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In this research, the airflow pattern and particle dispersion in a contaminated full-scale cleanroom are
investigated numerically using both Eulerian and Lagrangian approaches. Three different supply diffuser
configurations namely (1) central, (2) horizontal and (3) vertical and three different exhaust grille con-
figurations namely (4) vertical symmetric, (5) asymmetric and (6) horizontal symmetric are selected for
the analysis. The presented results reveal that the supply/exhaust openings arrangement has a significant
influence on the particulate contaminant dispersion in the cleanrooms. The comparison of the above dif-
ferent supply diffuser configurations shows that the vertical and horizontal supply diffuser configurations
lead to a more escaped particles and less deposited particles on the room walls and installed working
table in the room than the central one. It is also found that for different exhaust grille arrangements, the
performance of the ventilation system in the horizontal symmetric case is higher than asymmetric and
vertical symmetric ones. At the same time, it is observed that the variations of contaminant concentration
in both Eulerian and Lagrangian approaches are almost the same. The results of the velocity and particle
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concentration show good agreement with the available experimental data in the literature.
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1. Introduction

Indoor air quality (IAQ) is crucial for both human health and
manufacturing processes. In many industries such as pharmaceu-
tical, food processing, biotech, aerospace, optics, microelectronics
and operating rooms, particulate contamination has a significant
effect on IAQ. In recent decades, cleanrooms have been extensively
used to decrease particulate contamination, as well as to control
other environmental parameters such as temperature, humidity
and pressure to provide an appropriate comfort level [1,2]. Better
dilution of dispersed contaminant from cleanrooms is a funda-
mental factor for the cleanroom ventilation system design. The
dispersion of the contaminant directly depends on the type of air-
borne particles and the airflow pattern within the cleanrooms.
The airborne particles are transported with a large volume of air
that enters from supply diffusers and away from critical zones
such as working table. The airflow pattern and the turbulence
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can be the most efficacious factor on particle transportation [3].
Therefore, based on the cleanroom flow field, the investigation of
airborne contaminant concentration and developing a new method
to reduce this effect is essential.

Since the 90s, with significant improvement in the computa-
tional capacity, computational fluid dynamics (CFD) has become a
powerful and efficient tool to study engineering problems includ-
ing airflow and airborne contaminant distribution in enclosures. It
is known that there are two main particle transport approaches
in CFD simulations: (1) the Eulerian-Eulerian (E-E), and (2) the
Eulerian-Lagrangian (E-L) approach. Considering computational
cost, the E-L approach is more suitable for particle concentra-
tion modeling for transient state whereas for steady state, the E-E
approach simulates concentration in less computational time than
E-Lapproach [4]. Several investigations have been made to explore
the effect of different factors that influence the contaminant con-
centration in cleanrooms with two aforementioned approaches.
The main factors such as airflow pattern, particle characteristics,
the location of obstacles [5], contaminant source location [4-6],
supply/exhaust openings arrangement [7-9] are reported in the
literature.
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Nomenclature

Abbreviations

CFD Computational fluid dynamics

DRW Discrete random walk

E-E Eulerian-Eulerian

E-L Eulerian-Lagrangian

IAQ Indoor air quality

RANS  Reynolds averaged Navier-Stokes
RNG Renormalization group

UDF User defined function

Greek symbols

e Energy dissipation rate

p Density of the fluid

Pp Density of the particle

[T Air effective viscosity

W Laminar viscosity

[T Turbulent viscosity

T Particle relaxation time

™ Dimensionless time

Te Particle eddy crossing time

Te Lifetime of the turbulent energy

A Mean free path

n Ratio of turbulent to mean strain time scale
Ok, 0¢  Model constants in the RNG k-& model
B Volumetric expansion coefficient
Subscripts

i,j Spatial coordinates

in Inlet

L Lagrangian

P Particle

Latin symbols

Ain Inlet area

Cc Cunningham slip correction factor
Ci¢, Co¢  Model constants in the RNG k-& model
Cu Model constant in the RNG k-& model
c Contaminant concentration

Gj Mean particle concentration in a cell
D Molecular diffusion rate

dp Particle diameter

dtg j Particle residence time

Fa Additional forces

G Gaussian random number

g; Gravitational constant in i direction
k Turbulent kinetic energy

Kn Knudsen number

Le Eddy length scale

M Flow rate

P Turbulent energy production rate

p Pressure

S Particle to fluid density ratio

Sct Schmidt number

TL Turbulent lagrangian time scale

t Time

Uin Inlet velocity

u; Fluid mean velocity components

u}’ Particles velocity components

u Turbulent fluctuating velocity components
\Y Cleanroom volume

V; Volume of a computational cell

X, ¥,z Rectilinear orthogonal coordinates

One of the main parameters which may impact the contami-
nant concentration, especially in ultra-clean environments, is the
configurations of supply and exhaust diffusers [10]. Zhao et al. [11]
numerically studied the aerosol particle concentration and depo-
sition in displacement and mixing ventilation rooms. Their results
showed that a displacement-ventilated room had a lower particle
deposition rate and larger escaped particle mass than the mixing
one, while the average particle concentration of displacement case
was higher than the mixing case. Sadrizadeh et al. [12] investi-
gated the effectiveness of vertical and horizontal ventilation system
on the particle distribution in the surgical zone. They found that
the preferred selection between vertical and horizontal ventilation
scenario in an operating room was highly dependent on internal
constellation of obstacles, work practice, and the supply airflow
rate.

Although, some researchers have studied the particle move-
ment, deposition and distribution in indoor airflow, few investiga-
tions have been found in the literature to explore the effectiveness
of different supply/exhaust configurations in reducing contaminant
in the cleanroom.

In the present paper, the effect of supply diffuser and exhaust
grille configurations on the contaminant transport in cleanrooms
is studied numerically using both E-E and E-L approaches. To com-
pare the contaminant distribution, particles are supposed to be
uniformly distributed in the model cleanroom and the ventilation
system removes contaminant from the model room. The following
questions will be investigated:

1) What is the effect of different supply/exhaust opening arrange-
ments on the contaminant distribution in a model cleanroom?

2) Which configuration has better effectiveness to discharge con-
taminant from the cleanroom? s there any significant difference
between the percentages of escaped and deposited particles for
different configurations?

3) Isthere difference between E-E and E-L approaches to predict the
contaminant concentration distribution for a model cleanroom?

The goal of this study is to provide detailed knowledge and
engineering guidelines for better design in future cleanrooms.

2. Analysis of numerical method

This investigation compares the two modeling approaches with
an emphasis on their performance of predicting particle concentra-
tion distributions in ventilated spaces. Both the E-E and E-L models
under examination are performed based on the same airflow field
calculated by solving the Reynolds Averaged Navier-Stokes (RANS)
equations with the Renormalization Group (RNG) k — ¢ turbulence
model.

2.1. Flow model

2.1.1. Governing equations

As the contaminant concentration in cleanrooms is very low, the
airflow hydrodynamics is not affected by the contaminant phase.
Therefore the interaction between continuous airflow phase and
particle discrete phase are treated as one-way coupling [4]. Con-
sidering Boussinesq’s turbulent viscosity hypothesis [13], the flow
governing equations are as follows [14]:

Continuity equation:

uj i =0 (1)

where u; are the mean velocity components.
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Fig. 1. Schematic of the investigated cleanroom model available in Sharif University
of Technology, Cleanroom Research Laboratory.

Center plane

Fig. 2. Schematic of the validation model room.

Momentum equations:
_ 1 Meff
Ul j = *Ep,ﬁ T(ui,j+uj,i)’j (2)
where (.5 is the air effective viscosity.
e = M1+ pe 3)

here ; and pi¢ are the laminar and the turbulent viscosities, respec-
tively.

To resolve the turbulence closure problem, an RNG k — ¢ model
[15] is used in this study to predict the turbulent viscosity.

k2
Mt = C;UO? (4)

where C;, = 0.0845, and k and ¢ are the turbulent kinetic energy and
the energy dissipation rate, respectively. The governing equations
for k and ¢ are:

ok d(ku) 0 e\ Ok B

pﬁer o Ox {( +Uk)8Xj +C-pe )

B, w0 (w0 o e o f

pa+p 8xi B an l:(’u—i_os) 8Xj:| +C]EkG_C28lO k (6)
3 1—

G, =Coe + CMM (7)

1+ Bn?
where G is the turbulent energy production rate, n = (Sk/s) with

S=,/25;S; and Ci,=1.42, Cp =168, 0,=0.7194, 0p =
0.7194, B =0.012, no=4.38 are taken from Yakhot et al. [16].

2.2. Particle phase modeling

Generally, there are two approaches of modeling particle con-
centration in CFD simulations: (1) the Eulerian method, and 92)
the Lagrangian method [4]. In the present work, to investigate the
effects of supply/exhaust openings arrangement on the contami-
nant dispersion, both E-E and E-L approaches are used to simulate
contaminant concentration. Both methods use the same Eulerian
model for airflow, but the E-E method, considers the particle phase
as a continuum whereas the E-L method, tracks all particle trajec-
tories in the room for discrete phase modeling.

2.2.1. The Eulerian approach

The E-E model solves one conservation equation for particulate
phase. In this study, similar to the literature [4,14] the type of Eule-
rian method is single fluid model. This model takes into account
the contaminant phase as a modified scalar, as such the particle
concentration take the following [4]:
dc 243
—_ .c:=1|D ,
Frae [ * pSct] i ®)
where c is the contaminant concentration and D is the molecular
diffusion rate of particle and Sc;turbulence Schmidt number. For
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Fig. 3. Comparison of Chen et al.’s measured data [24] and predicted x-velocity at three different locations.
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Table 1
Specifications of six cases of supply/exhaust configurations for air change rate of
60.0 and supply diffusers velocity of 0.63 (m/s).

Table 3
Statistical analysis of the error in normalized concentration at three different
locations.

Case name Case Active exhaust Active supply
configuration grilles diffusers
Case 1 Central 1-5 3,4
Case 2 Horizontal 1-5 1,5
Case 3 Vertical 1-5 1,2
Case 4 Vertical symmetric 1,2,6,7 3,4
Case 5 Asymmetric 1,2,3,5 3,4
Case 6 Horizontal symmetric 3,5,89 34

coarse particles in a turbulent flow the molecular diffusion rate of
particle will be negligible compared with the turbulent term.

2.2.2. The Lagrangian approach
For E-L particle tracking and to calculate trajectory of discrete
phase particle, the particle motion equation becomes [17]:

du? i -
T;:%(u,‘— f)+gW+Fa (9)
where u; and uf are the fluid and the particles velocities, p and ppare
the density of the fluid and the particles, g; and F are the gravity and
additional forces, respectively. In this research, based on the liter-
ature [17,11] additional forces, such as Saffman lift force caused by
shear, virtual mass force [17], thermophoretic force [17], Brownian
force [17], Basset force [17] and pressure gradient force [17] are
assumed negligible due to relatively large size of the investigated
particles. The particle relaxation time t is defined as [17]:

_ Sd2C
T 18y

where dj, is the particle diameter, S is the particle to fluid density
ratio and Cunningham slip correction factor C. [17] is implemented
to compensate non-continuum effects:

(10)

-1.1
Ce =1+ 2Kn [1.257 + 0.4exp (Wﬂ (11)
where Knudsen number is defined as:
2\
Kn==" 12
n a, (12)

In Eq. (12), A is the air mean free path, which equals to 68 nm in
the normal conditions (T=25 °C and P=1 atm). As the turbulence
diffusion is one of the most important features of the indoor airflow,
its accurate estimation is necessary to predict the particle trajec-
tory. In this study, the Lagrangian discrete random walk (DRW)
model is used following [17], in which the turbulent fluctuating
velocity components are simulated as:

u; =Gy/u;? (13)

where G is a Gaussian random number and u;.z is the root mean
square (RMS) of the fluctuating velocity components. For the k — ¢
family turbulence models, the RMS components are identical and
equal to 2k/3.

X=0.2m X=04m X=0.6m

E-L E-E E-L E-E E-L E-E

Mean relative error (%) 21 22 16 15 12 18

Standard deviation (%) 23 16 6 10 8 10

Standard error 8 5 2 3 3 3
Table 4

Summary of normalized concentration for the three cases for the elapsed time of
100.0s at the plane Y=1.1m.

Case 1 Case 2 Case 3

E-E E-L E-E E-L E-E E-L
Mean 0.07 0.04 0.05 0.03 0.04 0.02
Maximum 0.20 0.18 0.20 0.23 0.11 0.15
Minimum 0 0 0 0 0 0

Standard deviation 0.04 0.04 0.05 0.04 0.03 0.03

used. The characteristic lifetime of the turbulent energy containing
eddies is assumed to be constant and is defined as:

Te = 2T} (14)

where T; is the turbulent Lagrangian time scale and for k — & family
turbulence models can be estimated as:

k

K
T, =0.15- (15)

The particle eddy crossing time which is the time a particle
needs to pass across an eddy, is defined as:

Te=—1 [1 L ] (16)

T|u — up|

where L, is the eddy length scale and for k — ¢ turbulence models
can be approximated as:

I<3/2
Le =O.16? 17)

The particle is assumed to interact with the eddies over the
smaller value of 7, and 7. [17]; so the random number G should
be updated at this time.

To compare E-E and E-L approaches, it is necessary to show par-
ticle trajectory as concentration form. So the particle source in cell
(PSI-C) method [18] can be used as:

MS™T dt;
¢ = Zz‘:/jl (i.j) (18)

where ¢; is the mean particle concentration in a cell and M is the
flow rate of each trajectory, dt; j) is the particle residence time at
the ith trajectory and the jth cell, and V; is the volume of a compu-
tational cell for particles.

For a convenient definition of a time of the solution, a new
dimensionless time is introduced in Eq. (19):

. . t
To evaluate the appropriate time to update the random T = TR (19)

numberG, eddy lifetime and particle crossing time concepts are /AinU;
Table 2
Boundary conditions for simulation.

Name Boundary type Velocity Lagrangian model Eulerian model

Room walls (sidewalls, ceiling, working table) Wall No slip Trap Concentration: 0

Supply Velocity inlet 0.63m/s Escape Concentration: 0

Exhaust Pressure outlet - Escape Concentration flux: 0

Floor Wall No slip Trap Deposition particle mass flux
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Fig. 4. Comparison of Chen et al.’s measured data [24] and predicted normalized concentrations at three different locations.
Table 5
Comparison of the percentage of escaped, deposited and suspended particles with and without E-L DRW model for the three cases for the elapsed time of 130.0s.
Case 1 Case 2 Case 3
Without DRW With DRW Without DRW With DRW Without DRW With DRW
Escaped (%) 75 46 73 48 75 50
Deposited (%) 15 53 22 51 21 49
Suspended (%) 10 1 5 1 4 1

where V, Aj,and U;, are the cleanroom volume, inlet area and
velocity, respectively.

2.3. Boundary and initial conditions

In this study, velocity inlet and pressure outlet boundary condi-
tions are used for supply diffusers and exhaust grilles, respectively.
Considering an air change rate (ACH) of 60/h, a uniform and con-
stant supply diffusers velocity of 0.63m/s with 5% turbulence
intensity is used. All boundary walls are supposed to be adiabatic
and the no-slip condition is used for the velocity at the walls. It is
also assumed that the contaminantis initially uniformly distributed
in the model room and the ventilation system removes the contam-
inant. In the E-L approach, the trajectories of particles are vanished
when they impact the walls of the cleanroom or the working table
and the particles leave the cleanroom from exhaust grilles. In the
E-E approach, zero concentration is used for sidewalls and ceiling.
For the floor boundary condition, according to the same study [19],
a user defined function (UDF) is used to calculate the deposition
particle mass flux based on the model of Lai et al. [20]. Also, the
zero flux concentration is considered for the boundary condition on
exhausts. These boundary conditions for the simulation are listed
in Table 2.

2.4. Solution procedure

In this study a second-order upwind scheme is used for dis-
cretizing and a SIMPLE algorithm is adapted for coupling between
pressure and velocity [21]. As the RNG k — ¢ model, mentioned
above, fails in the near wall region, the standard wall function is
implemented to extract the airflow turbulent properties in this
zone, more details are given by Launder and Spalding [13]. ICEM
CFD ANSYS software [22] is used to mesh a cleanroom. The mesh
typeis structured hexahedral and the grid independency testis con-
ducted using three different mesh densities of 205000, 420000 and
600000 cells. Based on insignificant difference between 420000 and

600000 cells, it makes sure that a mesh density of 420000 cells is
fine enough to predict the velocity, turbulence and concentration
in the domain. Airflow pattern and concentration field are mod-
eled numerically based on the finite volume method (FVM) and a
commercial software ANSYS FLUENT 15.0 [23] is used.

3. Validation of the numerical method

To validate the present study, the x-direction velocity in a
three-dimensional model room is investigated numerically and
compared against experimental data from Chen et al. [24].
Dimensions of the model room under study is L(X)x H(Y) x W
(Z)=0.8m x 0.4m x 0.4m. The fresh air enters the room through
the inlet H(Y) x W (Z)=0.04m x 0.04 m that is located on the cen-
terline of the room and symmetrically exhausted from the outlet
H(Y) x W (Z)=0.04m x 0.04 m in the faced side, as shown in Fig. 2.
The air change per hour (ACH) used for the experiment was 10/h,
accordingly, the inlet velocity was 0.225m/s. RNG k — ¢ turbulent
model is utilized to simulate x-velocity at three different locations
namely x=0.2m, x=0.4m and x=0.6 m corresponding to experi-
mental data [24]. The numerical x-velocity is in good agreement
with the experimental data [24], as shown in Fig. 3. For the valida-
tion of the contaminant concentration in the E-E model, the inlet
concentration and the initial concentration of the room is specified
as 1 and 0, respectively. On the other side, for the E-L DRW model,
60,000 tracking particles with 10 pwm diameter and a density of
1400 kg/m?3 are injected through the inlet. Fig. 4 demonstrates
the comparisons of predicted normalized concentration by both E-E
and E-L approaches against experimental data from Chen et al. [24].
Furthermore, Table 3 shows the statistical analysis of the error in
normalized concentration by using these two approaches at three
different locations. As shown in Fig. 4 and Table 3, the comparison
of the normalized concentration in both E-L and E-E approaches
exhibits a fairly good agreement with a maximum mean relative
error of 21% and 22%, respectively.
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Isometric view
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Fig. 5. Isometric view and top view of particles dispersion through the enclosure for the three cases for elapsed times are 100.0s.

4. Case study

In this study, to compare the performance of ventilation system
to discharge of contaminant, six different supply/exhaust air dif-
fuser configurations with two modeling approaches are selected
and studied. As shown in Fig. 1, the geometry of the simulated
cleanroom is set the same as the full-scale test room available in the
Sharif University of Technology, Cleanroom Research Laboratory in
which we call it model room in this study.

The dimensions of the model room are L(X)xW
(Z) x H(Y)=3.7m x 2.9m x 2.55m. The model room is ventilated
with two standard L(X)x W (Z)=0.6 mx0.6 m supply diffusers,
located at the ceiling level. Nine W (Z)x H(Y)=0.45m x 0.3 m
exhaust grilles, spaced on the cross vertical wall, exhaust the air
flow to return air channel. A flat working table is also considered

in the middle of this cleanroom with the dimensions of L(X) x W
(Z) x H(Y)=2m x 1m x 1m. Six supply/exhaust air diffuser config-
urations namely (1) central, (2) vertical, (3) horizontal, (4) vertical
symmetric, (5) horizontal symmetric and (6) asymmetric are
investigated as presented in Table 1.

5. Results and discussion

In the present work, for the means of comparison, the steady
flow fields of both E-E and E-L approaches are the same. For E-
E contaminant distribution modeling, the initial concentration of
contaminated room is specified as 1. The E-L approach tracks
transiently a large amount of particles. The method starts from
solving the transient momentum equation for each particle. Here,
1,243,577 single sized particles with a mean diameter of 5 um
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Fig. 6. A comparison of normalized concentration between E-E and E-L approaches for the three cases for the elapsed time of 5.0's at plane Z=1.45m.

and a density of 1000 kg/m3 were used for the start up of all cases.
Obviously, the E-Lapproach requires considerably more computing
time if more particles are tracked [4]. The Lagrangian particle track-
ing method could introduce uncertainty into particle concentration
calculations. This problem is solved under unsteady state condi-
tions for 130 s until all particles are removed from the cleanroom,
in other words, the normalized concentration in the cleanroom
becomes zero.

Fig. 5 shows the isometric view and top view of particles disper-
sion in the model room for 100s. The following can be concluded
from Fig. 5:

¢ Different airflow patterns induced by various supply diffuser con-
figurations have an important impact on leading the particles
toward the exhaust grilles.

¢ In the vertical and horizontal configurations, contaminant dis-
places to one side of the model room. In these cases, supply
ventilation airflow pushes the indoor air towards the exhausts,
which leads to a better ventilation.

¢ In the central configuration, contaminant spreads on both sides
of the supply diffusers in the whole room. In these cases over
mixing effect of the resultant airflow leads to less ventilation
effectiveness for discharge of contaminant.

¢ Considering aforementioned pattern of contaminant movement,
it is expected that in the central case, more particles hit the
sidewalls of the room and in vertical and horizontal cases more
contaminants leave the model room from the exhaust grilles (see
Fig. 11). In other words, vertical and horizontal configurations
present directional ventilation airflow and provide better IAQ.

Figs. 6 and 7 show a contour view of normalized concentra-
tion simulated by E-E and E-L approaches for the elapsed time of
5.0s at plane Z=1.45m and the elapsed time of 100.0s at plane
Y =1.1m, respectively. The summary statistics of normalized con-
centration has been provided in Table 4.The following conclusions
can be drawn from Figs. 6 and 7 and Table 4:

e The contour results of E-E and E-L approaches are in logical agree-
ment together, although the E-E indicates smoother contour (see
Fig. 6).

¢ There is a significant difference in the contaminant concentra-
tion distribution around the working table for different cases.
Lower normalized concentration is observed in the vertical and
horizontal cases (see Fig. 7).

e The normalized concentration differences between the central
and vertical cases by E-E and E-L approaches are 42% and 50%,
respectively (see Table 4).
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Fig. 8. The normalized concentration for the three cases: (a) E-E, (b) E-L.
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Fig. 9. Comparison of the percentage of particles for the three cases: (a) escaped, (b) deposited.
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Fig. 10. Comparison of the ratio of escaped to deposited particles for cases: (a) 1-3, (b) 4-6.

Fig. 8 shows the transient variation of normalized concentration
in E-E and E-L approaches. The following conclusions can be drawn
from Fig. 8:

e The variations of normalized concentration in both E-E and E-L
approaches are almost the same.

¢ In spite of some differences in the final contaminant in the room,
which is mainly due to gravitational sedimentation and random
behavior in the E-L DRW solution, the overall results are fairly
consistent.

Fig. 9 demonstrates the details information about trajectory
of particles over the dimensionless time in the E-L approach. It
presents more details about trajectory of particles that is impor-
tant for cleanroom applications, such as the percentage of escaped
particles in different exhausts and the percentage of particles that
deposit on the room walls and working table. The following high-
lights the trends in Fig. 9:

¢ Airflow pattern and turbulence are the main reasons for particles
deposition and discharging. When the E-L DRW model is consid-
ered, more particle deposition on room walls has been observed
that leads to decrease the percentage of escaped particles for all
cases. The differences of deposited particles between with and
without E-L DRW model are 38% for central case, 29% for hori-
zontal case and 28% for vertical case (see Fig. 9a and Table 5).

¢ At the end of dilution of room from contaminant, the percentage
of escaped particles for horizontal and vertical cases shows ~4.2%
difference with central case, while dimensionless timeis 2.21 (see
Fig. 9a).

e The percentage of deposited particles in central case is ~3.7%
more than horizontal and vertical cases (see Fig. 9b).

Due to deposited particles resuspension, the less normalized
concentration does not necessarily show the configuration which
leads to a better IAQ [11]. In fact, the cases with more escaped
and less deposited particles result in a better effectiveness. Fur-
thermore, Fig. 10 depicts the ratio of escaped to deposited particles
for different supply/exhaust configurations. The following can be
concluded from Fig. 10:

e For different supply diffuser configurations (cases 1-3), the ratio
of escaped to deposited particles in the vertical and horizon-
tal cases are higher than central case and yield better IAQ (see
Fig. 10a).

e For different exhaust grille arrangements (cases 4-6), differ-
ence in the percentage of escaped and deposited particles are
observed. The performance of the ventilation system to discharge
the contaminant in the horizontal symmetric case is better than
asymmetric and vertical symmetric cases. Among these three
cases the maximum percentage of deposited (~53%) and escaped
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different boundaries.

(~49%) particles are for vertical symmetric and horizontal sym-
metric cases, respectively (see Fig. 10b).

Fig. 11 shows the escaped and deposited particles of different
boundaries. The following highlights the trends in Fig. 11:

¢ Most of the particles in the central and vertical cases escape from
exhaust 4 and exhaust 2, respectively, although in the vertical
case, the total number of escaped particles is more than the cen-
tral case.

¢ The percentage of deposited particles on the walls and the work-
ing table, rank from most to least: the central, horizontal and
vertical ones.

e The most and the least percentages of deposited particles on the
working table are for central and vertical cases, respectively with
~34% difference.

6. Conclusions

In this research, the effect of different supply/exhaust openings
configurations on the ventilation system effectiveness of clean-
room was studied numerically using both E-E and E-L approaches.
Based on the same airflow domains, the comparisons of contam-
inant concentration for six different cases are performed and the
following conclusions can be reached.

(1) The layout of supply/exhaust openings has a great influence on
the contaminant dispersion through an enclosure.

(2) Results of both E-E and E-L approaches show that for different
supply diffuser arrangements, the ventilation system perfor-
mance for contaminant dilution is improved using vertical and
horizontal layout which provides directional airflow through
the enclosure. The vertical and central configurations show the
best and the worst performance to remove contamination from
this model room, respectively.

(3) Fordifferent exhaust grille arrangements, the model ventilation
performance in the horizontal symmetric case is better than
asymmetric and vertical symmetric cases and yield better IAQ.

(4) The variations of normalized concentration in both E-E and E-L
approaches are almost the same.

This study and its results provides a better understanding of
the supply/exhaust openings configurations on the indoor air qual-
ity and to design more effective ventilation systems to suitable
contaminant dilution.
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