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Featured Application: To contain the diffusion of pathogens through air, a UV-C filter is optimized
by CFD and ray tracing analysis guided by an MDO platform.

Abstract: Because of the recent COVID-19 pandemic, the problem of preventing and containing
the diffusion of pathogens spread through air has become a main topic of research. The problem is
particularly important for specific environments, such as dental or other medical practices, where
the aerosol treatments in open-mouth patients, combined with closed and crowded rooms, raise the
risk of infection. As an efficient countermeasure, in this study we propose a solution that is able
to remove the risk at the source, through the aspiration of the aerosol and the neutralization of the
bacterial load by means of a UV-C LED filter, which releases the sterilized air in the environment. To
maximize the efficiency of the solution, in this study we performed a numerical multi-disciplinary
optimization (MDO) of the filter, coupling numerical simulations of multiple disciplines (CFD and
electromagnetics) by the process automation and optimization environment modeFRONTIER of
ESTECO. Geometrical parameters of the filter are updated for each candidate solution proposed by
the optimization algorithm, and their performance in terms of viral neutralization efficiency and air
mass flow rate are evaluated by the simulations, until the optimal solution is found. The methodology
and results of the study are presented.

Keywords: optimization; CFD; ray tracing simulation; UV-C filter; air pathogens neutralization

1. Introduction

The development of ultraviolet germicidal irradiation (UVGI) originates in 1878, when
Arthur Downes and Thomas Blunt found that sunlight, at shorter wavelengths, might
restrict microbial growth [1]. As a consequence of this work, E. Duclaux identified, in
1885, variations in sunlight sensitivity among different bacterial species [2]. A few years
later (1890), Robert Koch demonstrated the lethal effect of sunlight on Mycobacterium
tuberculosis, discovering the great potential of UVGI to combat airborne diseases like
tuberculosis [3].

The mutagenic effects of UV were first discovered in a 1914 study that observed
metabolic changes in Bacillus anthracis when exposed to sublethal doses of UV [4]. In the
late 1920s, Frederick Gates described the first bactericidal action spectra for Staphylococcus
aureus and Bacillus coli, noting peak effectiveness at 265 nm [5]. This range corresponds
to the absorption spectrum of nucleic acids, revealing DNA damage as the key factor
in bacterial inactivation. This theory was consolidated by the 1960s through research
demonstrating the ability of UV-C to form thymine dimers, which are responsible for
microbial inactivation [6].

The methodic utilization of UVGI for air disinfection began in the mid-1930s. William F.
Wells demonstrated in 1935 [7] that airborne infectious organisms, specifically aerosolized B.
coli exposed to 254 nm UV, could be rapidly inactivated. Soon, this approach was extended
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to several hospitals and infant wards using UVGI “light curtains”, which were designed to
prevent respiratory cross-infections [8].

Despite initial successes, the use of UVGI declined in the second half of the 20th
century due to various reasons, in particular the rise of alternative infection control and
prevention methods. However, recent events, like the appearance of drug-resistant bacteria
and the COVID-19 pandemic, have renewed interest in UVGI for air disinfection [9].

Various engineering approaches to efficiently mitigating the presence of airborne
pathogens inside building environments have therefore recently been investigated. Among
these, we want to cite methodologies based on filtration, ultraviolet germicidal irradiation
(UVGI) [10], and less common emerging methods, such as photocatalytic oxidation [11,12]
and ionizing radiation [13]. The methodology that we focused on in the present study is the
filtration of air within heating, ventilation, and air conditioning (HVAC) systems, supported
by established classification and criteria (e.g., ANSI/ASHRAE Standard 52.2-1999, ISO
14644-1 1999) [14,15].

The particular case of UVGI disinfection that originally motivated our study is repre-
sented by dental or medical practices, where the combination of closed and non-aerated
rooms with patients that cannot be protected by face masks during the medical operations
significantly raises the infection risks for patients and medical operators.

In this study, therefore, we focused on a solution that aims to remove the risk at the
source by the aspiration of the aerosol generated in the dental practice through a vented
UV-C LED filter, which neutralizes the viral and bacterial load, releasing the sterilized air
in the environment [16]. To minimize the impact of the solution on the working conditions
and ergonomic necessities of the physician, the focus was on a design that is practical to
use, that does not interfere with the physician’s movements and vision, and that does not
require particular attention or care during dental operations.

Since the efficiency of the pathogen neutralization is proportional to the intensity
and time a microorganism is exposed to UV [17], it is required to perform a geometrical
optimization of the filter, which maximizes the time the air flow carrying the bacterial load
remains exposed to the UV radiation.

The MDO (multi-objective optimization) design of the filter was realized by coupling
the numerical models with the optimization platform modeFRONTIER, which is used
in various industrial fields, such as automotive and aeronautics, for the optimal design
of products and systems according to the definition of the objectives and constraints.
Optimization algorithms based on genetic algorithms and artificial intelligence guide the
exploration of different candidate solutions by the automatic execution of several numerical
simulations, until the design objectives are met.

The numerical models integrated in the MDO platform include CFD for the simulation
of air flow across the filter and ray tracing to evaluate the intensity of UV radiation to which
each particle transported by the air flow (as evaluated by particle tracking post-processing
analysis over the CFD field) is exposed. By the combination of UV radiation intensity
and exposure time on a given number of particles, it is possible to define the average
dose absorbed by any pathogenic particle, as the objective of the optimization process to
be maximized.

In the next sections we first describe the filter numerical models, and then we focus
on the set-up and execution of the MDO optimization process, highlighting how the
performance of the system was improved following this methodology.

2. Filter Modeling and Simulation
2.1. Combined Action of Air Ventilation and UV Radiation for Pathogen Neutralization

The effectiveness of germicidal UV depends on the duration a microorganism is
exposed to UV, the intensity and wavelength of the UV radiation, and the presence of
particles that can protect the microorganisms from UV [17].

Wavelengths between about 200 nm and 300 nm are strongly absorbed by nucleic
acids, causing defects in pyrimidine dimers, which can prevent replication of necessary
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proteins, resulting in the death or inactivation of the organism, as illustrated in Figure 1 [18].
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Figure 1. UV-C LED emitting 265 nm compared to the E. coli germicidal effectiveness curve. Adapted
from paper cited in [18].

The effectiveness of UVGI increases when used in conjunction with fans and HVAC
ventilation, which raise the exposition time of microorganisms to UV. The repeated cir-
culation of the air ensures multiple passes so that the UV is effective against the highest
number of microorganisms and can irradiate resistant microorganisms more than once to
inactivate them.

The UV effectiveness can in fact be estimated by calculating the UV dose that is
delivered to the microbial population. The UV dose is calculated as follows:

UV dose [W-s/m?] = UV intensity [W/ m?] x exposure time [s] (1)

In conclusion, to design an optimal UV-C filter, it is necessary to maximize the air flow
rate and the exposure time of the air flow to the UV radiation.

2.2. Baseline Filter Performance

The baseline configuration of the filter we optimize in this work was designed by
Stefano Fornasaro et al. [19] at University of Trieste in the BAQLab (Bioaerosol and Air
Quality Laboratory).

The device geometry shown in Figure 2 [19] was originally patented (Italian patent
n.0001401336) as a grease-removing device for industrial kitchens [20], capable of separating
grease particles of 4-6 um diameter. In the study reported in [19], the geometry was scaled
down to interact with smaller particles and to fit with the available experimental apparatus.
The internal walls of the prototype are made of highly reflective POREX Virtek® PTFE,
which offers a certified reflectivity of 95-97% in the 200-300 nm wavelength range. On the
opposite side of the device module, two UV-C LEDs are positioned and controlled with a
dedicated adjustable power supply.

To evaluate the performance of the system for the neutralization of viral loads, the
experimental setup was tuned with that previously designed for the understanding of
the behavior of infectious SARS-CoV-2 in the aerosol phase, described by Zupin et al. in
Ref. [21]. The aerosol allowed the generation of particles of different dimensions (0.5 pm
and 2.5 pm) from the PBS solution enriched with a culture of non-pathogenic strain of E.
coli (BL21-DE3), at two different concentrations: 107 and 108 CFU/mL.

The effect of different parameters was tested in [19] by an experimental campaign
of 49 tests, which revealed that the most relevant factor was the total power of the two
LEDs (maximum level: 300 mA), followed by the flow rate of the aerosol (maximum level:
50 L/min). In contrast, the particle size was revealed to be not significant in the study,
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confirming that the method is efficient for every aerosol particle in the range from 0.5 to
2.5 pm.

After these results, we decided to optimize, by numerical simulations, the geometry
of the filter, to obtain the maximum flow rate and the maximum exposure time, given the
proper UV radiation.

a b

Figure 2. (a) Device geometry. (b) Assembled prototype used for the experimental testing. Adapted
from paper cited in [19].

2.3. Filter Geometry Parameterization

The 3D geometry of the filter device studied in this work was modeled in CATIA v5,
as illustrated in Figure 3a. In more detail, a total of eight geometrical dimensions were
identified as design parameters, i.e., dimensions that can be changed in the optimization to
obtain the optimal performance of the device.

a

Figure 3. (a) Device geometry (Catia v5). (b) Definition of parameters.

Figure 3b indicates each parametric dimension with an ID number (x1, ..., x8), which
is then reported in Table 1 with the definition of the corresponding range of variation
(minimum and maximum value of each dimension). More specifically, the parameters
considered are the blade’s height and angle of development, the internal radius of the hub
and its length, and the coordinates of the median point of the external and internal profiles
of the blades.
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Table 1. Geometrical parameters and range of variation.

Parameter (Reference ID) Lower Bound Higher Bound

Blade_angle (x1) 45° 75°

Blade_height (x2) 15 mm 25 mm

Inner_radius (x3) 10 mm 20 mm
Z_length (x4) 25 mm 80 mm
X_inner (x5) 7.5 mm 12.5 mm
X_outer (x6) 0.1 mm 3 mm
Y_inner (x7) 22.5 mm 27.5 mm
Y_outer (x8) 0.1 mm 3 mm

2.4. CFD Simulation Model

Each updated CAD configuration is exported in a proper format ((CATPart file) to
ANSYS Workbench, which generates the mesh and performs the CFD analysis. The mass
flow rate entering the filter is one of the design parameters, and the selected range of
variation is [2.5 x 107*: 16 x 10~*] kg/s, corresponding to [12.5 : 78.4] L/min.

To save computational time, an axial-symmetry model, corresponding to a quarter of
the total volume, was defined (Figure 4). The inlet of the air flow is defined on the quarter
circular surface at the left of Figure 4, while the outlet is defined at the end of the pipe
(right, out of picture).

0070 (m)
)

00175 0053

Figure 4. Air flow across the filter: mesh view.

The mesh is tetrahedral with prismatic layers defined on the wall (Figure 5), for a
total of about 1.5 M elements. The Reynolds number of the flow is in the order of 1 x 10%,
which leads to the definition of a wall distance (minimum mesh size) of 0.5 mm, to yield a
Y+ value < 5. For this mesh size, mesh independence studies revealed a proper convergence
of the monitored quantity (maximum pressure and velocity on the median section of the
filter; the errors for the selected mesh are lower than 1-2% with respect to a mesh of
3 M elements).

In the first stage, Navier—Stokes equations (Equation (2)) are defined for the station-
ary CFD analysis (using the solver Fluent of ANSYS 2024R1), implementing an SST k-w
turbulence model (Figure 6).

d
5 (0u) +V(puwu) = =Vp+V+pg )
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Figure 5. Air flow across the filter: mesh detail (the z-axis of the pipe is vertical).
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Figure 6. Air flow across the filter: velocity magnitude (above) and velocity vector (below) field.

In the second stage, on the basis of the flow field results across the filter, a particle
tracking analysis was performed to understand how any pathogenic particle is transported
by the air flow across the filter.

Various methodologies are available for particle tracking [22]; we adopted the one
available in ANSYS Fluent, based on [23] the Basset-Boussineq—Oseen (BBO) equation
(Equation (3)).

L dUp n a3
gPPd%T = 37tudp (Uy — Up) — gd%VP + ﬁpfd%$ (U — up) +prdpg ©)

In Equation (3), the left term reports the rate of change in the particle momentum (p,
d, and U are, respectively, the density, diameter, and velocity of the particle; the subscript
P stands for particle). The right term reports the sum of the forces acting on the particle;
the first term is the Stokes’ drag (function of the fluid viscosity p and velocity difference
between particle, U, and fluid, Uy); the second term is the pressure gradient in the undis-
turbed flow; the third term is the added mass, which is an inertia forced induced by the
accelerating particle moving a volume of surrounding fluid as it crosses through it; and the
last term is the gravitational force.
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In the original formulation of the BBO equation, an additional force, the Basset term,
is also introduced to evaluate the viscous effects of the temporal delay in boundary layer
development as the relative velocity changes with time. This term can, however, be
discarded when, like in our case, the ratio of the density of the fluid (air) with the density
of the particle is negligible.

For this study, it was decided to evaluate a total of 200 particle tracks. The starting position
of the particles was defined at a uniform distance inside the inlet section of the filter, while
the diameter of the particles was kept fixed to 1 um, according to the analysis of the baseline
performance described in Section 2.2 [19]. The final trajectories of the particles are therefore
representative of the path a different pathogenic particle follows when crossing the filter.

2.5. UV Ray Tracing Simulation

The combination of CFD particle tracking and UV ray tracing simulations is used to
evaluate how the changes in geometry parameters affect the device’s performance and if
the UV-C radiation intensity inside the device is sufficient to achieve a proper disinfection.

From the CFD analysis, as described in the previous paragraph, the trajectory of the
particles through the device can be tracked. Figure 7a illustrates a sample of particle flow
trajectories, colored by their velocity magnitude (m/s), for the baseline filter geometry. The
residence time of each particle slightly changes between 0.37s and 0.41s.

particle-tracks-1
Velocity Magnitude [ mvs

[ B |
0.00 15x107%  21x107' 32x107' 4.2x107! 53x107! 6.3x107' 7.4x10"' 84x10"' 95x10"! 1.05
a

-0.05

¥ (mimeters)

s 0
X (mismeters)

Figure 7. (a) Particle flow path sample. (b) Particle spatial distribution in 3 sections [m]. (c) Radiation
intensity distributions in 3 sections [W/ m?]. Adapted from paper cited in [19].
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For each design proposed in the optimization, the radiation intensity is evaluated by
TracePro 2023 software in 14 different sections of the filter, equally spaced along the main
z-axis. Figure 7b shows the X-Y position of each trajectory (colored by their ID number)
for the baseline filter geometry in three key sections of the device (placed, respectively,
at coordinates z1 = —6 cm, z2 = —1 cm, and z3 = 0 cm), while Figure 7c shows the UV
radiation intensity [W/ m?] for the same three sections. For each of the 14 sections, a
100 x 100 matrix is defined, whose elements describe the UV intensity distribution on the
(X, Y) plane.

By combining the radiation intensity with the particle trajectory, it is possible to
compute the UV dose of radiation absorbed for each particle, as described by Equation (1).
The trajectory of the particle is divided into N different timesteps, and at each timestep i the
particle is associated with the closest section according to its axial position. The radiation
absorbed in this timestep (gi(x) in Equation (4)) is retrieved from the radiation intensity
matrix corresponding to this section, at the (X, Y) position of the particle.

The total dose of radiation absorbed by the particle (Equation (4)) is finally obtained
by summing the absorbed radiations in each timestep, multiplied by the delta time (AT)
between two consecutive timesteps:

N —
uv, =y gi(x)AT @)
3. Process Automation and Optimization

The CAD, CFD, and ray tracing simulation models were integrated in a single MDO
(multi-disciplinary optimization) process automation workflow, within the optimization
platform modeFRONTIER (Figure 8).

DESIGN_VARIABLES

CAD_CFD FLUENT
7 (}
Stat POST_MATLAB Exit
© O & O ©
CAD_FILTER TRACEPRO
=, O

ADSORPTION
0]

Figure 8. Process automation workflow for the MDO.

The process automation workflow is defined by a series of application nodes linked
together with data and file nodes, with each one representing a different step of the process.

The logic of the process flow is divided into two paths, which are executed in parallel:
from one side the application nodes for the CFD analysis, above, and from the other side,
below, the application nodes for the ray tracing analysis.

In the first of the parallel paths, the first application node is the API-based connector
interface with CATIA v5, which allows the automatic updating of the CAD model as
a function of the values of the design parameters as described in Section 2.3, for each
candidate design proposed by the optimization algorithm. This application is followed
by another interface for Ansys, which rebuilds the mesh on the updated CAD model and
executes the Fluent CFD simulation. The interface just replaces the original mesh model
with the updated one, keeping the CFD boundaries and analysis settings unchanged.

In the second parallel path, the first application is a modified CAD node, which, as a
function of the same design parameters, updates the geometry of the filter (note that the
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first CAD model defines the CFD domain around the filter for the CFD analysis, while
for the ray tracing analysis the filter geometry itself is needed). The updated geometry
file is then transferred to the application, which executes the ray tracing analysis by the
TracePro software.

When both simulation paths are executed, the results of the CFD analysis (the particle
trajectories) and the results of the ray tracing analysis (the distribution of radiation intensity)
are transferred to the last application of the workflow. This executes a MATLAB 2024a
script, which computes the following objectives and constraints:

_ V:
uvi=y1, UN’ [Ws/m?’] (5)
kg
low = vds| =<
mass flow /Outletp [ . } (6)
Min UV; > 25 [Ws/m?| 7)

T\ 2
ouv, =Y, M< 0.667 UV; ®)
(N ~1)

Equation (5) is the absorption index defined as the first objective function to be
maximized. It is computed as the average value of 200 different particle tracks of the ray
absorption UV; as expressed in Equation (4) for a single particle track (i.e., the product of
the radiation intensity for exposure time). The value of this objective needs to be higher
than 40 Ws/m?, as stated in [24], to achieve the necessary dose of inactivation.

Equation (6) indicates the second objective of the optimization, i.e., the maximization
of the mass flow inside the UV-C filter, computed at the outlet section. This is necessary to
maximize the air quantity that can be disinfected by the device.

In addition, two other constraints are defined by Equations (7) and (8): the mini-
mum absorption index (min UV;) among the different particle tracks must be higher than
25 Ws/m? (to avoid any single particle having a too-low absorption index), and the stan-
dard deviation of the different particles index (o UV;) should be lower than 2/3 of the
average value (to avoid a too-high dispersion of the particle efficiency distribution).

Once the objectives and constraints are defined and the process automation workflow
is completed, the simulation and evaluation of the performances of each design proposed
can be undertaken by the optimization proprietary algorithm (Pilopt) of modeFRONTIER.
This algorithm combines genetic algorithms, gradient-based methodologies, and response
surfaces to obtain the optimal solution with the lowest number of simulation evaluations.

4. Optimization Results

Before proceeding to the optimization process, a first DOE (Design of Experiments)
series of designs was evaluated to analyze the significance of each parameter to the main
objective of the study, i.e., the absorption index.

A DOE of 64 designs was evaluated using the Taguchi Orthogonal array scheme, which
guarantees uniform coverage of the design space. A statistical analysis based on a PCE
(polynomial chaos expansion) regression model was performed, revealing the cumulative
sensitivity index (based on SOBOL indices) represented in Figure 9.

It follows that the height of the filter (z_height in Figure 3) is the parameter with the
greatest effect on the absorption index, followed by the inner radius, blade angle, and
the coordinates of the points controlling the blade curvature. Blade height, by contrast,
revealed no significant effect, so this variable was disregarded in the optimization.

Figure 10 reports the results of the optimization after the execution of a total of
300 design simulations by the Pilopt algorithm.
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Figure 10. MDO results: mass flow vs. absorption index (feasible/unfeasible designs are represented
in green/yellow color).

Each point of the chart reports a different design, where the yellow points represent
unfeasible solutions (i.e., not respecting one or more of the constraints) and the green points
represent feasible solutions. The two objectives of the optimization are reported in the
abscissa (mass flow rate) and ordinates (absorption index) of the chart. Note that the mass
flow reported on the x-axis corresponds to a quarter of the real flux in the filter due to the
axial symmetry of the model.

Among the feasible solutions, the one indicated in Table 2 was selected as the optimal
compromise among the several criteria. Table 2 reports a comparison of the optimal solution
with the baseline.
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Table 2. Geometrical parameters for baseline and optimal solution.

Parameter Baseline Optimal Solution
Blade_angle (x1) 60° 45°
Blade_height (x2) 20 mm 16.75 mm
Inner_radius (x3) 13 mm 17 mm

Z_height (x4) 39 mm 99.6 mm

X_inner (x5) 10 mm 10 mm
X_outer (x6) 2 mm 0.2 mm
Y_inner (x7) 25 mm 25 mm
Y_outer (x8) 2 mm 1.35 mm

Mass flow 2.5 x 1074 kg/s 8.8 x 104 kg/s

Absorption efficiency 19.9 Ws/m? 40.06 Ws/m?
Minimum efficiency 17.25 Ws/m? 26.76 Ws/m?
Efficiency standard deviation 0.86 Ws/m? 0.43 Ws/m?

5. Conclusions

The application of MDO numerical optimization to the design of medical devices,
such as an UV-filter for air disinfection, allows the efficiency of the product to be improved,
while optimizing, at the same time, the computational and the human resources dedicated

to the project.

Numerical simulation models from different disciplines, such as CFD and ray tracing,
can be easily integrated in a MDO platform, which allows the automatic simulation of the
different candidate solutions with the variation in the geometrical parameters. By selecting
an opportune optimization strategy, the contrasting objectives and requirements can be
optimized after the automatic execution of a few simulations without the need to remodel

each design model by hand.

In the specific application illustrated in this paper, it was possible to optimize the
baseline geometry of a UV-C filter medical device for air disinfection, with an important
increase in the absorption coefficient of the pathologic load and of the air mass flow.

As future work, by considering a wider range of variation in the design parameters, it
is expected that the performance of the device will be increased further. In addition, an

experimental verification of the optimal geometry is foreseen.
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