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ABSTRACT

Upper room (UR)-ultraviolet germicidal (UVGI) systems, one of several disinfection applications of UV,
target airborne infectious diseases in rooms of buildings such as healthcare facilities. Previous studies
have introduced many experiments showing the germicidal effect of UR-UVGI systems. In this study,
a novel numerical method of estimating the germicidal effect of UR-UVGI systems for air exhaled by ward
patients was introduced. The method adopts and modifies the concept of ventilation efficiency because
the germicidal effect depends upon how the air containing airborne infectious particles flows and stays
within UV-radiated area. A case study based on a four-patient ward showed that UV doses were
correlated with the age of the air exhaled by a source patient, as expected. Moreover, the UV doses were
considerably affected by the position of the UR-UVGI system. Inactivation rates of the influenza virus
estimated using the UV doses, were in the range of 48—74%, and those of Mycobacterium tuberculosis
were 68—90% in the breathing area of a neighboring patient. The results indicate not directly the
decreased concentration of airborne infectious particles, but the possibility of inactivation caused by the
UR-UVGI system, which is useful for system optimization.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The ongoing likelihood of a global influenza epidemic and the
threat of bioterrorism require more sophisticated building hygiene
systems to prevent their spread during the initial stage. As one of
the countermeasures against these threat, ultraviolet germicidal
irradiation (UVGI) systems have attracted attention. The use of UV
radiation for germicidal purposes has a long history, but its prac-
tical application was only considered after the identification of UV
radiation emission from discharge lamps in the early 20th century
[1]. A number of infectious microorganisms and viruses that have
been prevalent at the time, such as influenza and tuberculosis, were
shown to be effectively inactivated by UV radiation [2,3]. For
example, Wells had performed several initial experiments showing
the germicidal effect of UV radiation in combating airborne infec-
tious microorganisms as done by other researchers [4] [5]. His
book, published in 1954, was one of the first comprehensive
sources that described the characteristics of airborne infectious
diseases and the effective usage of UV radiation [6].

UVGI systems used to disinfect indoor air are mainly divided into
two types, upper room (UR)-UVGI and in-duct (ID)-UVGI systems [7].

* Corresponding author. Tel.: +81 3 5452 6431; fax: +81 3 5452 6432.
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A ID-UVGI system can be an effective countermeasure when infec-
tious microorganisms pass through air conditioning units or ducts
during the contagion stage. On the other hand, a UR-UVGI system
installed in a room begins to inactivate infectious airborne micro-
organismes, as soon as they are emitted from one or more sources and
exposed to UV rays in the room, due to proximity. This inactivation can
prevent the dispersion of airborne microorganisms not only in the
room but also to other rooms. The position of the UR-UVGI systems is
restricted to locations safe for occupants, such as the upper part of the
room, and several horizontal louvers are usually placed in front of UVC
lamps to ensure horizontal UVC rays only radiate the upper part of the
room, because UVGI systems use the ultraviolet C-band (UVC) with
wavelengths in the range 200—280 nm. This wavelength range has
a germicidal effect on a wide range of microorganisms, but is also
known to possibly cause skin redness and eye irritation when over-
exposed to humans [8]. Therefore, it is important to identify factors
such as the airflow transferring air from the lower space to the upper
space and the distribution of UVC intensity from the UR-UVGI system.
Experimental methods using less harmful microorganisms in full-
scale chambers have been employed to evaluate the germicidal effi-
cacy of UR-UVGI[9—11], butitis costly and slow to evaluate and design
UR-UVGI systems using experimental methods at the design stage.
Therefore, numerical methods have been applied by several studies
[12,13].
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In this study, we introduce a novel method using computation
fluid dynamics (CFD) simulations to calculate the UV dose for the
air exhaled from a source such as a patient. The germicidal effect of
the UR-UVGI system can be estimated using the calculated UV dose.
An existing method for calculating the ventilation efficiency was
reviewed first to elucidate how the new method for calculating UV
dose was modified from the existing method. The UV dose of the air
constantly exhaled from a patient can be calculated using this
method in a room with a steady state airflow distribution. The
newly proposed method was illustrated with a ward model, and the
relationship between the calculated UV doses and the ventilation
efficiency was discussed.

2. Methodology

2.1. Ventilation efficiency and the UV dose for the air exhaled
by occupants

The ventilation efficiency can be expressed as the ability of
ventilation systems to remove pollution originating from a source
in a room [14]. The overall ventilation efficiency has customarily
been measured using a trace gas method. Sandberg introduced the
concept of the age of air, the mean time elapsed before fresh air
introduced into a room reaches a specific point to evaluate local
ventilation efficiency [15]. However, measuring the age of air is very
tedious work, even in an small enclosed room. Therefore, Kato et al.
[16] introduced a numerical simulation method to estimate the
local age of air in a room with steady state flow and diffusion fields.
The scale of ventilation efficiency 3 (SVE3) corresponding to the
local age of air, among several terms introduced by Kato, defines the
mean traveling time required by the air mass from a supply opening
to reach a specific point in a room. The SVE3 can be calculated using
the contaminant concentration at a point under conditions of
uniform contaminant generation throughout a room and fresh air
intake from supply openings. Because the SVE3 is normalized by
the nominal ventilation time, the SVE3 of ventilation systems with
different air exchange rates can be compared with each other.

A volume of air at a point consists of air from each supply
opening when there are multiple supply openings. Kato et al. [17]
introduced the SVE3" (new SVE3) as an index that indicates the
age of air from one of two or more supply openings. In the process
of calculating the SVE3", if the air from the specific supply opening
is assumed to be a contaminant, the mass ratio of the contaminant
at a given point is defined as the contribution ratio of the supply
opening at that point. The contribution ratio was previously
defined as the SVE4 by Kato et al. [18]. The contribution ratio, r [-],
can be defined by the following scalar transport equation (Fig. 1).

or oru; 0 or
+—] - <Vt > (1)

ot ax]- 6xj [ 6xj

where, uj is air velocity [m/s], v; is the turbulent viscosity [m?/s] and
¢ is the turbulence Schmidt number [-]. Each term in this equation
indicates the transient, the convection and the diffusion effects
from the left.

Because the UV dose, D [J/m?] at a point can be expressed by
multiplying the UV intensity, I [W/m?] at that point with the resi-
dence time [s], the UV dose can be obtained by treating the UV
intensity as the contaminant source [kg/m’s] of the same value at
the same spatial point and by solving the following transport
equation of the contaminant scalar.

oD aDu] 0 (vg oD
&+—an = axj<aaxj +1 (2)

Supply

v

- Contribution ratio (r)

Exhale of exhaled air from
from patient

patient at this point
Fig. 1. Contribution ratio (SVE4) of air exhaled by a patient.

The concentration [kg/m>] solved by Eq. (2) would be the UV dose.
Sung et al. suggested a method using this concept to calculate the UV
dose of the air supplied to a ward through a supply opening [13].

In this study, the concept of the SVE3* was applied to calculate
the UV dose of the exhaled air from a patient. The mouth of
a patient was treated as another supply opening, like those of the
air conditioning or ventilation systems, to find the contribution
ratio of the exhaled air from the patient (Fig. 2). In addition, it was
assumed that the mouth constantly exhales only, like other supply
openings, to calculate the contribution ratio, which can be obtained
in steady state flow and diffusion fields (Fig. 3).

The following scalar transport equation of the UV intensity as
a contaminant source weighted by the contribution ratio is thus
solved.

ot E)Xj an

oDr oDru; i(ﬁ."ﬂ) - 3)
o 0x;

The UV dose in Eq. (2) can be issued by dividing the result of
Eq. (3) by the contribution ratio calculated by Eq. (1). This process is
the same as calculating the SVE3*, besides assuming a non-uniform
contaminant emission which actually means UV intensity distri-

bution in the upper area of a room.
2.2. Germicidal effect of UVGI system

The germicidal effect of a UVGI system depends on the UV dose
and the type of microorganisms concerned. Their relationship has

been expressed in terms of an exponential decay equation [19].

SR = e~¥D (4)

[L/s]
Constant exhale

25s 05s 25s

Fig. 2. Constant exhale model for a patient.
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Fig. 3. Model of the four-patient ward.

where, SR is the survival rate and k is the UV rate constant [m?/]]
that indicates the UV susceptibility of each microorganism or virus.
A higher UV rate constant means that a microorganism or a virus is
more easily inactivated by UV rays. The UV rate constant varies with
the type of microorganism and virus; however, in general, it is
known to be higher for viruses and bacteria than fungi [7], as
shown in Table 1. Therefore, UR-UVGI systems are not appropriate
for the removal of airborne fungal spores, accounting for the low
UV rate constants of fungal spores and short exposure time to UV.
However, ID-UVGI systems are considered effective for surface
disinfection of fungal spores because long exposure time is avail-
able in air conditioning systems. The UV rate constant can also vary
with the environmental conditions when microorganisms and
viruses are exposed to UV. Most bacteria and viruses are more
susceptible to UV in air than in water [24], which enables UR-UVGI
systems to inactivate them more effectively in air. Additionally, it is

Table 1
UV rate constant for representative airborne viruses and microbes.
Microbe UV rate Reference
constant [m?/]]
Virus Coronavirus 0.377 Walker et al., 2007 [20]
Influenza A 0.27 McDevitt et al. [21]
Bacteria Mycobacterium 0.472 Riley et al.,, 1976 [22]

tuberculosis

Staphylococcos aureus 0.960
Fungi Aspergillus niger 0.00058

Cladosporium herbarum 0.0037

Luckiesh et al., 1949 [23]

Table 2
Boundary conditions of CFD simulation.

Boundary conditions

Supply Kin = 3/2 x (Ujp x 0.05), €in = Cy x Kin>"[lin Ujn:
inlet velocity, C, = 0.09, l;,: length of opening/7

Exhaust Free slip, mass balanced

Wall Standard wall function

Symmetry Free slip

Radiation View factor method

Thermal loads Patients: 48 W (24 W/patient x 2 patients) on the beds
Lighting: 329 W from the ceiling surface

Windows: 492 W from the window surface

known that humidity can affect the UV susceptibilities of viruses
and bacteria in air [25,26], but the effect was neglected in this study
because their relationship is not clearly identified yet.

2.3. Case study

A simulated ward with dimensions 5.4 x 6.0 x 2.7 m was used to
illustrate the method introduced in the previous chapter (Fig. 3).
The four-patient ward has a squared supply opening with fresh air
flowing toward each patient at the center of the ceiling as shown in
Fig. 3 and has one or two exhaust openings, depending on the case.
The supply air has a velocity of 4.18 m/s, corresponding to a venti-
lation rate of about 11 times per hour. The UR-UVGI system is
installed on the wall at a height of 2.4 m either above the door or
beside the window, depending on the case, to radiate the UVC only
to the upper area of the ward. The spatial distribution of the UVC
intensity radiated from UR-UVGI systems measured by Sung et al.
[13] was used in this study. Patients, simplified as boxes with
dimensions 0.4 x 0.2 x 1.7 m, were placed on the beds either near
door or the window and were constantly exhaling contaminants at
an airflow of 0.24 1/s from their mouths. The temperature of the
exhaled air was set to 32 °C, and the heat generation of each
patient’s body was set to 24 W. Because the ward has absolute
symmetry, only half of it was modeled for the calculation. Distri-
butions of the airflow and the UV dose were calculated using
a commercial CFD code, STAR-CD V.3.26 (CD-Adapco JAPAN Co.,
Ltd.), and the standard k- model was used as a turbulence model.
The other boundary conditions of CFD simulation are shown in
Table 2.

In this case study, the UR-UVGI system was placed at different
wall positions to determine the influence of the position of the
UR-UVGI system on the UV dose. If the air containing microor-
ganisms or viruses stays longer near the UR-UVGI, where the UVC
intensity is comparatively strong, the overall UV dose would be
higher. Therefore the position of the UR-UVGI system is an
important factor for the germicidal performance of the system in
addition to the distribution of the airflow. The residence time of air
in a UV-irradiated area is also affected by the composition of the
exhaust air openings and the position of a source patient.

In eight cases, the UV dose is calculated based on the positions of
a UR-UVGI system and a source patient and the composition of the
exhaust air openings, as shown in Table 3.

Table 3
Simulation cases.
Case Exhaust opening Source UR-UVGI
1 A One on the ceiling Patient A Two cases of
B near the door Patient B door side (door)
2 A Two on the ceiling near Patient A and window
B the door and the window Patient B side (window)

installation
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Fig. 4. Contribution ratio (r) of air exhaled by a patient (breathing area section).

3. Results
3.1. Contribution ratio and the age of the air exhaled air by patients

Fig. 4 shows the contribution ratio of the air exhaled by a patient
on the vertical section corresponding to patients’ mouths, indi-
cating how the air at any point is composed both of air exhaled by
the patient and of air delivered by the ventilation system. In other
words, the contribution ratios indicate the ratio of exhaled air to all
of the air from outside of the ward. In all cases, the contribution
ratios near the source patient are highest. However, the overall
contribution ratios are of the order of —3 because the flow rate of
air exhaled by the patient (0.864 [m>/h]) is very small compared to
that from the ventilation system (500 [m3/h]). The air from the
patient tends to spread to the exhaust openings, so that the

a Case 1-A

contribution ratios near the neighboring patient are lower in Cases
1-B and 2-B than in Cases 1-A and 2-A. Most of the air from patient
B seems to be exhausted through the nearby exhaust opening
before spreading to the neighboring patient A in Cases 1-B and 2-B.
Conversely, dividing the exhaust opening caused a small rise in the
contribution ratios near the neighboring patient as shown in Cases
1-B and 2-B, although this trend is not noticeably observed in Cases
1-A and 1-B.

Fig. 5 shows the distribution of the SVE3*, which is the age of the
exhaled air from a source patient. Overall, the distributions of the
SVE3* were different from those of the contribution ratios in all
cases because the contribution ratio at a location just defines the
average mass ratio of the air from a patient, whereas the SVE3* is
determined by the route and the duration time of the air from the
patient to the location. The SVE3* values in the area of a neighboring

Patient B

==/
atient A |

C Case 2-A

d Case 2-B

Fig. 5. SVE3* of air exhaled by a patient (breathing area section).
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patient indicate are comparatively low in the cases where patient A
is a source, which means the air from patient A can reach the area of
patient B more quickly than in reverse cases. The air from patient B
flows predominately toward a nearby exhaust opening in Cases 1-B
and 2-B, and therefore the contribution ratios near patient A are
comparatively small. The time elapsed for the additional small
amount of the air from patient B to reach patient A could be long,
irrespective of the contribution ratios. Besides, the air from patient A
tends to flow toward the one exhaust opening near patient B in Case
1-A, so the SVE3* near patient B is less than that in Case 2-A where
the exhaust opening is divided into two.

3.2. UV dose and the inactivation ratio of the air exhaled by patients
The UV dose distributions of the air exhaled by a source patient

for each case are shown in Fig. 6. The values at each location
represent how much air exhaled from a source patient has been

Patient B

M. Sung, S. Kato / Building and Environment 46 (2011) 2326—2332

irradiated by the UR-UVGI system installed in the upper area before
the air reaches that particular location.

As shown in Fig. 6, the UV doses in most cases were low near the
source patient and high near the neighboring patient, which means
that the air near the source patient was not affected by the UR-UVGI
system as much as the air near the neighboring patient. Relating this
trend to the SVE3* distribution, the air immediately after exhalation
from a source patient has less opportunity to be irradiated by UV rays
because the SVE3*, the age of the exhaled air, was short near the
source patient. Among the eight cases, Cases 1-A (window) and 1-B
(window) where the UR-UVGI system is installed on the opposite
side of the one exhaust opening show the highest UV dose distri-
butions. Of the two cases, Case 1-B (windows) shows the highest UV
dose distribution near the neighboring patient.

Fig. 7 shows the average UV doses of the air exhaled by a source
patient in the breathing zones (0.15 x 0.1 x 0.1 m directly over the
mouth) of neighboring patients and the exhaust air. In all cases, the
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Fig. 6. UV dose (J/m?) distributions of air exhaled by a patient (breathing area section).
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Fig. 7. UV dose and SVE3* of air exhaled by a patient.

UV doses of the air exhaled from patient B were higher than those
from patient A in the breathing zones of the neighboring patient,
regardless of the position of the UR-UVGI system and the number of
exhaust openings. However, the UV doses of the air exhaled from
patient A were higher in the exhaust opening when only one
exhaust opening was operated. The reason is because most of the
air exhaled from patient B is assumed to be promptly exhausted
through a nearby exhaust opening before being sufficiently irra-
diated by the UR-UVGI system. This trend was also observed in the
cases where two exhaust openings were operated. Moreover, the
UV doses of air exhaled from patient B were higher at the exhaust
opening 2, located near patient B. In other words, the UV doses at
the exhaust opening near the source patient were comparatively
low in all cases.

The SVE3*s were also plotted in Fig. 7 to compare with the UV
doses. The SVE3*s, when compared in terms of a source patient,
were correlated with the UV doses in all cases. This outcome
implies that the UV doses are proportional to the age of air to
a certain degree, because the exhaled air from a source patient may
have a greater chance of being irradiated by the UV rays, provided
that the air has a longer residence time. Besides, the position of the
UR-UVGI system affected the UV doses, regardless of the SVE3*.

Inactivation rates of the air exhaled by source patients were
calculated using Eq. (4), where influenza A virus or Mycobacterium
tuberculosis is assumed to be included in the exhaled air, as shown
in Table 4. The UV doses were averaged in the entire room, the

Table 4
Estimated inactivation rates [%] of influenza virus and M. tuberculosis.

Case Room Breathing zone of Exhaust air
average the neighboring

Average Exhaust1 Exhaust 2

patient
1-A (door) 46/65 48/68 69/87 69/87 -
1-B (door) 43/63 49/69 58/78 58/78 -
1-A (window) 67/85 65/84 65/84 65/84 -
1-B (window) 62/82 74/90 43/63 43/63 —
2-A (door) 52(72 53/74 70/88 82/95 51/71
2-B (door) 52[72 57/77 68/86 76/92 57/77
2-A (window) 55/76 57/77 70/88 59/79 78/93
2-B (window) 51/71 61/80 65/84 40/60 79/93

breathing zone of the neighboring patient and the exhaust
opening; the UV rate constants shown in Table 1 were used.
Because the UV rate constant of M. tuberculosis is higher than that of
influenza A virus, the inactivation rate of M. tuberculosis is also
generally higher. As explained regarding UV doses in previous
phases, Cases 1-A (window) and 1-B (window) show the highest
inactivation rates, up to 90%, in the breathing zone of the neigh-
boring patient. Inactivation rates at the exhaust openings range
from 43% to 95%, which means that M. tuberculosis could be dis-
infected by up to 95% and that influenza A virus could be disinfected
by up to 82%, when they were exhausted.

4. Discussion

The method of calculating the UV doses of air exhaled by
a source patient proposed in this study modified the process of
calculating the SVE3* from several concepts of ventilation effi-
ciency. As a result, the UV doses were correlated with the SVE3*.
Although the trend of the UV doses can be partially predicted using
the SVE3*, the UV dose needs to be calculated using the proposed
method to consider other factors possibly affecting the UV dose
distribution, such as the position or the number of UR-UVGI
systems. Both the SVE3* and the UV doses of the air exhaled
from more than two source patients can be calculated using this
method, though only the UV doses for one source patient were
calculated in this study.

The most important point about this method is that the UV dose
calculated indicates how much the air exhaled from a source
patient has been UV irradiated. The UV dose distribution does not
directly represent the inactivated concentration, but the inactiva-
tion rate eventually estimated from the UV dose. Even if the UV
dose value is low at a location, it does not always indicate a high
concentration of infectious contaminant because the concentration
could have been low even when the UR-UVGI system was not being
operated. Nevertheless, this method is useful to estimate the
germicidal effect of UR-UVGI system itself, even when the
concentration of the source microorganism is not confirmed.

Finally, several assumptions were made in this study to calculate
the UV doses of the air exhaled by a source patient. For instance,
airborne infectious particles were treated as a passive scalar
contaminant that flows along the airflow, and the contaminants
were assumed to be contained in the constant exhalation of source
patient. The assumptions were adopted partially for the purpose of
using the concept of ventilation efficiency. However, Fabian et al.
showed that the influenza virus could be included in fine particles
generated during breathing and that most of the particles were
below 1 pm, which were rarely affected by drag force or gravity
[26]. Moreover, McDevitt performed a series of experiment using
an atomizer for illustrating constant exhaled breath [27].

5. Conclusions

The germicidal effect of a UR-UVGI system is related with the air
movement in a room because the air carries airborne infectious
contaminants from sources. A new modified method using the
concept of ventilation efficiency was introduced in this study. The
results showed that the UV doses of the air exhaled by a source
patient were correlated with SVE3*, the age of the exhaled air. The
UV doses and the SVE3* are affected by the air movement, which is
mostly affected by how the ventilation system is operated.
However, a longer residence time of contaminated air is not always
desirable because a longer age of the air does not guarantee
a higher UV dose. A longer age of air without enough UV radiation
in the lower area of the room could be contrarily harmful to the
occupants. The UV doses, therefore, need to be estimated.
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In addition to the air movement, the position of the UR-UVGI
system was another important factor for the germicidal effect in
the case model study. The residence time of the air near the
UR-UVGI system, where UV radiation was the strongest, was
eventually decided by the air movement, not just by the position
of the system. The effects of the position of the UR-UVGI system and
the air movement on the UV doses were clearly illustrated using the
method in the case study. The method is applicable to estimating
the germicidal performance of UR-UVGI system itself, regardless of
the source concentration and species.
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