown in Figure 3.  When the inlet jet moves to wall, the
flow will turn to the downward direction and then a
clockwise circulation will be observed in the space.  As
for the aerosol distribution in Figure 4, the inlet flow
with aerosol concentration 200 µg/m3 travels along the
flow path (D to A) and it increases to 425 µg/m3 on the
opposite wall by the stagnation effect.  During flow
path, the concentration contour presents much finer in
the direction normal to inlet flow path.  It implies that

Fig. 1.  Computational flow chart. Fig. 2.  Scaled model chamber.
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the convective effect presents much larger than the
diffusion effect does, but the diffusion terms become
dominated in normal to the inlet flow direction.  Along
the path A→B which is the same as gravitational
direction, most of aerosol enhanced by the inlet flow
will deposit at there and the particle concentration
obviously increases to 600 µg/m3.  This area we treat it
as a depositing zone.  The other side to AB path is the
sucking zone where is under the inlet and the airflow is
circulated upwards (from C to D) there.  Due to against
the gravitational direction, the more particle concentra-
tion (about 500 µg/m3 along C to D) is suspended in the
air and less particles will be deposited on the floor.  As
for vortex center, the particles fluctuate around this area
where makes the lower particle depositing rate and
higher particle concentration suspended in the air.  As
shown in Figure 4, the highest particle concentration
650 µg/m3 uniformly distributes at the vortex center.

From above discussion, the modeling space with-
out obstacles will be summarized as three important
regions, they are depositing zone, sucking zone and
vortex zone.

When the obstacles are placed in the space, there
are several characteristic enclosures should be worth
mentioned.  The first is major isolated zone, the second
is minor closure region and the third is sucking zone.  As
Figures 5 and 6 released, the major isolated region is
located between the obstacle and the wall where is
normal to the flow direction.  In this, a strong vortex
with both different behaviors will be observed.  One is
to deposit most aerosol particles to the floor which
makes the maximum particle deposition; the other is to
circulate the deposited mass up to the air which results
in more suspending particle concentration about 400

µg/m3 in.  The minor closure region appears between the
blocks where the weaker convection is induced and the
diffusion effect is only transportation mechanism that
causes the lower deposition and less suspended particle
concentration 300 µg/m3.  The sucking zone is located
beneath and close to the inlet where aerosol particles
will be sucked upwards and suspended in the air, the
maximum suspending concentration usually keeps about
500 µg/m3 in this region.

2. Experimental results

As above simulating description, several areas
presenting significant difference with aerosol distribu-
tion have been discussed.  In experimental model, we

Fig. 3.  Simulated flow field without obstacles for Uinlet = 0.3 m/s. Fig. 4. Simulated aerosol distribution without obstacles for
Uinlet = 0.3 m/s.
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Fig. 5.  Air flow field with obstacles for Uinlet = 0.3 m/s.
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set up the measuring system to collect the deposited
mass at those corresponding regions to check the simu-
lating results.  If the test chamber without any obstacles
inside is considered as shown in Figure 7, the depositing
region appears at location 2 and 3 with more deposited
mass 0.53g, 0.58g collected respectively.  On the other,
the less deposited mass 0.38g, 0.39g are obtained at
location 1 and 5 where are close to the sucking regions.
Because not any isolated region has been formed inside
the modeling space, the particles deposited seem to be
not significant difference everywhere except a little
more in depositing area.

 The obstacles are placed with the same side and
normal to the inlet jet as shown in Figure 8.  Beside the
flow strength will be decreased by the obstacles, the
isolated zones (location 3) and sucking zones (location
1, 5) will be formed in the chamber.  The major isolated
zone has the highest particle deposition 0.81g, and
0.39g collected at minor closure zone (location 2).  As
to the sucking effect, the lower particles 0.28g, 0.29g
was obtained respectively at location 1, 5.  Due to those
characteristic zones appear in the space; their corre-
sponding mass collected will behave significant
difference.

When setting the obstacles with other side to inlet
jet as indicated in Figure 9, we find that all the charac-
teristic zones mentioned above will be appear in the
space.  The major isolated region has been transformed
to location 3 whose deposited mass is lowed to 0.51g,
This is because part of aerosol particles enhanced in the
inlet jet about 0.4g had been dropped down at the
deposit zone(location 2) in advance.  As for the minor
closure zone (location 4), it is little affected by the

recirculation flow and only 0.36g aerosol particles are
diffused to the floor.  The lowest deposited mass is still
observed at the sucking zone (location 5) where the
sucking effect works and its value almost keeps 0.3g
there.  By comparing with the arrangement in Fig8, we
notice that the depositing distribution is more uniform
in Figure 9 because half of the aerosols in the inlet flow
will be mean distributed at location 2 and location 3
instead of being concentrated at location 3 in Figure 8.

Replaced the obstacles with parallel to inlet flow
as in Figure 10, the area near location 2 forms a large

Fig. 6.  Aerosol distribution with obstacles for Uinlet = 0.3 m/s.
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Fig. 7. The collected deposited mass without any obstacles at indoor
space.
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closure zone where the isolated zone appears and most
particles in the jet about 0.89 g will be gathered on this
area.  The strength of airflow will be decreased by the
stagnation effect at location 2 and causes weaker vor-
texes in zones 4 and 5.  It reduces the amount of particle
deposition in those areas with 0.31g in zone 4 and 0.27
g in zone 5.  The lowest particle deposition only 0.25 g
is observed at zone 1 where is close to the sucking
region.

In Figure 11, four obstacles are placed inside

chamber evenly and parallel to the air jet direction.
Comparison to Figure 10, a non-complete major iso-
lated zone with some distance from the wall is found
near zone 1 where the highest particle deposition 0.64g
presents.  Another non-complete closure region with
lower strength of air flow is observed at zone 5, it
contains 0.35 g particle deposition.  Close to the sucking
area, zones 2 and 4 have least deposited mass only about
0.15 g respectively.

When the obstacles are arranged vertically to air
flow direction as Figure 12, the major isolated region
zone 2 where the inlet jet is strongly impinged by the
wall  makes the most aerosol particles drop down, and
deposit maximum particles about 0.65g.  Another iso-
lated region is formed at zone 3 with the air flow

Fig. 10. The collected deposited mass versus with obstacles which is in
opposite side and parallel to the inlet flow.

Fig. 11. The collected deposited mass versus with obstacles uniformly
distributed at indoor space and parallel to the inlet flow.

Fig. 12. The collected deposited mass versus with obstacles uniformly
distributed at indoor space and normal to the inlet flow.

Fig. 9. The collected deposited mass versus with which is in other side
and normal to the inlet.
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stagnated here again and also deposits more particles
about 0.36g which is less than that in zone 2.  As the
flow travels from zone 3 to zone 5 where locates closer
to the sucking area, the collected mass will become less.
Compared with the Figure 11, the more deposited mass
will be collected as arrangement in Figure 12.  That is
due to the obstacles normal to the flow direction reduce
the circulation and cause the more aerosol particles to
drop down.

CONCLUSIONS

1. The amount of particle deposition is strongly depen-
dent on the direction of airflow.  When the airflow
direction headed to floor, it will increase the amount
of particle deposition and the gradient of concentra-
tion in air will varies significantly.

2. When the airflow is close to the sucking area, the
deposited mass will become less and the concentra-
tion of suspended particle will be higher and almost
remain constant.

3. In the center of flow vortex, the unstable circulated
airflow causes less particle deposition and increases
particle concentration in air.

4. When no obstacle is inside the chamber, the particle
deposition seems to approach a mean distribution on
the floor.  Otherwise, if the obstacles are arranged
inside the room, the drop distribution significantly
varies in different region, especially around isolated
zone.

5. When the obstacles are placed parallel to inlet jet and
close to the wall, the major isolated zones are formed.
It results in more deposited mass and suspended
particles in this area.

6. If obstacles are arranged vertically to air flow, the
circulating flow will be retarded by the obstacles and
its strength will be rapidly decreased along the flow
path.  That results in more aerosols deposited.

NOMENCLATURE

xj: coordinate in j component (m)
uj: local velocity in j component (m/s)
P: local air pressure (ρa)
κ: turbulence energy (m/s)2

ε: dissipation rate of turbulence energy (m/s2)
c: concentration for passive contaminant(g/m3)
ν: instantaneous viscosity of air (m2/s)
D: diffusion coefficient for passive contaminant (m2/s)
α: thermal diffusivity of air (m2/s)
d: diameter of contaminant particle (m2/s)
ρp: density of contaminant particle (kg/m3)
µ: dynamic viscosity of air (kg/ms)
Lo is the width of the inlet opening (m)

Uo is the inlet air velocity (m/s)
ρo is the average density of air (kg/m3)
νt: eddy viscosity (m2/s)

ν^ : the dimensionless eddy viscosity

x^ j = xj/Lo dimensionless coordinate in j component

u^ j = uj/Uo dimensionless velocity of air

ρ^  = ρ/ρo dimensionless density of air

p^  = p/ρoUo
2 dimensionless local pressure of air

k
^
 = k/U2

2 dimensionless turbulence energy

ε^  = εLo/Uo
3 dimensionless dissipation rate of turbulent

energy

νt = CD
κ 2

ε  eddy viscosity

νt =
νt

Uo Lo
 dimensionless eddy viscosity

νeff =
1
Re

+ νt effective eddy viscosity

αeff =
1

Re Sc
+
νt

σc
 effective thermal diffusivity

Pk =
1
Re

+
νt

σk
 effective turbulence energy diffusivity

Pε =
1
Re

+
νt

σε
 effective dissipation rate of turbulent en-

ergy diffusivity dimensionless

Vg =
gd 2ρp

18µU0
 dimensionless gravitational settling veloc-

ity

Sc =
ν
D  Schmidt number

Re = LoUo/ν Renold number

pr =
ν
α  Prantal number

Empirical constants: cD = 0.09, c1 = 1.44, c2 = 1.92 σx =
1.0, σt = 1.3, σc = 0.9,
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