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ARTICLE INFO ABSTRACT

Keywords:

This study used Computational Fluid Dynamics (CFD) to investigate air disinfection for SARS-CoV-2 by the
Upper-Room Germicidal Ultraviolet (UR-GUV), with focus on ceiling impact. The study includes three indoor
settings, i.e., low (airport bus), medium (classroom) and high (rehearsal room) ceilings, which were ventilated
with 100% clean air (CA case), 80% air-recirculation with a low filtration (LF case), and 80% air-recirculation
with a high filtration (HF case). According to the results, using UR-GUV can offset the increased infection risk
caused by air recirculation, with viral concentrations in near field (NF) and far field (FF) in the LF case similar to
those in the CA case. In the CA case, fraction remaining (FR) was 0.48-0.73 with 25% occupancy rate (OR) and
0.49-0.91 with 45% OR in the bus, 0.41 in NF and 0.11 in FF in the classroom, and 0.18 in NF and 0.09 in FF in
the rehearsal room. Obviously, UR-GUV performance in NF can be improved in a room with a high ceiling where
FR has a power relationship with UV zone height. As using UR-GUV can only extend the exposure time to get
infection risk of 1% (T74) to 8 min in NF in the classroom, and 47 min in NF in the rehearsal room, it is necessary
to abide by social distancing in the two rooms. In addition, T, in FF was calculated to be 18.3 min with 25% OR
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and 21.4% with 45% OR in the airport bus, showing the necessity to further wear a mask.

1. Introduction

People are much more likely to get infected with COVID-19 by the
inhalation of SARS-CoV-2 carried by aerosols (<5 pym [1]) than by the
SARS-CoV-2 carried by large droplets, typically deposited onto the
mucous membranes in eyes, nostrils, or lips [2]. Talking and breathing
generates aerosols capable of efficient COVID-19 spread [3,4] because
SARS-CoV-2 can be transmitted between people via the exhaled viral
aerosols in both short- and long-range, also called near- and far-fields
[5].

Mechanical ventilation is typically designed for occupant comfort,
such as the removal of odor and air pollutants, and temperature and
humidity control, not for airborne infection control. The exception are
health-care facilities that can supply a minimum of 6-12 room air
changes per hour (ACH) recommended for airborne infection control
[6]. Importantly, several recent studies established a contributing role of
insufficient ventilation to indoor COVID-19 transmission in public
spaces, such as bars, churches, restaurants, and buses [7-12]. Filtration

has been widely applied in the existing central heating, ventilation, and
air-conditioning (HVAC) systems to clean the recirculated air. Although
a high efficiency particulate air (HEPA) filter is able to remove at least
99.97% of all particles that are 0.15-0.2 pm [13], its use is not feasible in
many existing HVAC systems due to its high resistance to air from cir-
culation [14]. In practice, it is a MERV 13 (Minimum Efficiency
Reporting Value) filter, not a HEPA filter, that is recommended for U.S.
public buildings for control of SARS-CoV-2 airborne transmission
[15-17]. Furthermore, in some special indoor settings, such as buses,
filters were upgraded to a MERV 8 or even lower because of the rela-
tively large ACH rates in transportation vehicles [18]. Note that a MERV
8 filter is not able to remove particles less than 3 pm, and a MERV 13 can
only remove <75% of the particles smaller than 1 pm [19]. These lim-
itations indicate additional air cleaning measures to control the
COVID-19 spread of tiny particles which are impossible to be fully
removed by these filters.

Upper-Room Germicidal UV (UR-GUV) technology [20] has been
proven an effective whole-room air and surface disinfection measure
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against COVID-19 spread in hospitals [21], and is a recommended
measure for the prevention of COVID-19 transmission [22,23]. An
UR-GUV system includes one or several UV fixtures suspended from the
ceiling or mounted on a wall, which use parallel louvers to deflect UV
light to the upper room overhead, and generate a UV irradiation zone
with a high irradiance level (UV zone). With UR-GUV, the irradiance
level is limited in the lower room (occupied zone) to prevent over-
exposure to UV irradiation, which may cause erythema to the skin and
photokeratitis to the eyes [24].

Rooms with a ceiling height less than 2.3 m are usually not equipped
with UR-GUV due to possible ceiling reflectance into the occupied zone
[25]. Therefore, because of height limitations thus far, UR-GUV has
rarely been applied to ground transportation vehicles, such as buses and
trains, where there is a low overhead space but crowded. In contrast,
high ceilings (>2.7 m) enable the use of unshielded UV lamps (without
louvers) [25] to provide a higher irradiance level. Because of little
experience in applying UR-GUV in high-ceiling indoor spaces, the
sensitivity of its performance is unclear at the elevation and height of the
UV zone where the air is not well mixed.

Our previous studies demonstrated that Computational Fluid Dy-
namics (CFD) is capable of evaluating UR-GUV air disinfection perfor-
mance [26-28]. In this study, we developed the CFD method to integrate
simultaneous analyses of air recirculation, particle filtration, and
UR-GUYV air disinfection with the transport process of exhaled aerosols.
With this new method, we investigated the UR-GUV application in a
classroom with a medium ceiling height (2.74 m), an airport bus with a
low ceiling height (2.45 m), and a rehearsal room with an extremely
high ceiling (7.47 m). The investigation will include different
air-recirculation/filtration conditions to see if using UR-GUV could
counterweight the increased infection risk caused by air-recirculation.
Furthermore, the investigation will be not limited to the overall
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infection risk, but also test if this whole-room air disinfection measure is
useful for providing protection in the near field (NF) around the index
case. Importantly, this study will specifically focus on the impact of
ceiling height and available volume when investigating UR-GUV air
disinfection performance. In addition, we will clarify if it is still neces-
sary to wear a mask and/or abide by social distancing when using
UR-GUV, regarding that there is always resistance to wearing a mask
due to social, neurological and psychological factors [29], meanwhile
many people won’t adhere to all social distancing rules, especially when
one is not identified as highly vulnerable to COVID-19 [30].

2. Methodology

We created the CFD models based on the spatial configuration and
ventilation design of actual indoor spaces representing an airport bus, a
classroom, and a rehearsal room, to investigate the impacts of ceiling
height and air disinfection volume on UR-GUV efficacy.

2.1. Room models

This study created four models, including two bus models for an
airport bus (Cobus 3000) with occupancy rate (OR) of 25% (27 people)
and 45% (50 people), a general classroom with one teacher and 16
students, and a rehearsal room of School of Music with three people.
Fig. 1 shows the four models for the three indoor settings. The occu-
pancy in the classroom and rehearsal room was determined according to
the administrative regulations during the pandemic, while the bus oc-
cupancy was varied from low to high, in the two different bus models.
This study conducted the simulations of residual lifetime of air (RLTa)
[31,32] to determine the index cases for the investigation. RLTa at an
occupant’s mouth opening represents the mean time that his/her

UV irradiation zone
2m~255m

.

(c¢) Rehearsal room model

Fig. 1. CFD models for three indoor settings. Red circle highlights the index case. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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exhaled breath takes to reach the outlet (air return/exhaust). Therefore,
a larger RLTa value means that the exhaled air will have longer indoor
resident time than the breaths of other occupants. As a result, in each
model, one seated (A) and another standing (B), whose exhaled breath
had the longest indoor resident time among the occupants, were chosen
as the index cases for COVID-19. Note that with each model, we simu-
lated flow field and viral spread for each index case. When one index
case was simulated, the other one was assumed to be a recipient doing
constant inhalation.

This airport bus’s air distribution has two linear and six round inlets.
The linear inlets at each side close to the ceiling were simplified as
rectangular openings with the same length and area as the original
design. The six round inlets are symmetrically distributed in the front
and middle part at each side, providing more air supply in these areas
than the rear part. Air of 20.2 °C [33] is supplied from the normal di-
rection of the inlets, with an air exchange rate of 30 ACH (air change per
hour). The airport bus’s outlet includes two rectangular openings
located in the middle of the ceiling. The airport bus has a
concave-upward ceiling between 2.1 m and 2.45 m, which was taken as
UV zone in the bus models.

The classroom has two square ceiling diffusers in the front and rear
parts and a square outlet at the center of the ceiling. The supplying
openings of each diffuser are simplified as four rectangular openings at
each side the diffuser, with air supplied at a spread angle of 30°. The
rehearsal room has 12 plaque style air diffusers, which were simplified
as in the classroom model, but the air was supplied straight downward
according to our measurement. There is only one square outlet in the
ceiling as shown in Fig. 1(c). According to the campus’s administrative
regulation, air exchange rate was set to be 3 ACH in the two models, with
air temperature to be 22 °C. In the classroom model, the UV zone was
located between 2 m and 2.55 m, with a volume of 20% of room space,
representing a general application of UR-GUV. For the rehearsal room,
we did the simulations with a variety of elevations and heights for UV
zone.

For all these models, we consider three ventilation conditions: 1)
100% clean air supply (CA case); 2) 80% air-recirculation with low
filtration, i.e., a MERV4 filter for airport bus and a MERVS filter for
classroom and rehearsal room (LF case); and 3) 80% air-recirculation
with high filtration, i.e., a MERVS filter for airport bus and a MERV13
filter for classroom and rehearsal room (HF case). LF case presents the
ventilation operation implemented before the COVID-19 pandemic,
while HF case for the current ventilation practice. CA case for the ideal
conditions with HEPA filter or 100% outdoor air supply.

In the airport bus and classroom models, this study used the simple
human body shapes with the rectangles of different sizes to represent
body parts, to reduce the complexity of spatial configuration. We first
created the simulation domains using tetrahedral meshes, with Aspect
Ratio <6.04 and Skewness Equiangle <0.78. After importing the tetra-
hedral meshes into Fluent, we applied the Polyhedral meshing function
to convert the tetrahedral meshes to polyhedral meshes, which could
improve mesh quality meanwhile it greatly reduced the cell count. As a
result, simulation domain finally had 2.025 M cells for 25% OR bus,
1.36 M cells for 45% OR bus, 1.494 M cells for classroom, and 1.871 M
cells for rehearsal room. According to our grid independence study [33]
and other similar studies [34,35], these cell counts are sufficient to
ensure the grid independence for the models. The polyhedral mesh
quality is appropriate for Ansys Fluent, with orthogonal quality of 0.31,
0.33, 0.32, and 0.28 for the 25% OR bus, 45% OR bus, classroom, and
rehearsal room models, respectively. Fig. 2 presents an example of
meshes across the standing human bodies in the rehearsal room model.
To account for the complex body shape, we created additional blocks to
refine the meshes around the human bodies.

2.2. CFD approaches

This modeling method validated and used in our previous study on
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Fig. 2. Meshes in the sections across the standing human bodies in rehearsal
room model.

UR-GUV application in indoor settings [28] was used in the simulations.
The commercial CFD software, Ansys Fluent v19.2, was used to solve the
governing equations of the Realizable x-¢ turbulent model [36] with the
SIMPLE algorithm. The software package states that this model offers
certain advantages over the standard and possibly over the RNG «-¢
turbulent model [37], which is suitable for approximating turbulence
due to buoyancy flows [38]. Boussinesq approximation was used to
account for the buoyancy force on convective flows around the warm
surfaces, such as light and body surfaces. The PRESTO! algorithm for
pressure-velocity coupling was used, with the second-order upwind
spatial discretization for momentum, «, ¢, and energy, and first-order
upwind spatial discretization for scalar. The convergence criterion was
1 x 107 for energy, 1 x 107 for scalar, and 5 x 10~* for other
variables.

After obtaining flow field, we simulated the spread of exhaled viruses
following air currents, with the drift-flux model [39] using an active
scalar to represent SARS-CoV-2. The governing equation is as follows:

Ve ((V4+7)C) =V e ((2+2)VC) +5 - 2EC )

where C is quanta concentration (quanta/m®), V is the velocity vector of

air (m/s), 75) is the setting velocity vector of quanta (m/s), 4 and A, are
laminar and turbulent diffusivity (mz/s), S is the source term (quanta/
m3-s), z is the UV susceptibility constant [rnz/J 1, and E is the fluence rate

[W/m?]. 7; can be calculated using the aerosols’ density and size with
Stokes’ law; therefore, it accounts for the gravitational force on the in-
fectious aerosols, which were assumed to have an aerodynamic diameter
of 5 pm. With Eq. (1), the influence of indoor humidity and temperature
on aerosol size and the deposition of aerosols on the solid surfaces were
ignored. In the simulations, z was set to be 0.2 m2/J [40], and E was set
to be 0.2 W/m?, according to an estimate of 0.012 W/m® for the class-
room’s volume.

2.3. Boundary conditions

Table 1 summarizes the boundary conditions. For the bus models, the
boundary conditions, including air temperatures for air supply and
exhaled air, and surface temperatures for body sections, inner surfaces
such as windows, windshield, floor, and lights, were derived from the
data measured in our previous study on influenza transmission in buses
[33]. In the classroom and rehearsal room models, boundary conditions
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Table 1

Boundary conditions.
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Boundary Bus Classroom Rehearsal Room
V: 5.59 m/s at horizontal
Inlet V:1.06 m/s; T: 20.2°C|direction, 3.23 m/s V:0.31 m/s; T: 22°C
downward; T: 22 °C
Outlet | Free-slip Free-slip Free-slip
Lights |No-slip; 7% 25.0°C No-slip; 7% 40.0°C
Ceiling | Adiabatic Adiabatic No-slip; 7% 22.5°C
Floor  [No-slip; 7% 17.2°C Adiabatic No-slip; 7% 21.0°C
Windows |No-slip; 7: 16.8°C
Walls  [Adiabatic Adiabatic No-slip; 7% 21.7°C
Human |No-slip; 7: varied in [No-slip; Convective No-slip; Convective heat release:
body body sections [33] heat release: 33.8 W 33.8W
Openings V: 3.87 m/s for talking |V 0.52 m/s f_or singing, 1.87 m/s
for V:1.07 m/s_; T: 34°C gteache.r), 1.07 m/s for [for the standing ones’ inhalation,
breathing for exhalation inhalation (st_udent); T: _2.8 m/s. for the seated on.e’s.
34°C for talking inhalation; 7% 34°C for singing
Other walls | Adiabatic Adiabatic Adiabatic
for inlet were given based on the air exchange rate of 3 ACH, and a follows:
convective heat flux of 33.8 W was uniformly given at the body surface PR p— @)

[41]. We measured surface temperatures for the wall surfaces regarding
its large indoor space. Breathing rate was given upon activity levels, 8
1/min for seated people (1.0 met), and 14 1/min for standing persons (1.8
met) [33,42]. Particularly, in the classroom model, when B (the teacher
giving a lecture) was taken as the index case, the velocity at mouth
opening was set as to be talking [43]; in the rehearsal room, when B was
taken as the index case, the velocity was set at mouth opening as to be
singing [44]. A quanta generation rate of 100 quanta/h was set at
mouth/nose opening when one was taken as the index case [45].
Moreover, regarding air recirculation, the user-subroutines were created
to get the average viral concentration at the outlet at the end of each
step, calculate viral concentration of the supplied airflow based on mass
balance according to air recirculation rate and the filter’s particle
removal efficiency (0.2 for MERV4, 0.7 for MERV 8, and 0.9 for
MERV13), and set this concentration as the boundary condition at the
inlets for the next step.

2.4. Evaluation of UV performance

Two traditional indices, i.e., fraction remaining (FR), and equivalent
ventilation rate attributed to UV irradiation (1.) [46], were used to
evaluate UV performance, calculated based on the viral concentration
averaged with cell volumes as weighers (Cgy). FR can be calculated as
the ratio of the Cg, values obtained with UV turned on and off,
respectively. Then, 4, can be calculated as follows:

_(1-FR)

Ae
FR

A 2
where, 1 is the ambient ventilate rate (ACH), i.e., the rate of air exchange
by outdoor air or clean air.

In this study, we investigate the UR-GUV performance in the near
field (NF) and far field (FF) from the index case. Here, we first defined
breathing zone as the region between the heights of 1.1 m and 1.8 m
above the floor, then took NF as the breathing zone within the distance
of 0.9 m (3 ft) from the index case, and FF as the breathing zone outside
of NF. Moreover, as A is unknown in NF and FF in the cases with air
recirculation, this study use (4./1) to evaluate the increase of ACH by
using UR-GUV.

2.5. Evaluation of airborne infection risk

The infection risk caused by aerosol route can be evaluated with the
viral concentration in the inhalation by the Well-Riley equation [47], as

where, P is the infection risk, p is the breathing rate (m3/s), and t is the
total exposure time that an occupant is exposed in the air mixed with the
SARS-CoV-2 (s).

3. Results

We will introduce the results related to viral distribution and UV
performance in the classroom, airport bus, and rehearsal room in turn.
These results include (1) spatial distribution of viral concentrations, (2)
Caye in the whole room space (WR), NF and FF, (3) FR and (4,/4) in WR,
NF and FF; and (4) exposure time to reach 1% infection risk (T7¢,) in NF
and FF. Particularly for the rehearsal room, we will also present the
variations of Cqy with UV on, FR and (4./1), along with the elevation and
height of UV zone.

3.1. Classroom model

Classroom represents a general application of UR-GUV with a typical
ceiling height.

Viral Concentration Distribution. According to Fig. 3, independent of
ventilation condition and source location, viral concentrations of 0.1
quanta/m? or greater cover a broad area throughout the room when UV
is off. With UV on, high concentrations only exist in the vicinity of the
index case. For the standing index case, the high concentrations only
exist in the upper room behind the body.

Caves FR and (J./2). Fig. 4 compares Cqpe, FR, and (4./4) for each
scenario. Independent of body position, either with UV on or off, Cgy is
almost same in WR and FF but much higher in NF in each case. The Cgy,
values in the LF case are much higher than the results in the CA and HF
case with UV off, but similar to the results in the CA and HF case with UV
on. Using UR-GUV can effectively reduce Cgy, not only in FF but also in
NF. As well as Cgy,, independent of body position, FR is similar in WR
and FF, but much higher in NF. FR values in the LF case are smaller than
those in the CA and HF cases. Each FR for the seated index case is slightly
higher than the corresponding FR for the standing index case. In contrast
to FR, (1¢/4) in NF is less than 2, much smaller than those in WR and FF,
which are greater than 8. (1./4) in FF is similar to that in WR for the
seated index case, but obviously larger than that in WR for the standing
index case.

Tq9. Table 2 compares the Tyy, for each scenario in the classroom
model. According to the results in FF as given in Table 2, to limit




S. Zhu et al.

!
o5
o3
o2
Ho.1

with UR-GUV

with UR-GUV

with UR-GUV

Building and Environment 224 (2022) 109530

*‘%f

&5

HH
<’

~ with UR-GUV

(a) CA case

(b) HF case

(c) LF case

Fig. 3. Spread of viral bioaerosols from the index cases in the classroom, with UR-GUV turned on and off, respectively, demonstrated by concentration iso-surfaces in
each case (quanta/m®). Red circle highlights the index case. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 4. Comparison of UR-GUV performance under different source and ventilation conditions in the classroom.
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Table 2
Exposure time to reach 1% infection risk in NF and FF in the classroom, under
different source, ventilation, and UR-GUV application conditions (Unit: min).

GUV use No GUV With GUV

Case CA LF HF CA LF HF
Seated-NF 3.4 3.0 3.3 8.3 8.3 8.3
Standing-NF 4.2 3.6 4.0 10.5 10.5 10.5
Seated-FF 7.0 5.5 6.5 64.6 64.0 64.4
Standing-FF 7.4 5.8 6.8 86.0 84.5 85.5

infection risk under 1%, people can stay indoors no longer than 7 min
with UV off in the CA case, but up to 64 min with the seated index case,
and up to 84 min with the standing index case with UV on, even in the LF
case. Apparently, using UV can ensure a safe lecture by following social
distancing rule, in a classroom with a typical ceiling height for UR-GUV
application.

3.2. Airport bus models

Airport bus represent indoor spaces with a low ceiling.

Viral Concentration Distribution. Fig. 5 demonstrates the spread of
SARS-CoV-2 from the seated index case, for the two bus models. With UV
turned off, we can see that the increased OR impedes the spread of vi-
ruses, concentrating viruses where around the index case. The low
filtration in LF case caused the relatively higher viral concentration to be
far away from the index case. With UV on, viral distribution was similar
in the three cases. UV irradiation shows little influence on the virus
concentrations around the index case. The results for the standing index
case are not presented here because they are qualitatively similar
outcome. Nevertheless, because the viruses from the standing index case
are released closer to the ceiling, high viral concentrations are more
distributed where close to the ceiling.

Cave; FR and (4,/4). Fig. 6 demonstrates the UR-GUV performance of
25% OR and 45% OR models in the airport bus. Qualitatively similar to

25%O0R
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the results of classroom, with the same conditions of OR and UR-GUV,
Caye is much higher in NF than in WR and FF, and Cgy, in the LF case
is higher than those in the CA and HF cases. However, quantitively
apparently, Cgy values are much higher than those corresponding values
(with the same conditions of UR-GUV, ventilation, and spatial rela-
tionship to source) in the classroom, especially with a seated index case.
Moreover, with the same index case, Cg, with the 25% OR model is a
little higher in WR and FF, but much lower in NF when compared to the
results with 45% OR model. Remarkably, with 45% OR, the NF Cgy,
values for the standing index case are much lower than those for the
seated index case.

FR is greatest in NF and lowest in FF, with the same conditions of UR-
GUV, OR, ventilation and body position. FR values are higher for the
seated index case than the corresponding values for the standing index
case, especially with 45% OR. As well as Cgy,, FR values are always
higher in the bus models than the relative values in the classroom model.
Particularly, in the CA case with the seated index case and 45% OR, FR
in WR is 8 times that in the classroom. The results of (1./4) are quali-
tatively contrary to the results of FR. Remarkably, (1./1) values are
lower than 1.3 for the seated index case and lower than 2 for the
standing index case.

T19. Table 3 compares the T;g; for each scenario in the airport bus
models. With 25% OR, people can only stay 6.2 min in FF in the LF case,
but 11.3 min in the CA case, when UR-GUV is off. When using UR-GUV,
people cannot stay longer than 5.4 min in NF, but stay in FF at least 14.1
min with 25% OR and 16.1 min with 45% OR. With the same OR, Tj9,
can be extended with high filtration, and further extended a little with
100% clean air supply regardless of the use of UR-GUV. Moreover, we
can see that Tj¢, increases along with OR, and people can stay longer in
the airport bus with the standing index case. Compared to the results
with the classroom model, using UR-GUV in the airport bus cannot
significantly prolong the staying time in FF as in the classroom.

45%0R

with UR-GUV );, no UR-GUV

(a) CA case
[P Sy F\; N 25%O0R -} 25%O0R !
o5 q;_ ' g ‘“': ‘ f

0.3 :

- 0.1 no UR-GUV : )] with UR-GUV 7 ‘;,.

(b) HF case

25%0R 3 45%0R 45%0R

with UR-GUV

'(c) LF case

no UR-GUV

Fig. 5. Spread of viral bioaerosols from the seated index case (A) in the airport bus, with UR-GUV turned on and off, demonstrated by concentration iso-surfaces in
each case (quanta/m>). Red circle highlights the index case. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 6. Comparison of UR-GUV performance under different source, OR, and ventilation conditions in the airport bus.

Table 3

Exposure time to reach 1% infection risk in NF and FF in the airport bus, under different source, ventilation, and UR-GUV application conditions (Unit: min).
GUV use No GUV With GUV
Case CA LF HF CA LF HF
OR 25% 45% 25% 45% 25% 45% 25% 45% 25% 45% 25% 45%
Seated-NF 1.9 1.1 1.7 1.1 1.8 1.1 2.6 1.3 2.5 1.2 2.6 1.2
Standing-NF 1.9 3.0 1.7 2.6 1.9 2.9 3.2 5.4 3.1 5.1 3.2 5.3
Seated-FF 11.3 16.4 6.2 8.8 9.8 14.2 18.3 21.4 141 16.1 171 19.8
Standing-FF 13.4 15.8 6.9 8.7 11.5 13.8 27.8 32.2 20.6 24.7 25.5 29.9

3.3. Rehearsal room model

The rehearsal room has an extremely high ceiling. This section will
first investigate the influences of UV zone’s elevation and height on UV
air disinfection efficacy, then present the results with the UV zone be-
tween 2 m and 4 m.

3.3.1. Influence of UV zone elevation
We assumed a UV zone with a height of 1 m, then repeated the scalar
transport simulation with the UV zone started from 2 m, 3 m, 4 m, 5 m,

Table 4
Variations of UR-GUV performance with UV zone elevation (mean =+ std.).
Index case Region Cave (quanta/mS) FR Ae/A
A (seated) WR 0.0111 + 0.0008 0.157 + 0.011 5.4+ 0.5
FF 0.0125 + 0.0011 0.172 + 0.015 4.9+ 0.5
NF 0.0210 + 0.0012 0.253 + 0.014 3.0 +0.2
B (Standing) WR 0.0094 + 0.0003 0.141 + 0.004 6.1 +£0.2
FF 0.0092 + 0.0004 0.137 + 0.007 6.3 +£0.3
NF 0.0316 + 0.0006 0.352 + 0.007 1.8 £0.1

and 6 m, with the 100% clean air supply (CA case). The variations of Cqy,
with UV on, FR and (4./A) in WR, NF and FF are summarized in Table 4.
Apparently, UV zone elevation is not a key parameter to the UR-GUV’s
disinfection efficacy even under an imperfect air mixing condition.

3.3.2. Influence of UV zone height

With 100% clean air supply (CA case) condition, we repeated the
scalar transport simulation with the UV zone height varying from 1 m to
5.47 m. All of the UV zones started at the elevation of 2 m. Fig. 7 presents
the changes of Cqye with UV on, FR and (1./4) along with the increase of
UV zone height, for the seated and standing index case, respectively. We
can see that all three parameters have power relationships with UV zone
height. Cgy and FR decrease with UV zone height with similar trends,
but have much greater values in NF than in WR and FF. In contrast, (1¢/
A) increases with UV zone height and increases much faster in WR and FF
than in NF. Particularly, with the standing index case, when UV zone
height increases from 1 m to 5.47 m, (4./1) increases 28.4 in WR and
30.4 in FF, but only 0.8 in NF.

3.3.3. Results with UV zone height between 2 m and 4 m
Viral Concentration Distribution. According to Fig. 8, the viral
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Fig. 7. Influence of UV zone height on UR-GUV performance in the CA case in the rehearsal room.

concentrations of >0.1 quanta/’ m® cannot cover the mouths/noses of the
recipients in the CA and HF cases when UV is off. Using UR-GUV makes
the distributions of viral concentrations of >0.1 quanta/m? limited in a
very small area around the index case, even in the LF cases, diminishing
the differences in the viral distribution under each ventilation condition.

Cave; FR and (4,/4). According to Fig. 9, Cq, values are much smaller
than the corresponding values obtained with the bus and classroom
models, as well as the differences caused by UR-GUV use and by body
position. Importantly, using UR-GUV also significantly reduces Cgy, in
NF; however, Cqy. in NF is still much greater than Cgy, in WR and FF.

FR values in the rehearsal room are relatively smaller than the cor-
responding results in the classroom. FR is much higher in NF than in WR
and FF in each case. As well as in other models, the results for (1./1) are
qualitatively opposite to the results of FR. Moreover, (1./4) results in the
rehearsal room are higher than the corresponding results in the
classroom.

T19. Table 5 compares the Tpy, for each scenario in the rehearsal
model. According to the results in FF as given in Table 5, without using
UR-GUV, the music class can only continue up to 17.3 min even in the
CA case. If using UR-GUV, music class can be extended to over 182 min,
around 3 times that in the classroom, fully ensuring the requirement of
music classes.

4. Discussion
4.1. Rationality of simulation results

There have been countless studies on UR-GUV performance; how-
ever, these studies varied in the parameters, such as room configuration,
ventilation, microorganism, UR-GUV system and the resulted UV zone.
As a whole-room air disinfection method, UR-GUV has never been
investigated in NF and FF; and it is not easy to theoretically estimate UR-
GUV performance in NF and FF. Accordingly, this discuss on the ratio-
nality of simulation results will be focused on the FR values of the whole
room, based on the comparison to the theoretic estimation of FR based
on perfect mixing assumption.

For a perfectly mixed room, the average FR of the whole room in the
CA case can be calculated with the following equation [28]:

- @)
1+ zE7,
where, E is the average fluence rate in the room [W/mz], and 7, is the
nominal time constant [s], which is the inverse of air exchange rate.
With Eq. (4), we calculated the FR values as summarized in Table 6.
According to the simulation results of the classroom and rehearsal
room models, indoor average viral concentration varies little with the
source location, which is around 5% with UV off and 15% with UV on.
Furthermore, as illustrated in Figs. 4 and 9, FR is similar in FF and WR in
the two room models. These results indicate a pretty good air mixing in
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the two rooms. As a result, as shown in Table 6, the CFD results are
greater but very close to their corresponding theoretic FR value in the
two rooms. To the opposite, we can see that the CFD results deviate
significantly from their corresponding theoretic FR value in the airport
bus, especially with a higher OR, due to the poor air mixing. Accord-
ingly, we consider the simulation results are rational and acceptable.

4.2. UR-GUV'’s air disinfection effect and impact of ceiling

Apparently, UR-GUV using 254 nm UV light is an advantageous non-
pharmaceutical intervention (NPI) measure for preventing the spread of
COVID-19 virus transmission for an indoor setting such as classroom.
Consistent with previous studies, the traditional UR-GUV application in
the classroom can effectively reduce indoor viral concentration for
COVID-19 [48-50]. As a result, it provides sufficient air disinfection
effect with the overall aerosol infection risk of COVID-19 down to an
acceptable level. However, it can only reduce viral concentration by up
to 65% in NF in the classroom. This whole-room NPI is incapable for
local air disinfection around human bodies even there is a good air
mixing. To accomplish a lecture with an infection risk lower than 1%, it
is essential to keep a 6-ft social distance between the occupants.

On the contrary, UR-GUV with 254-nm UV light indicates not a
promising air disinfection measure for an indoor setting such as airport
bus. Obviously, ceiling height and configuration limited the space for

UV irradiation and air mixing in the airport bus. The UV zone had to be
placed in the concave-upward space in the middle of the airport bus,
where had a relatively high ceiling of 2.45 m. As a result, the UV zone’s
volume is 6.5 m® in the airport bus, only around 14.5% of that in the
classroom, which is 44.8 m®. A recent study particularly pointed that UV
zone volume has a notable effect on UR-GUV performance, and is more
critical than UV fluence rate [35]. Meanwhile, although air exchange
rate in the airport bus is 10 times that in the classroom and rehearsal
room, viral concentration is much higher in NF regardless whether
UR-GUV is used or not, and even much higher in FF when using
UR-GUV. This is because the existence of passengers impedes air mixing
in both vertical and horizontal directions. Many studies have empha-
sized that air mixing, especially vertical air mixing, is crucial for
UR-GUV performance in air disinfection [26,51-54]. Although using
UR-GUV can keep infection risk lower than 1% in FF for around 14 min
in the airport bus; in practice, it is difficult to follow social distancing in
the airport bus, meanwhile no one can ensure himself/herself in the FF
regarding the vast number of asymptomatic COVID-19 patients [55].
Therefore, it is necessary and important to use personal protection
equipment, such as a mask to prevent infection transmission in the
airport bus even with UV on. A meta-analysis shows that wearing any
kind of face masks can significantly reduce the infection risk for
COVID-19 [56]. Mask-wearing can reduce the risk of COVID-19 infec-
tion by 81% [57]. Another effective measure is to effectively clean air in
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Fig. 9. Comparison of UR-GUV performance under different source and ventilation conditions in the rehearsal room.

Table 5

Exposure time to reach 1% infection risk in NF and FF in the rehearsal room,
under different source, ventilation, and UR-GUV application conditions (Unit:
min).

GUV use No GUV With GUV

Case CA LF HF CA LF HF
Seated-NF 15.2 12.1 14.2 83.5 83.3 83.5
Standing-NF 14.0 11.7 14.0 47.2 47.1 47.1
Seated-FF 17.3 13.4 16.1 184.1 182.8 183.6
Standing-FF 18.8 14.9 18.8 281.0 280.3 280.0

Table 6
Comparison of FR under perfect mixing condition to the calculated values.
Model FR
Perfect CFD/Seated index CFD/Standing index
mixing case case
Classroom 0.093 0.108 0.098
Rehearsal room 0.072 0.083 0.073
Airport bus with 25% 0.179 0.643 0.507
OR
Airport bus with45%  0.176 0.805 0.517
OR

NF. One promising option is to use the far UV light with a wavelength of
222 nm, which is able to distribute safe UV irradiation in the breathing
zone to efficiently clean exhaled air [58]. Because 222 nm light can
greatly increase the safety threshold limit values for UV exposure [59], it
is particularly suitable for airport buses with a relatively short travel.
Exactly the opposite to airport bus, the rehearsal room with such a
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high ceiling affords more spaces for UV irradiation and air mixing. UR-
GUV can reduce viral concentration in NF by over 70% with a seated
source and by over 81% with a standing source. As a result, the occu-
pants can stay 47 min even in NF. Moreover, the slightly different UV
performance with the two index cases indicates that there is still room to
improve UR-GUV performance in NF by using ceiling fans to promote
indoor air mixing [28]. Conceivably, with ideal perfect air mixing, the
UV dose, as well as UV disinfection efficacy will be completely inde-
pendent of UV zone elevation. Importantly, the high ceiling allows to
move the UV zone to a high elevation and enable the use of an open
fixture without louvers to generate the UV zone with high UV irradia-
tion; moreover, it also enables to increase the volume for UV zone,
which has been proved to more effective to improve UR-GUV perfor-
mance than increasing UV fluence rate [35]. In conclusion, high ceiling
makes UR-GUV a more powerful NPI measure against indoor air disin-
fection, not only effective in FF, but also in NF.

4.3. Limit of high filtration and impact of UR-GUV

Certainly, upgrading to the high-level filtration can effectively
reduce viral concentration in the bus and classroom and rehearsal room,
not only in FF, but also in NF, achieving the effect comparable to sup-
plying 100% clean air. But obviously, the effect of high-level filters is
limited. Moreover, even 100% clean air cannot significantly reduce viral
concentration, satisfying the recommendations for aerosol infection
control. More importantly, SARS-CoV-2 virions range between 0.06 and
0.14 pm in diameter [60], and most of exhaled aerosols are smaller than
4 pm with a median between 0.7 and 1.0 pm [61]. And according to
ASHRAE standard 52.2 [19], even a MERV13 filter can only remove 50%
of particle between 0.3-1.0 pm at largest; therefore, the effects of these
filters on COVID-19 viral concentration and infection risk are
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overestimated in the simulations. As a result, with the ventilation and
occupancy conditions given in this study, the HVAC system with
high-level filters (even HEPA filters) cannot provide safe environments.

Our simulations also show that UR-GUV has a persistent better per-
formance in the LF case than in the CA and HF case. In the LF case, using
UR-GUV reduced the viral concentration to the similar level obtained
with 100% clean air supply, both in FF and NF, even in the airport bus.
Potentially there is a huge energy saving for indoor aerosol infection
control because compared to the energy used for cooling or heating
100% outdoor air supply or pushing air through HEPA filters with high
resistance, UR-GUV can be an economic option. With a rough estima-
tion, it may be able to save approximately 19.4% annual energy con-
sumption for the rehearsal room by using the LF air recirculation/
filtration condition, if the building is located in the College Park, MD
area.

4.4. Limits of the present study

This study investigated efficacy of UR-GUV with a uniform fluence
rate distribution in the UV zone, which is an assumption representing
the upper limit for the lamp performance. A follow-up study will
improve the quantitative prediction for UR-GUV disinfection efficacy
with UV fluence rate distribution to be created with a computer-aided
design (CAD) software. Based on the spatial distribution of UV disin-
fection efficacy, it will be possible to optimize efficient UR-GUV design
with the consideration of UV energy consumption.

5. Conclusions

This study investigated UR-GUV disinfection efficacy in the NF and
FF in three indoor settings with low ceiling (airport bus), medium ceiling
(classroom), and high ceiling (rehearsal room). Ceiling height and
configuration is a crucial factor to UR-GUV performance because it de-
termines the space volume available for air mixing and UV irradiation.
UR-GUV cannot provide sufficient safety for environments with low
ceiling, such as airport bus, so mask-wearing is recommended for the
occupants. Keeping social distancing is recommended for classroom and
rehearsal room even when using UR-GUV because UR-GUV cannot
sufficiently reduce infection risk in NF. It is possible to further improve
UR-GUV performance in NF by promoting air mixing in the two rooms.
In spaces with high ceilings, UV disinfection efficacy follows power
relationship with UV zone height, so the UV disinfection efficacy has a
power relationship with the UV dose. Overall, when using UR-GUV, it is
no longer necessary to upgrade filtration or use 100% outdoor air for
indoor infection control.
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