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W N e

Abstract: Maintaining vertically unidirectional airflow in cleanrooms is crucial for achieving
air cleanness and protecting occupants inside, from industrial semiconductor technicians to
hospital surgeons and patients. This study investigates airflow inclination and develops op-
timization strategies for vertical unidirectional flow cleanrooms, with a focus on enhancing
airflow verticality and uniformity to reduce airborne contamination. A new dimensionless
parameter, K1, is introduced to quantify the impact of lower interlayer airflow velocity on
cleanroom airflow inclination, thereby providing a practical metric for design optimiza-
tion. Key influencing factors, including flooring perforated plate configurations, plenum
heights, and FFU (Fan Filter Unit) layout rates, are systematically evaluated. The results
indicate that lower perforation rates (e.g., 10%) significantly improve vertical airflow by
reducing inclination angles to below 25°, with a non-uniform perforated plate arrangement
proving essential to sustain airflow verticality. Moreover, non-uniform perforated plate
configurations are particularly effective in designs with low plenum heights (below 1.3 m).
In addition, FFU layout rates above 60% are found optimal to provide vertical airflow, con-
sistently achieving inclination angles below 20°. Further changes in FFU layout rate show
minor returns on airflow verticality. The study establishes clear design guidelines for air-
flow optimization and highlights the dual benefits of these configurations in safeguarding
occupational health and controlling airborne contamination in cleanrooms.

Keywords: cleanroom air quality; perforated plate; plenum height; FFU layout

1. Introduction

Cleanrooms are essential in various industries, including electronics manufacturing,
pharmaceuticals, biotechnology, aerospace, and healthcare. These controlled environments
are specifically designed to minimize airborne particles, microorganisms, and contaminants,
adhering to stringent cleanliness standards. As a result, heating, ventilation, and air
conditioning (HVAC) systems are among the most critical components in cleanroom design.
Numerous studies focus on HVAC systems in cleanrooms, investigating aspects such
as thermal comfort [1-3], pressure distribution [4,5], air velocity, and air changes per
hour (ACH) [6-8]. Among these indicators, the most critical performance indicator for
cleanrooms remains their cleanliness level. Defined by the International Organization
for Standardization (ISO), cleanrooms are classified based on the number and size of
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particles permitted with ISO 1 being the cleanest and ISO 9 being the least [9]. To meet the
required ISO standards and the safety of occupants, air distribution systems must establish
controlled airstream patterns to efficiently contain and remove contaminant particles. To
achieve this, there is a list of factors that should be considered, including Fan Filter Units
(FFUs), air flow patterns, and cleanroom floor design.

Fan Filter Units (FFUs) are integral to cleanroom air distribution systems. Due to the
high ACH required in cleanrooms, traditional designs necessitate that FFUs operate at high
external pressures to maintain air circulation. However, this approach increases the risk of
cross-contamination from outside air. To address this issue, Lin et al. proposed a recircula-
tion system incorporating a fan dry coil unit (FDCU), which optimizes particle removal and
temperature control while maintaining a short air recirculation path. This design reduces
the risk of air infiltration caused by negative pressure and achieves system energy savings
of 4.3% [10]. Furthermore, Lin et al. developed a ceiling-supply ceiling-return FDCU
system, which successfully increased the capture rate of 0.1 um particles by 50% compared
to conventional wall-return systems [11]. To adapt to different designs and requirements of
cleanrooms, Li et al. conducted a statistical investigation on multiple supply air outlet sizes
and face velocities of FFUs, aiming to achieve cleanroom energy saving while maintaining
satisfactory particulate concentration distribution [12]. Permana et al. evaluated multiple
distinct FFU designs using a combination method of field measurement and Computational
Fluid Dynamics (CFD) simulation studies, highlighting the effectiveness of a centralized
FFU configuration of a 12% reduction in temperature variation, and a 15% decrease in
particle concentration compared to conventional ceiling designs [13].

In addition to FFUs, efficient air distribution systems also rely on the strategic place-
ment of air inlets and outlets [14]. Eslami et al. analyzed various combinations of three
supply air diffuser configurations and three exhaust grille configurations. They found that
the arrangement of supply and exhaust openings significantly influences particulate con-
taminant dispersion in cleanrooms. Vertical and horizontal supply diffusers outperformed
central configurations, while horizontally symmetric exhaust grilles demonstrated better
ventilation performance than asymmetric and vertically symmetric arrangements [15]. Met-
wally et al. conducted a simulation-based study of a pharmaceutical cleanroom equipped
with 12 air supply ceiling diffusers to determine the optimal exhaust grille arrangement for
achieving unidirectional airflow. The configuration with two exhaust grilles on opposite
walls proved most effective, resulting in unidirectional airflow with no vortex forma-
tion in either vertical or horizontal cross-sections, thereby minimizing particle settlement
and dispersion [16].

The other factor is floor design, being essential in cleanroom designs to maintain the
uniformity of air velocity distribution, especially for vertical unidirectional flow cleanrooms.
As ventilation systems in cleanrooms are often overdesigned to enhance particle removal
rates, Khoo et al. conducted an experimental study to determine optimal ACH settings
and free area ratio of raised-floor configurations for energy savings while maintaining
low particle concentrations. Their findings revealed that both ACH and the free area ratio
significantly impact cleanroom cleanliness levels. This insight is particularly valuable
for reducing operational costs in cleanrooms with low ACH requirements [17]. Permana
et al. conducted a study in Class 1 cleanrooms to investigate the effects of FFU velocities,
perforated floor porosity rates, and raised-floor heights on airflow uniformity and the
reduction in turbulent kinetic energy. Their findings indicated that while changes in floor
porosity had a modest impact, a decrease in FFU velocity combined with an increase in
raised-floor height significantly influenced the air deflection angle. This combination has
the potential to improve airflow dynamics and minimize turbulence [18].
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Apart from cleanroom air flow designs, the measurement of air quality monitoring
in cleanroom environments is also important. Key determinants include the strategic
placement of sampling points, sampling frequency with respect to occupancy type, and
selection of monitoring indices aligned with cleanroom functions. These factors collectively
inform the optimization of monitoring and control strategies. Recently, the work from
Sofia et al. presents an operational model to define the number of positions of air quality
network [19], which could be adopted in cleanroom studies.

Existing research primarily focuses on the configurations of FFUs, the placement of
air inlets and outlets, and cleanroom floor designs. However, limited attention is given
to the impact of airflow velocity and the inducing effects within the lower interlayer of
cleanrooms. To address this gap and achieve optimal vertical unidirectional flow efficiently,
this study focuses on the causes and influencing factors of the inducing effect in the lower
interlayer. These factors include both uniform and non-uniform perforated plate opening
ratios, the arrangement of non-uniform perforated plate opening ratios, and plenum heights.
Using simulations, the study evaluates the impacts of three uniform and four non-uniform
perforated plate opening ratios, seven plenum heights, FFU layout rate and velocity, along
with the critical interaction with the perforated plate opening ratios. More importantly,
a dimensionless velocity indicator, K1, as a design guidance indicator, is introduced and
evaluated to quantify the inducing effect, defined as the ratio of air velocity below the raised
floor to air velocity above the cleanroom perforated plates. These works contribute new
knowledge and understanding to the design of clean room air flow. The findings provide
valuable insights and practical solutions, contributing to the continuous enhancement of
cleanroom standards and practices in the industry.

2. Establishment of the Simulation Model and Evaluation Indicators
2.1. Energy, Mass, and Momentum Equations

The simulation was performed by using the ANSYS Fluent 2023 R2. In this study,
the airflow control equations used for the cleanroom airflow simulation are the Reynolds-
averaged Navier-Stokes (RANS) equations, while the governing equations includes conti-
nuity equation, momentum equation, and energy equation [20], given as follows.

Continuity equation is explained in Equation (1):

%P 4V (pou) = Sy O
where 5, represents the mass source or sink in the flow field, which accounts for the
addition or removal of mass within the domain.

Momentum equation is explained in Equation (2):

d(pu)
ot

+V-(pu®@u)=-Vp+V-(1t)+pg+F )

where k,r; represents the effective thermal conductivity of the fluid and is the sum of the
molecular conductivity (k) and the turbulent conductivity (k;).
Energy equation is explained in Equation (3):

@ + V- (u(pE+p))=V- (keffVT) +;v. (h];) + Si @3)
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The k — ¢ turbulence model which assumes isotropy of turbulent eddies and calcu-
lates transport equations for turbulent kinetic energy k and turbulent dissipation rate ¢
(Equations (4) and (5)) is selected based on the above assumptions [20].

a((.;)k)+v-(pku)zv-(uth)+Gk—p (4)

t O

90e) | . (pe) = V- (Ve ) 4 i EGe — Cape/k 5)
dat O¢ k

The following assumptions are applied for this model:

e Incompressible Flow: Assumes the fluid density (p) remains constant throughout
the domain. This is valid for cleanroom airflow as the flow speed is low (Mach
number < 0.3), and compressibility effects are negligible.

e Newtonian Fluid: The fluid exhibits constant viscosity (1) with a linear stress—
strain relationship.

e  Steady-State Flow: Time-independent flow where all variables (e.g., velocity, pres-
sure, temperature) remain constant with respect to time (9/9t = 0) from governing
equations, assuming equilibrium conditions.

e No-Slip Boundary Condition: The velocity at solid surfaces (e.g., walls, doors) is
zero relative to the surface (14, = 0). This reflects physical reality, as air adheres to
stationary surfaces due to viscous effects.

e  Adiabatic Walls: Assumes no heat flux through walls.

e Negligible Radiation: Radiative heat transfer is ignored, assuming its contribution to
the energy balance is insignificant compared to convective and conductive effects.

e  Closed System: The cleanroom is modelled as sealed, with no air infiltration or leakage.
This ensures that the airflow distribution is entirely governed by the internal supply
and exhaust system.

As this study is to evaluate air flow organization under controlled design parameters,
these assumptions are adopted. It is important to acknowledge that they may introduce
certain limitations to other studies with different scopes. For instance, the steady-state
assumption does not capture transient phenomena such as door openings and personnel
movement. The use of the k — ¢ turbulence model may not fully complex recirculation
zones. The neglect of thermal radiation and buoyancy effects simplifies the energy equation
but may underestimate flow variations with significant internal heat sources.

After applying the assumptions above, the governing equations can be simplified as
the continuity equation in Equation (6), simplified momentum equation in Equation (7),
and simplified energy equation as Equation (8):

V-u=0 (6)
p(u-Vu) = =Vp+ V- (e Vr) + pg 7)
V- (pCpTu) = V- (kefs V) (8)

where (1, £f =M+t yt) which incorporates effective viscosity to account for turbulence.

2.2. Cleanroom Geometry Model and Mesh for Simulation

Figure 1 presents the structural diagram of the cleanroom along with dimensions.
The width of the return air duct is denoted as L1 of 3 m. The heights of the lower inter-
layer and upper interlayer are represented as H1 of 0.5 m and H2 of 4.5 m, and H3 of
2.1 m, respectively.
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Figure 1. Schematic diagrams of the modelling cleanroom (a) representation and (b) dimensions.

To ensure accurate simulation of airflow and boundary layer characteristics, ANSYS
Fluent Meshing was used to generate a high-quality mesh for the computational domain.
A combination of tetrahedral and hexahedral elements was employed, with tetrahedral
elements used in regions with complex geometries and hexahedral elements in structured
regions for numerical stability. The boundary layer mesh thickness growth rate was set to
1.2 to maintain smooth transitions. The final mesh consists of approximately 4.8 million
elements, balancing computational cost and accuracy.

2.3. Evaluations of Air Flow Inclination

To evaluate the quality of airflow in a vertical unidirectional cleanroom, the angle
between the airflow direction and the gravity direction is selected as the criterion. The
formula for calculating the angle between the airflow at a certain location inside cleanroom
and the gravity is shown in Equation (9).

0 = arccos (Z;—g) )

where v, is the vertical velocity component (m/s), and v is the resultant velocity (m/s)
representing the magnitude of the total airflow velocity.

Since the airflow in the lower interlayer induces the cleanroom airflow direction, and
to fully reflect the impact of the lower interlayer airflow on the airflow direction within the
cleanroom, this study introduces a dimensionless parameter K1, which represents the ratio
of the flow velocity at a certain location in the lower interlayer to the average velocity at a
cross-section 0.1 m above the raised floor, as shown in the following Equation (10).

_ VY

Ky = v,

(10)
where V, represents the air velocity at a certain location in the lower interlayer, and V
represents the average air velocity at a cross-section 0.1 m above the raised floor.

2.4. Model Validation

To validate the accuracy and suitability of the selected numerical simulation model
for unidirectional airflow simulation, the model was validated against experimental field
measurements conducted in a cleanroom, with results from [19]. This dataset provides
velocity measurements at various positions within a cleanroom operating under vertical
unidirectional airflow conditions. The experimental conditions used for validation are
summarized in Table 1.



Atmosphere 2025, 16, 632

6 of 16

Table 1. Conditions used for model validation.

Parameter Type Dimensions Value
Unit area: Temperature: 23 °C
Supply Air (FFU) Velocity Inlet : Velocity: 2.76 m/s
1200 mm > 600 mm FFU Arrangement Rate: 60%
. Unit area: Temperature: 26 °C
Return Air Pressure Outlet 600 mm X 600 mm Pressure: 25 Pa
. Unit area: .
Perforated Floor Uniformly Perforated Perforated Ratio: 25%
600 mm x 600 mm
Raised Floor Wall Height: 600 mm -

Using the model established and applying the same conditions as in the experi-
ment [19], the airflow velocity at various locations across the room was simulated and
compared to the experimental measurements. To evaluate the accuracy of the simulation,
the relative error between the simulated and experimental data at each point was calculated
using Equation (11), and normalized root mean square error (NRMSE) between each pair of
data was calculated using Equation (12). These figures, as shown in Table 2, ranging from
0.4% to 7.0% with at 4.4%, demonstrate a good representation of the simulation model.

Xsim,i — xexp,i

E ;=

7

(11
xexp,i )

2
nx. —x ,
Se _ %Z [ sim,i exp,z‘| (12)

i=1 xexp,i

where X, ; and Xyp,; represent the simulated and measured value at node i, respectively.

Table 2. Experiment measurement comparing to simulation data.

Measurement Measurement Measurement Measurement Measurement

Point 1 Point 2 Point 3 Point 4 Point 5 NRMSE
Experimental airflow 256 251 251 2.39 211 ;
velocity (m/s)
Simulation airflow 2.74 2.67 2.52 2.35 2.16 -
velocity (m/s)
RMSE 7.0% 6.4% 0.4% 1.7% 2.4% 4.4%
3. Results

The results section provides a detailed analysis of cleanroom airflow optimization,
focusing on the impact of various design and operational factors on airflow inclination and
uniformity. Key areas include the evaluation of perforated plate layouts, the role of plenum
height, and FFU layout rates. The findings establish practical optimization guidelines for
achieving improved airflow verticality.

3.1. Impact of Uniform Perforated Plate Opening Ratios on Airflow

The perforation rate of a plate at the lower Interlayer refers to the proportion of its
surface area covered by perforations. Plates with lower perforation rates create more
resistance, limiting airflow and helping to maintain verticality, while higher perforation
rates allow greater airflow but risk compromising vertical airflow control. Investigation
has been conducted on how different perforated plate opening ratios, from 25% through
17% down to 10%, affect the verticality of airflow in a cleanroom (see Figure 2). At a 25%
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opening ratio, low resistance allows excessive horizontal airflow from the lower interlayer,
leading to significant inclination angles and uneven velocity distribution, particularly in
the central cleanroom area. The velocity contours show high airflow concentration near
the bend of return air ducts, leading to uneven distribution. With a 17% opening ratio,
verticality improves moderately as resistance increases, reducing horizontal deflection and
creating a more balanced airflow. However, moderate horizontal deflection remains in
central regions. At a 10% opening ratio, airflow verticality is significantly enhanced, and
the velocity distribution becomes highly uniform. The 10% opening ratio achieves the
best performance, ensuring most areas maintain verticality within the industry standard
of 25°. These results highlight the critical role of perforation rates in controlling airflow
distribution and ensuring cleanroom performance.
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Figure 2. Airflow velocity contour and flow direction diagram for the varying perforated plate
opening ratios from 25% (a,b), to 17% (c,d), through to 10% (e,f).

Table 3 provides a detailed comparison of airflow inclination angles at different heights
above the raised floor for various perforation rates. The data reveals a consistent trend
where inclination angles decrease with lower perforation rates. For instance, at 2.4 m, the
inclination angle for the 10% perforation rate is 26.4°, significantly lower than 35.9° for 25%
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and 31.6° for 17%. Across all heights, the 10% perforation rate maintains smaller inclination
angles, confirming its effectiveness in minimizing turbulence and horizontal airflow effects.

Table 3. Airflow inclination angle in relation to the varying perforation opening ratio.

Perforation Opening Ratio

Airflow Inclination Angle at the Vertical Location Above the Elevated Floor (m)

0.75m 1m 1.5m 24 m
25% 47.1° 45.0° 41.3° 35.9°
17% 35.2° 34.2° 35.2° 31.6°
10% 19.2° 18.7° 19.4° 26.4°

K1
024681012141618

Considering the velocity distribution in the lower interlayer significantly influences
the airflow’s inclination angle within the cleanroom, the dimensionless parameter K1 is
analyzed, which represents the ratio of the local airflow velocity in the lower interlayer
to the average velocity at a cross-section 0.1 m above the raised floor. This parameter
quantifies the non-uniformity of velocity distribution and its impact on airflow inclination.
As shown in Figure 3, it indicates that at a 25% perforation rate, K1 values are highest,
reflecting significant velocity non-uniformity. For a 17% perforation rate, it decreases
moderately, demonstrating better uniformity and reduced horizontal effects, although
some areas still show noticeable gradients. At a 10% perforation rate, K values are lowest
across the lower interlayer, showing highly uniform velocity distribution. These results
highlight that lower perforation rates effectively minimize K1, improving airflow verticality
and overall cleanroom performance.

ﬂi-m—_—_-

20z 002 46 810121416182z 02468112141618202

Figure 3. The dimensionless parameter K1 with respect to the varying perforation opening ratio
(a) 25%, (b) 17%, and (c) 10%.

3.2. Impact of Non-Uniform Perforated Plate Opening Ratios Arrangements on Airflow

While a smaller opening ratio enhances airflow verticality by promoting uniform
velocity distribution, it also increases airflow resistance, requiring additional fan power.
It is interesting to investigate varying the opening ratios across the airflow direction in
the lower interlayer to create a pressure gradient that optimizes airflow distribution while
reducing energy demands. Furthermore, non-uniform arrangements address the inherent
velocity non-uniformity in the lower interlayer caused by return air duct proximity and
structural variations. To do this, a list of non-uniform arrangements was investigated
including 8% — 12% — 17% (gentle gradients), 8% — 17% — 25% (steeper gradients),
12% — 17% — 21% (moderate gradients), and 12% — 17% — 25% (moderate gradients),
to evaluate their impact on airflow inclination, as shown in Figure 4. Quantitative data of
inclination angles of airflow are given in Table 4.
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Figure 4. Airflow declination angle above the 0.75 m of non-uniform perforated plate opening
ratio arrangements with (a) 8.5% — 12.5% — 17% (gentle gradients), (b) 8.5% — 17% — 25.5%
(steeper gradients), (¢) 12.75% — 17% — 21.25% (moderate gradients), and (d) 12.5% — 17% — 25.5%
(moderate gradients).

Table 4. Airflow inclination angles at different non-uniform perforation rates.

Airflow Inclination Angle at the Vertical Location Above the

Non-Uniform Perforated Plate Opening Ratio Elevated Floor (m)
0.75m 1m 1.5m 24m
8% — 12% — 17% (Gentle gradients) 25.0° 23.9° 22.9° 25.8°
8% — 17% — 25% (Steeper gradients) 14.8° 14.8° 15.9° 21.3°
12% — 17% — 25% (Moderate gradients) 13.0° 11.5° 10.4° 12.6°
12% — 17% — 21% (Moderate gradients) 18.6° 18.0° 17.7° 23.9°

The results demonstrate that non-uniform arrangements generally outperform uni-
form arrangements by reducing inclination angles, particularly at lower heights above the
raised floor. For example, at 0.75 m, the inclination angle for a steeper gradient 8.5% — 17%
— 25.5% is 13.0°, compared to 35.2° for uniform 17% and 47.1° for 25%. This highlights
the effectiveness of a steeper non-uniform gradients in enhancing vertical airflow. The
results also show that moderate gradients (such as 12.5% — 17% — 25.5%) provide good
improvement in verticality, maintaining inclination angles below 25° across the cleanroom.
These findings show the importance of selecting an appropriate non-uniform perforation
gradient. Moderate resistance variations, as in 12.5% — 17% — 25.5%, offer the best
balance. These results offer guidelines for improving cleanroom performance through
perforation arrangements.

3.3. Impact of Plenum Height on Cleanroom Airflow Organization

Apart from the perforation arrangements, the height of the plenum under the raised
floor plays a crucial role in determining the airflow velocity distribution and its induced
effects on cleanroom airflow verticality. By analyzing the impact of varying plenum heights,
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the study offers cleanroom airflow optimization. Investigations have been conducted on
the effects of plenum heights ranging from 0.6 m to 3.6 m on the dimensionless parameter
K1 and airflow inclination angles. The study also investigates the relationship between
plenum height and the perforation layouts (uniform and non-uniform). The results are
shown in Figures 5 and 6 and Table 5. The data show that at a low plenum height of
0.6 m, K1 values are high up to 22.9, indicating significant velocity non-uniformity. In a
case of low height design, non-uniform perforation layouts, particularly those with steep
gradients like 8% — 17% — 25%, show significant improvements in airflow verticality
compared to uniform arrangements. With the height increases, the advantage of non-
uniform perforation diminishes. For instance, at the design of 1.8 m height, K1 decreases to
around 5.5, non-uniform layouts still outperform uniform designs but with diminishing
benefits. This indicates that as the plenum height increases, the velocity non-uniformity
in the lower interlayer lessens, reducing the reliance on complex non-uniform perforation
strategies. At greater plenum heights (e.g., 2.7 m), K1 values fall below 4, and the airflow in
the cleanroom becomes largely independent of the lower interlayer velocity. Under these
conditions, uniform perforation layouts provide better streamline simplicity.

1

o

(6]

0.6 0.9 1.3 1.5 1.8 2.7

Plenum Height (m)

m Perforation Ratio 25%
m Perforation Ratio 12.5%-17%-25.5%
m Perforation Ratio 8.5%-17%-25.5%

m Perforation Ratio 17%
m Perforation Ratio 12.75%-17%-21.25%

Figure 5. Effect of the varying plenum heights and perforation ratios on K1.
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Figure 6. Airflow inclination at different vertical locations with varying plenum height of (a) 0.6 m,

(b) 0.9 m, (c) 1.3 m, (d) 1.5 m, (e) 1.8 m, and (f) 2.7 m.

Table 5. Airflow inclination angles at different vertical height above the floor with varying plenum

heights.

Airflow Inclination Angle at the Vertical

Plenum Height (m) Perforation Opening Ratio Location Above the Elevated Floor K1
0.75m 1.0m 1.5m 24 m

25% 56.1°  536°  494°  429° 156

17% 4720 449° 414 368° 196

0.6 12% — 17% — 25% 353° 3345 310°  299° 229

12% — 17% — 21% 370 339° 3170 3057 193

8% — 17% —» 25% 21.1° 20.2° 1960 242° 245

25% 47.1° 45.0° 41.3° 35.9° 114

0.9 17% 35.2° 34.2° 35.2° 31.6° 13.8

) 12% — 17% — 25% 12.9° 11.5° 10.4° 12.6° 14.0

12% — 17% — 21% 18.5° 18.3° 18.1° 21.5° 16.2

25% 348 333 304°  293° 82

13 17% 23.5° 22.7° 22.2° 25.3° 9.4

’ 12% — 17% — 25% 12.5° 12.0° 13.1° 17.9° 8.4

12% — 17% — 21% 7.1° 7.2° 9.8° 16.3° 9.4

25% 28.7° 27.6° 25.3° 22.0° 6.9

15 17% 18.3° 17.8° 16.9° 16.8° 7.6

) 12% — 17% — 25% 17.3° 16.8° 17.6° 23.1° 6.9

12% — 17% — 21% 10.5° 10.9° 13.3° 20.9° 75

25% 255 2470 241° 268 55

s 17% 1750 179°  197°  262° 6.0

: 12% — 17% — 25% 204° 1987 196°  236° 52

12% — 17% — 21% 13.9° 14.0° 155°  21.3° 56
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Table 5. Cont.

Plenum Height (m)

Airflow Inclination Angle at the Vertical

Perforation Opening Ratio Location Above the Elevated Floor K1

0.75m 1.0m 1.5m 24 m

2.7

25% 16.4° 16.8° 18.5° 23.6° 4.0
17% 11.4° 12.1° 15.1° 21.6° 4.0
12% — 17% — 25% 24.8° 24.0° 24.2° 25.6° 3.3
12% — 17% — 21% 19.6° 19.1° 19.5° 23.2° 3.6

These findings emphasize the importance of tailoring perforation layouts based on K1
values and design of low plenum heights, with guidance summarized in Table 6.

Table 6. Design suggestions according to plenum heights and K1.

Plenum Heights

K1 Design Suggestions

0.6 m (low)

Use non-uniform perforation layouts with steep pressure gradients, such as
8.5%—17%—-25.5%, to manage high velocity gradients and reduce airflow
inclination. These layouts are essential to counteract the strong induced effects
from the lower interlayer.

1.3 m (medium)

Non-uniform layouts remain effective but are less critical as the interlayer

5-9 velocity becomes more balanced. Both non-uniform arrangements and uniform

plates with lower perforation rates can achieve acceptable verticality.

2.7 m-3.6 m (high)

Uniform perforation layouts are sufficient and preferred. At these heights,
airflow from the lower interlayer has minimal impact on cleanroom verticality,
and uniform layouts ensure simplicity and energy efficiency without
compromising performance.

3.4. Influence of FFU Arrangement Rates on Cleanroom Airflow Organisation

The FFU arrangement rate is a critical parameter in cleanroom design, as it determines
the volume and uniformity of airflow supplied to the cleanroom. Previous studies (e.g.,
ISO cleanroom standards) show that higher FFU layout rates enhance particle control
and airflow uniformity, but they also increase energy consumption. The rate refers to the
percentage of ceiling area covered by FFUs, influencing the airflow volume and distribution
in the cleanroom. With the evaluation against dimensionless parameter K1, the study
investigates the impact of 40%, 50%, 60%, and 75% FFU arrangement rates on airflow
inclination angles. The results are as shown in Figures 7 and 8 and Table 7.

7

6
5
4
<
3
2
1
0

40% 50% 60% 75%
FFU Placement Rate (%)

m Perforation Ratio 25% m Perforation Ratio 17%
H Perforation Ratio 12.5%-17%-25.5% ® Perforation Ratio 12.75%-17%-21.25%

Figure 7. Effect of different FFU placement rates and perforation ratios on K.
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M Perforation Ratio 25%
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m Perforation Ratio 17%
m Perforation Ratio 12.75%-17%-21.25%

Airflow inclination angle (’)

20
0

Vertical locatlon above the ralsed -floor (m
m Perforation Ratio 17%
m Perforation Ratio 12.75%-17%-21.25%

W Perforation Ratio 25%
m Perforation Ratio 12.5%-17%-25.5%

(b)

0

1.00 1.50
Vertical location above the raised-floor (m)

M Perforation Ratio 25% m Perforation Ratio 17%
m Perforation Ratio 12.5%-17%-25.5% m Perforation Ratio 12.75%-17%-21.25%

Airflow inclination angle f)

(d)

Figure 8. Airflow inclination angle with varying FFU placement rates of (a) 40%, (b) 50%, (c) 60%,

and (d) 75%.

Table 7. Airflow inclination angles at different vertical height above the floor under various FFU

arrangement rates.

Airflow Inclination Angle at the Vertical

FFU Arrangement Rates (%)  Perforation Opening Ratio Location Above the Elevated Floor K1
0.75m 1.0m 1.5m 24 m

25% 34.9° 34.7° 34.6° 38.9° 5.4

40 17% 30.7° 30.9° 31.7° 38.6° 5.7

12% — 17% — 25% 27.9° 28.28° 29.5° 38.3° 5.0

12% — 17% — 21% 23.2° 24.6° 28.9° 39.6° 5.1

25% 25.5° 24.7° 24.1° 26.8° 5.5

50 17% 17.5° 17.9° 19.7° 26.2° 6.0

12% — 17% — 25% 20.4° 19.8° 19.6° 23.6° 5.2

12% — 17% — 21% 13.9° 14.0° 15.5° 21.3° 5.6

25% 24.8° 23.7° 22.1° 21.7° 5.7

60 17% 15.6° 15.1° 15.1° 19.3° 6.1

12% — 17% — 25% 19.2° 18.3° 17.5° 18.4° 5.3

12% — 17% — 21% 13.1° 12.6° 12.9° 15.9° 5.7

25% 24.0° 23.0° 21.1° 19.9° 5.8

75 17% 14.7° 14.4° 14.2° 16.0° 6.2

12% — 17% — 25% 18.7° 17.8° 16.6° 16.6° 5.3

12% — 17% — 21% 12.5° 12.1° 12.0° 13.6° 5.8

At a 40% FFU layout rate, the results show that the airflow inclination angles range be-

tween 23.2° and 39.6°, with limited differences between uniform and non-uniform perforated

plate arrangements. The relatively low density of FFUs results in significant velocity non-

uniformity. The non-uniform perforated plate layouts, such as 8% — 17% — 25%, provide
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inclination angles reduction over the uniform configurations. However, the low FFU density
limits the effectiveness of perforated plate arrangements in addressing airflow deflection.
Increasing the FFU layout rate to 50% leads to noticeable improvements in airflow organiza-
tion. The inclination angles reduce to a range of 13.9° to 26.8°, indicating enhanced airflow
verticality. Non-uniform perforated plate layouts, particularly 8.5% — 17% — 25.5%, fur-
ther improve verticality over uniform arrangements. At 60% FFU layout rate, the inclination
angles consistently below 20° across both uniform and non-uniform perforated plate con-
figurations. Although non-uniform layouts provide slight improvements, the difference
between uniform and non-uniform configurations becomes negligible. Further increasing
the FFU layout rate from 60% to 75% offers minimal changes. The analysis demonstrates
that increasing the FFU layout rate significantly enhances airflow verticality. At low lay-
out rates (40%), non-uniform perforated plates play a crucial role in mitigating velocity
non-uniformity, with their impact diminishes as FFU density compensates for non-uniform
airflow. The 60% can be an optimal FFU layout rate for achieving optimal airflow verticality
but further energy intensity study shall be conducted.

4. Conclusions

This study addresses a critical gap in cleanroom design by focusing on the airflow
inclination in cleanrooms. With evaluations on crucial factors such as perforated plate
arrangements, plenum heights, and FFU layout rates, this study explores how to optimize
airflow in vertical unidirectional flow cleanrooms. A new metric, the dimensionless velocity
parameter K1, is also introduced to evaluate the impact of the lower interlayer airflow
on verticality.

In terms of the suspended floor perforate plate design, the impact of perforation rate is
critical. A lower perforation rates, such as 10%, significantly reduce airflow inclination an-
gles and ensure better verticality, with airflow inclination values below 25°. However, lower
perforation rates increase airflow resistance, which can lead to higher energy demands.
For cleanrooms with significant velocity non-uniformity, where the value of K1 above 9,
non-uniform perforated plate configurations (e.g., 12% — 17% — 25%) are effective in
balancing airflow distribution and minimizing inclination.

In terms of the plenum heights, the variation of heights is also critical to the airflow
verticality. Atlow plenum heights below 0.6 m, high K1 values above indicate strong airflow
inclination. In this case, non-uniform perforated layouts with steep pressure gradients are
necessary to mitigate these effects. Increasing the plenum height reduces the air inclination
and the non-uniform perforate plate layouts remain beneficial with plenum heights of
1.3 m or less. With a significant plenum height over 2.7 m, K1 values reduce below 5, and
the airflow inclination becomes negligible, where using uniform perforate is sufficient.

The FFU layout rate is also investigated with layout rate varying from 40% to 75%.
With a low FFU density of 40%, airflow inclination angles range from 23.2° to 39.6°, and
significant velocity non-uniformity persists. The non-uniform perforated layouts contribute
to reduce inclination, but the overall effectiveness is limited. A moderate FFU density of 50%
is suggested as inclination angles reducing to 13.9-26.8°. Non-uniform layouts continue to
provide an edge over uniform ones by further reducing deflection. A higher FFU density
of 60% achieves the best airflow organization, with inclination angles consistently below
20° with minimal differences between uniform and non-uniform layouts.

5. Limitations of Current Study and Future Works

This study analyzed airflow inclination in vertical unidirectional cleanrooms by vary-
ing perforation rate, plenum height, and FFU layout rate. While the findings provide
useful guidance, several limitations remain. The CFD model assumes steady-state, in-
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compressible flow, and uses the standard turbulence model. Radiation, buoyancy, and
transient effects were not included. These assumptions simplify the simulation but may
limit accuracy in dynamic or thermally active environments. Future work will consider
transient simulations, advanced turbulence models, and coupled thermal analysis. In terms
of validation, future works can be conducted on broader validation across healthcare or
pharmaceutical cleanrooms. In terms of air flow designs, the design space explored was
limited to perforation rates of 10-25%, plenum heights up to 2.7 m, and FFU layout rates
between 40% and 75%. Future work can expand this scope to include novel perforated
floor designs (e.g., multi-tiered plates, directional louvers) and adaptive airflow systems. In
terms of operational costs, energy use and sustainability trade-offs also need further study.
Lower perforation rates and taller plenums improve airflow verticality but may increase
fan energy use. Future research should include fan power modelling, life-cycle assessment,
and cost analysis.
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Abbreviations

The following abbreviations are used in this manuscript:

ACH Air Change Rate per Hour

CFD Computational Fluid Dynamics

DCC Dry Cooling Coil

FFU Fan Filter Unit

HVAC Heating, Ventilation, and Air-Conditioning

ISO International Standard of Organization

SIMPLE  Semi-Implicit Method for Pressure-Linked Equation
P Fluid density

u Fluid velocity vector

Ug The vertical velocity component

p Static pressure

T Stress tensor

k Turbulent kinetic energy

€ Turbulent dissipation rate

u Dynamic viscosity

s Turbulent viscosity

e Effective viscosity (i + p¢)

kery Effective thermal conductivity (k + k¢)

Cp Specific heat capacity at constant pressure
T Temperature

g Gravitational acceleration



Atmosphere 2025, 16, 632 16 of 16

Sm Mass source term

Sy, Heat source term

Gy Turbulent kinetic energy production term
O Turbulent Prandtl number for k

[ Turbulent Prandtl number for ¢

Cu,Cy,C;  Empirical constants in turbulence models
0 The inclination angle of the airflow streamline from the vertical direction
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