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ABSTRACT

This study investigated the disinfection efficacy of the upper-
room ultraviolet germicidal irradiation (UR-UVGI) system
with ceiling fans. The investigation used the steady-state com-
putational fluid dynamics (CFD) simulations to solve the
rotation of ceiling fan with a rotating reference frame. Two
ambient air exchange rates, 2 and 6 air changes per hour
(ACH), and four downward fan rotational speeds, 0, 80, 150
and 235 rpm were considered. In addition, the passive scalar
concentration simulations incorporated ultraviolet (UV) dose
by two methods: one based on the total exposure time and
average UV fluence rate, and another based on SVE3* (New
Scale for Ventilation Efficiency 3), originally defined to evalu-
ate the mean age of the air from an air supply opening.
Overall, the CFD results enabled the evaluation of UR-UVGI
disinfection efficacy using different indices, including the
fraction of remaining microorganisms, equivalent air
exchange rate, UR-UVGI effectiveness and tuberculosis infec-
tion probability by the Wells—Riley equation. The results
indicated that air exchange rate was the decisive factor for
determining UR-UVGI performance in disinfecting indoor
air. Using a ceiling fan could also improve the performance
in general. Furthermore, the results clarified the mechanism
for the ceiling fan to influence UR-UVGI disinfection efficacy.

INTRODUCTION

Wells et al. (1) first proposed and demonstrated the concept of
upper-room ultraviolet germicidal irradiation (UR-UVGI) in
1942. UR-UVGI systems aim to disinfect air with a high irradia-
tion field in the upper portion of the room above occupants’
heads. The system typically uses the ultraviolet (UV) fixtures
suspended from a ceiling or mounted on a wall. As the sources
of infectious microorganisms and susceptible room occupants
typically reside in the lower portion of the room with a low UV
irradiation field, the vertical movement of room air, which moves
the microorganisms from the lower room into the upper room
with a high UV irradiation field, is one of the key determinants
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of UR-UVGI system disinfection efficacy. It is not only impor-
tant to rapidly transport the microorganisms from the source to
the upper room but it is also crucial to have the infectious micro-
organisms exposed long enough in the upper room to enable
inactivation of their DNA. However, lethal exposure can be
achieved through one or multiple passes of microorganisms
throughout the irradiated zone.

A properly designed, high-volume mechanical ventilation sys-
tem can control the indoor air movement. However, for most
buildings in resource-limited settings, such ventilation systems
are often too expensive in terms of installation, operation and
maintenance costs. To promote the vertical air movement and
rapid transport of the infectious microorganisms to the upper por-
tion of the room, ceiling fans are considered the most appropriate
solution to enhance the performance of UR-UVGI systems. Sev-
eral research groups have found that the operation of a ceiling
fan enhances UV inactivation of microorganisms, sometimes
with spectacular effects (2—-6). A recent report indicated that
UR-UVGI with ceiling fans could be 70-80% effective in disin-
fecting air in a real hospital setting (7). Although ceiling fans
appear to be useful in improving the performance of UR-UVGI
systems, there are still many unknowns on how best to use ceil-
ing fans to maximize the UR-UVGI air disinfection.

Several studies examined the UR-UVGI system using compu-
tational fluid dynamics (CFD) (8-11). However, none of the
existing studies included a ceiling fan in the CFD modeling
efforts. As a result, this study proposed and validated a CFD
modeling method to incorporate the rotation of the ceiling fan’s
blades with a rotating reference frame (12). The CFD method is
available to any kind of ceiling fans, and it is suitable for a
parametric investigation of ceiling fans’ influence on indoor air
mixing and the infection control with UR-UVGI. To save com-
putational time, this method solves the transient phenomenon of
the ceiling fan’s rotation with the steady-state simulations.

With the aforementioned CFD modeling method, this paper
investigated the ceiling fan’s influence on UR-UVGI disinfection
efficacy for tuberculosis (TB) by changing its downward rota-
tional speed. The investigation used two ambient ventilation con-
ditions: one with an air exchange rate of 2 air changes per hour
(ACH) and another with 6 ACH. Overall, this study evaluated
UV dose for the microorganisms with two methods, one by mul-
tiplying the total exposure time and average UV fluence rate (9),
and another based on the simulation of SVE3* (New Scale for



Ventilation Efficiency 3) (13), which was originally defined to
evaluate the mean age of the air from an air supply opening. In
addition, this study also evaluated the UR-UVGI disinfection
efficacy using several different indices, including the fraction of
remaining microorganisms (5), equivalent air exchange rate (5),
UR-UVGI effectiveness (11) and infection probability by Wells—
Riley equation (14,15). Advantages and limitations of the model-
ing and performance evaluation methods are discussed with
regard to their proper application to future studies of the optimal
use of ceiling fans to improve UR-UVGI disinfection efficacy.

METHODS

This investigation uses CFD methods to account for both convective
microorganism transport and their inactivation with an appropriate UV
dose set as the sink term in the Eulerian simulation method. The CFD
results provide concentration distributions of microorganisms with and
without fan and UV fixtures. Finally, these concentration distributions
provide inputs into calculations of four different indices to evaluate the
UR-UVGTI’s disinfection efficacy.

CFD model. Environmental chamber model: The room model in
Fig. 1 represents the environmental chamber located at the Harvard
School of Public Health (5,6). The chamber has a 4.6 m x 2.97 m floor
area and a 3.05 m high ceiling about the size of a single-?erson hospital
isolation room. The net volume of indoor space is 41.6 m”. A ventilation
system supplied clean air near the ceiling and exhausted polluted air
close to the floor, mixing room air in the process. In addition, clean air
was supplied to the room by a ventilation grill that was divided into two
nearly equal louvered areas: Fifty-five percent of the area had louvers
directing the exiting air parallel to the adjacent wall, and 45% of the grill
area had louvers directing exiting air away from the adjacent wall at 30°
angle. The ceiling fan (MOD-CAT 20466-300; Hunter Fan Company)
was mounted at the center of the ceiling at a height of 2.5 m. A small
sphere with the source of a ball-shaped source was located at a height of
1.5 m directly beneath the center of the ceiling fan’s motor house. At
each corner, there was a 36-W UVGI fixture (Lumalier CM-218)
mounted with its bottom surface 2.12 m above the floor. Hence, the UV
irradiation field was modeled in a volume between 1.8 and 2.6 m above
the floor. In addition, visible light fixtures were mounted to the ceiling
and had a total electrical input of 190 W.

Simulation cases: The total number of simulated cases is eight as
shown in Table 1. Ambient air exchange rate of 2 and 6 ACH, and fan
rotational speeds of 0, 80, 150 and 235 rpm were included in this study.
To evaluate the effects of the UV fixtures, each of these cases was simu-
lated with UVGI turned “on” and “off.”

Ceiling fan

Inlet/
Air supply

Section B in

Section A/

Air exhaust Outlet

Figure 1. Environmental chamber model in meshes.
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Table 1. Simulation cases.

Case  Air exchange rate (ACH) Downward fan rotational speed (rpm)

1 2 0
2 2 80
3 2 150
4 2 235
5 6 0
6 6 80
7 6 150
8 6 235

CFD methods: This study selected a commercial CFD package,
Star-CCM+6.04.014 (16), to create the grid system and perform the
simulations.

The simulation field consisted of 1,503,413 spatial cells, among which
over 86% was within the rotational region including the ceiling fan to
improve the accuracy of the air movement simulations induced by the
rotation of fan blades. The prism cell layers were applied to adjust the
cell spacing on the wall boundaries, and those along the fan blades were
made very thin to ensure sufficient grid resolution to capture the flow
characteristics in the near-wall region of the blades as shown in Fig. 2.
Overall, a satisfactory grid quality was ensured with the maximum angle
skewness under 81° (16).

The realizable k-¢ model (17), which was considered more reliable
than the standard k-¢ model on simulating rotational shear flow, was
adopted together with the implicit SIMPLE algorithm (18). Moreover, a
two-layer approach (19) using Wolfstein model (20) was used with the
all-y* wall treatment for the near-wall region, to give the results similar
to the low-y* treatment for y* to be 1 or less, and to the high-y" treat-
ment for y* >30 (16).For discretizing the governing equations, the finite
volume method was applied with the second-order upwind scheme for
the velocity components and pressure, and the first-order upwind scheme
for the temperature and passive scalars. Furthermore, a rotating reference
frame was applied in the rotational region to simulate the fan blades’
rotation in a steady state. This method generates a constant grid flux in
the appropriate conservation equations by automatically adding the source
terms with respect to the Coriolis and Centrifugal forces, which is calcu-
lated using the following equation (16):

F.=poxv (1)

where Fr is the body force term due to fan rotation (kg m~2 §?), p is
the air density (kg m~—>), w is the rotational speed (rad s™Y and v is the
linear velocity (m s~ ).

In Star-CCM+, the global residuals, which are used for judging con-
vergence were normalized by the averages of the first five steps (16). In
this study, the continuity and momentum equations were thought to reach
convergent when the normalized global residual was less than 1.0 ¢ *.
The C(ﬁ)nvergent level for energy was 5.0 ¢ >, for scalar terms was
1.0e".

The major boundary conditions are listed in Table 2. The total con-
vective heat transfer at wall surfaces equaled the heat loss due to infrared
radiation and conduction from the UV and visible light fixtures (12).

Numerical methods to estimate UV dose. UV dose calculated with
exposure time and average UV fluence rate: The UV dose for a microor-
ganism is determined from the strength of UV irradiation field and the
microorganism’s exposure time to UV irradiation. The exposure time
accounts for how long microorganisms remain in the UV irradiation field.

6mm}_\I

1.5 mm

Fan blade I—\ :

Figure 2. Prism cell layers around the fan blades.
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Table 2. Boundary conditions.

Inlet Size: 0.34 m x 0.34 m; velocity: 0.05 m s lin Case 1 & 2,02 m s 'in Case 3 & 5 and 0.6 m s~ in Case 4 & 6;
temperature: 21.1°C; turbulence intensity: 0.05; turbulence length scale: 0.0016 m

Outlet

UVGI fixtures
Visible lamp
Source

Size: 0.48 m x 0.28 m; free slip

No slip; convective heat transfer rate: 48.3 W m~> (10 W per unit)
No slip; convective heat transfer rate: 50.7 W m ™2 (totally 57 W)
Diameter: 1 in simulations without source: adiabatic wall, no-slip; in simulations with source: inlet, velocity: 0.012 m s~ ;

1

temperature: 21.1°C; turbulence intensity: 0.05; turbulence length scale: 0.00003 m

Ceiling fan No slip, adiabatic

Walls No slip, convection heat transfer rate: 1.18 W m~2 when UVGI was turned off, and 2.01 W m~2 when UVGI was turned on

CFD can provide the microorganism’s exposure to the UV irradiation
field because the exposure directly depends on the indoor air movement.

Visitation frequency (VF) represents the average number of times the
microorganism visited the UV irradiation field (21). VF = 1 means that
after being generated, the microorganism visited the UV irradiation field
only once. VF = 2 means that after being brought to the UV irradiation
field, the microorganism leaves and then returns to the UV irradiation
field due to the re-circulating flow for one additional visit.

VF can be obtained from the calculation of the passive scalar flux
method. In a room under the steady-state conditions, we can get the
following equation by assuming that the rate (a) of the passive scalar flux
to return to the UV irradiation field after leaving there is constant.

Aquvi = quvia + quvid® + quvid® + . .. + quvid" + . ..

2 o (2)

=quial+a+a +...+ad" " +...)
where Aqyv; is the inflow flux of passive scalar into the UV irradiation
field (kg s and quvi is the total generation rate of passive scalar in the
UV irradiation field (kg s ). When n—, the following equation can be
established:

l4a+d+...+a"=(1-a")/(1-a)=1/1-a) (3)

Hence, the rate a can be calculated by Eq. (4) derived from Egs. (2)
and (3).

a = Aquvi/(quvi + Aquvi) 4)

As VF equals 1/(1 — a), VF can be calculated using the following
equation obtained by substituting Eq. (4) into Eq. (3).

VF = 1+ (Aquvi/quvi) (5)

In the simulations, the total generation rate was arbitrarily set to be
0.01 kg s~! because Eq. (5) uses the non-dimensional ratio of Agyy; and
quv; to calculate VF. Specifically, this passive scalar was assumed to be
uniformly generated at a rate of 0.001 kg m~> s in the UV irradiation
field with a volume of 10 m®, resulting in a total of 0.01 kg s™'. This
volume source, covering the irradiation field, enables calculations of visi-
tation frequency as a performance indicator that couples the performances
of the ventilation system and the UV lamps. Therefore, this indicator
enables direct performance comparisons for different ventilation and UV
lamp systems independent of the actual point source location.

Local purging flow rate (L-PFR) is an index of ventilation efficiency
in any specified domain, originally defined as the effective airflow to
remove or purge a contaminant from the domain (22). As shown in
Eq. (6), L-PFR is defined as the net ventilation rate of the UV irradiation
field with the microorganism generation rate (gyv;) and its averaged con-
centration (Cyv;). With this definition, the value of L-PFR can simply be
calculated from the microorganism concentration simulations based on
the passive scalar transport equation (23).

L - PFR = quvi/Cuvi (6)

where L-PFR is the local purging flow rate (m® s™'); Cyy; is the aver-
age microorganism concentration in the UV irradiation field (kg m ).

In addition, as expressed in Eq. (7), L-PFR has a close relation with
VF and the average staying time can be calculated using L-PFR and VF.

L - PFR = Viyvi/(VE X Tuvi) (7)

Vuvi is the volume of the UV irradiation field (m®) and Tyv; is the
average staying time for the microorganism in the UV irradiation field,
which is defined by calculating the average exposure time per visit to the
UV irradiation field (s).

By assuming that the UV irradiation field is uniformly irradiated, UV
dose for the microorganism can be calculated as:

D = Inve X Tr_uvi = Iave % (VF x Tyyj) (8)

where D is the UV dose (J m™2), Tr_yv; is the total exposure time of
the microorganism to the UV irradiation field (s) and Iovg is the average
UV fluence rate of the UV irradiation field (W m~2), which was
0.15W m™>

The UV dose D accounts for all of the air supplied to the environ-
mental chamber, including the air from the inlet and source, as well as
the total exposure time. In addition, the UV dose D is equal to the UV
dose at the exhaust in a well-mixed room because it tracks the air from
entering to leaving the room.

UV dose calculated with the distribution of UV fluence rate: With
Eq. (9), the UV dose can be calculated by considering the effect of the
spatial distribution of UV fluence rate. In this method, the UV fluence
rate distribution is applied in the UV irradiation zone as scalar fluxes.
The UV dose at a specific point is the summation of the UV fluence rate
multiplied by the residence time at each point on the air pathway from
the air supply, which opens through the point of interest. In addition,
because the UV fluence rate is zero outside the UV irradiation zone, the
product of UV fluence rate and the residence time will also be zero at
any point out of the UV irradiation zone.

oD @ 0 oD
EJ“a_)c,(D"‘-")_a_)cj(()“H“’)a_x,)JrE 9)

where u; is the velocity components (m s™h), A is the molecular diffusiv-
ity (m* s~ 1), J, is the kinematic diffusivity (m? s~ "), and E is the UV flu-
ence rate (W m’z). In this simulation, the spatial distribution of UV
fluence rates within the UV irradiation field was obtained from the com-
mercially available Computer-Aided Design (CAD) tool of Visual™ by
Acuity Brand Lighting (24). And an interpolation function by Star-
CCM+(16) was applied to map the UV fluence rate distribution from the
CAD tool onto the CFD grid. Figure 3 provides the fluence rate distribu-
tion at the horizontal section 2.2 m above the floor after applying the
interpolation procedure. The average UV fluence rate of the UV irradia-
tion field was 0.15 W m ™2

As the air mass at any point of interest consists of the air fractions
both from the air supply and source in the room, the UV dose by Eq. (9)
is for all of the air fractions at the point. To obtain the spatial distribution
of UV dose only for the airborne microorganisms from the source, Kato
et al. proposed a CFD method based on the concept of SVE3* (New
Scale for Ventilation Efficiency) (13). By this method, first the mass ratio
(r) of air fraction from the source at each spatial point can be calculated
with SVE4 (25) by treating the source as an air supply opening with
Eq. (10). r was set to be 1 for the airflow from the source.
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Figure 3. UV fluence rate distribution in the horizontal section 2.2 m
above the floor.
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Then, the spatial distribution of UV dose for the microorganism can
be obtained by dividing the result of Eq. (11) by the mass ratio (r).

oDr @ 0 aDr
F‘Fa—)cj(Druj)_a_)C/(()“‘F)“t) ax/>+rE (11)

Numerical indices to evaluate UR-UVGI disinfection efficacy. This
investigation uses the following indices to evaluate the UR-UVGI disin-
fection efficacy: the fraction of remaining microorganisms, equivalent air
exchange rate, UR-UVGI effectiveness, and infection probability of
M.TB by Wells—Riley equation. These indices are calculated based on
the results of the passive scalar simulations accounting for the inactiva-
tion of the microorganisms.

Passive scalar method for inactivation of microorganisms: The inacti-
vation of the microorganisms by UV irradiation can be coupled in the
passive scalar transport equation by adding a source term corresponding
to the disinfection of microorganisms as follows (8):

Dl w-m () -me )

Ox Cj Ox j Ox Cj

where ¢ is the concentration of the microorganism (cfu m™>) and Z is
the UV susceptibility constant of M. TB (m? J ). The distribution of flu-
ence rate was same as that used in Eq. (9). (—ZE¢) is the source term in
the equation, which accounts for the disinfection of microorganisms. The
smallest UV susceptibility constant of M. TB (0.23 m? J™') was adopted
to evaluate the highest TB infection risk (26).

Fraction of remaining microorganisms and equivalent air exchange
rate: Under steady-state condition, the fraction of remaining microorgan-
isms is defined as the ratio of the steady-state concentration of airborne
microorganisms with the UVGI turned “on” to the steady-state concentra-
tion with the UVGI turned “off” (5). In this study, the calculation of the
fraction of remaining microorganisms used the room average concentra-
tions. While calculating the fraction of remaining microorganisms, the
concentration of M.TB at the source was assumed to be 1 cfum™>.
Therefore, the results show the fraction of airborne surviving microorgan-
isms after the application of UVGI, inherently including the effects of the
HVAC system, ceiling fan, and UR-UVGI system. Its value varies in the
range of 0-1, and the closer to zero the fraction of remaining microor-
ganisms is, the better the UR-UVGI disinfection performance indicates.
With the fraction of remaining microorganisms, the equivalent air
exchange rate (/.) attributable to UVGI is defined as the increase in air
exchange rate that is required to give the same microorganism concentra-
tion without using UVGI, if the space is assumed to be well mixed and
under a steady-state condition (5). The equation for calculating A. is
given as:
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o= U=fs), (13)

fss

A is the ambient air exchange rate (ACH) and fi is the fraction of
remaining microorganisms that survived in the room (—), which was the
ratio of the volume averaged concentration of airborne microorganisms
with the UVGI turned “on” to the one with the UVGI turned “off” in this
study.

UR-UVGI effectiveness: To simultaneously account for the effect of
both the indoor air mixing condition and the strength of UR-UVGI lamps,
a new non-dimensional parameter, UR-UVGI effectiveness (11), was pro-
posed using the definition of the contaminant removal effectiveness (27).

l . Cex—UV 8/ _ Cex—nouv — CS (14)
& (Chyry’ (Cuovv — Cs

where nur.uvar is the UR-UVGI effectiveness (—); ¢’ is the contaminant

removal effectiveness (—); Cexyv is the concentration at the exhaust with
UVGI “on” (cfu m™3), Cexnouy and {C),0UV are the concentration at
exhaust and room average concentration, respectively, with UVGI “off”
(cfu m™>), and Cs is the concentration in the air supply (cfu m™). Cs
was zero in our CFD model as the microorganism was only generated
from the source. nur.uvar also varies from O to 1; however, contrary to
the fraction of remaining microorganisms, the closer to one nyg.yver i,
the better the UR-UVGI disinfection effect is.

Infection probability of M.TB by Wells—Riley equation: The probabil-
ity of airborne TB infection can be predicted by applying the Wells—
Riley equation (14,15) with CFD results of microorganism concentration
field (28):

Nur—vver =1 —

P=1-¢"" (15)

where P is the infection probability; p is the breathing rate (m® s~'); N
is the concentration of quanta (quanta m>), which is the infectious dose
of the microorganisms; ¢ is the total exposure time that an occupant is
exposed in the air mixed with the infectious microorganisms (s).

In this study, a passive scalar was adopted to represent the M.TB
quanta, and the airborne transport of M.TB was calculated with Eq. (12).
However, the unit of the scalar concentration was quanta m > when
calculating the infection probability. Furthermore, the generation rate of
the infection quanta of M. TB was assumed to be 1 quanta h™' at the
source (29).

RESULTS

The indoor velocity distribution and the flow pattern of air from
the source will be reported first, followed with the simulation
results of the UV dose and the indices for evaluating the
UR-UVGI disinfection efficacy, which resulted from the passive
scalar simulation based on indoor flow field.

Indoor air mixing

Velocity distribution. Figure 2 shows the vector velocity distribu-
tion in the cases with the air exchange rate of 2 ACH. According
to Fig. 4, in the simulated small room, the fan was the primary
momentum source to form the indoor flow field and completely
changed the mixing conditions of room air, even with a low fan
rotational speed. The use of a ceiling fan generated air circula-
tion between the side walls and fan-induced airflows, with eddies
along the fan-induced airflow and near the floor. In addition, as
the fan blades had a pitch of 10.5°, with the increase of the fan
rotational speed, the strengthened fan-induced airflows were
deflected off each other and small air circulation generated
between the fan-induced airflows. The increase of the fan rota-
tional speed enhanced the small air circulation, which finally
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Figure 4. (a—d) Vector velocity distribution in the middle section at Y-direction (see Section B in Fig. 1) in the cases with 2 ACH. (a) In Case 1, (b) In

Case 2, (¢) In Case 3, (d) In Case 4.

affected the local flow field around the microorganism source. A
similar phenomenon was found with the air exchange rate of 6
ACH.

Flow pattern of air from the source. Figure 5 illustrates the air-
flow pattern from the microorganism source in each simulated
case. Both the ambient air exchange rate and fan speed had great
influence on the airflow pattern. The large air exchange rate
reduced the room residence time for the air, as well as the
chance to enter the UV irradiation field. In addition, according to
Fig. 5(c), in the case with a fan speed of 150 rpm and air
exchange rate of 2 ACH, the air from the source was caught in
the eddy between the fan-induced airflow and left side wall, and
that contaminated air was unable to escape from the eddy to
reach the upper irradiated zone.

Mass flow rate of the air entering UV irradiation field. Figure 6
shows the change of the mass flow rate of the air that entered
the UV irradiation field as a function of fan rotational speed. It
indicates that the use of a ceiling fan significantly promoted the
vertical air movement as expected with the increase in the fan
rotational speed. Moreover, counter intuitively, ceiling fan’s
influence on vertical air mixing was independent of the air
exchange rate when it was in the range of 2-6 ACH.

UV dose

Table 3 summarized and compared VF, total exposure time and
the UV dose calculated by two methods in each case.

VF and exposure time. According to Table 3, for the same air
exchange rate, VF increased with the fan rotational speed, while
the average exposure time decreased. Furthermore, for the same
fan rotational speed, VF increased about three times when the air
exchange rate was reduced from 6 to 2 ACH and the average
exposure time changed very slightly. Therefore, the total expo-
sure time was inversely proportional to the air exchange rate.

However, again counter intuitively, the total exposure time var-
ied slightly with the fan rotational speed, while the air exchange
rate was not changed.

UV dose at the exhaust. In Table 3, the UV dose was first cal-
culated by multiplying the total exposure time and the average
UV fluence rate (Dyy.;). Furthermore, the UV dose was also
calculated by using SVE3* (Dyy.p). As aforementioned, Dyy_;
also represented the UV dose at the exhaust. According to
Table 3, Dyy.11 was slightly larger than Dyy., in each case
because Dyy.; was calculated for all of the supplied air, while
Dyv., was calculated for air only from the microorganism
source. Similar to the total exposure time, both Dyy.;1 and
Dyv.» were inversely proportional to the air exchange rate, with
their values for 2 ACH being around three times of those for 6
ACH.

UV dose distribution. Figure 7 shows the UV dose distribution
calculated by SVE3* in the cases with the air exchange rate of 2
ACH. As intended, the UV dose was larger in the upper room
than in the lower space following the gradient in UV fluence.
UV dose gradient was apparently greater in Case 1, and it
became uniform in other cases as the vertical air movement was
promoted by the ceiling fan. The higher the fan rotational speed
was, the more uniform the dose distribution was. Furthermore,
the UV dose showed a relatively symmetrical distribution in the
vertical section when using a ceiling fan. Similar results were
obtained when the air exchange rate was 6 ACH. However, the
UV dose reduced to around one-third, which is consistent with
the results at the exhaust as shown in Table 3.

UR-UVGI disinfection performance

The UR-UVGI disinfection performance in each case is exam-
ined and compared in terms of the fraction of remaining microor-
ganisms, equivalent air exchange rate, UR-UVGI effectiveness
and TB infection probability.
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Figure 5. (a—h) Streamline of air from the source in the middle section at Y-direction (see Section B in Fig. 1) in the Cases 1-8. (a) In Case 1,
(b) In Case 2, (c) In Case 3, (d) In Case 4; (e) In Case 5, (f) In Case 6, (g) In case 7, (h) In Case 8.

é‘,”; 4 Table 3. Summary of CFD estimation of UV dose.
E; UV dose by
§ 3 total exposure
& Average Total time & average UV dose by
@ exposure exposure UV fluence SVE3* at
§ 21 Case time (s) VF (-) time (s) rate (J m_z) exhaust (J m_z)
1 21.0 21 441 64.5 60.5
11 2 7.8 56 437 63.8 61.7
3 4.6 97 446 65.0 64.0
4 2.9 151 438 63.8 63.2
0 y 5 23.4 6 140 20.9 20.2
0 80 150 230 6 7.6 19 148 2.1 203
Fan rotational speed (rpm) 7 45 33 149 21.7 20.7
Figure 6. Relation between mass flow rate of air entering UV irradiation 8 2.9 52 151 21.6 21.0

field and fan rotational speed.




788 Shengwei Zhu et al.

65

64

64

Figure 7. (a—d) Distribution of UV dose in the middle section at Y-direction (see Section B in Figure 1) in the cases with 2 ACH. (a) In Case 1 (b) In

Case 2, (¢) In Case 3, (d) In Case 4.

Fraction of remaining microorganisms. According to Table 4,
with the same fan speed, the fraction of remaining microorgan-
isms was smaller for the small air exchange rate (2 ACH). Fur-
thermore, the fraction of remaining microorganisms decreased
when using ceiling fan with the same air exchange rate. In addi-
tion, the fraction of remaining microorganisms slightly decreased
with the increase of fan rotational speed when the air exchange
rate was 6 ACH. However, with the air exchange rate of 2 ACH,
the fraction of remaining microorganisms was greatly affected by
the fan rotational speed, so it was lowest at the fan speed of
150 rpm and highest at the fan speed of 235 rpm. The result
indicated that the fan-induced airflow acted as a much more
important factor on UR-UVGI disinfection efficacy when the
ambient air supply rate was small.

Equivalent air exchange rate. As shown in Table 4, with the
ambient air exchange rate of 2 ACH, the equivalent air exchange
rate changed significantly with the fan rotational speed. The
equivalent air exchange rate had a maximum value of 57 ACH
at a medium fan speed of 150 rpm. For the ambient air exchange

Table 4. Summary of CFD investigation of UR-UVGI’s disinfection efficacy.

Contaminant
Fraction  Equivalent removal UR-UVGI Infection
remaining added effectiveness effectiveness probability
Case ©) ACH ©) ©) (%)
1 0.160 10.5 1.01 0.876 0.89
2 0.080 23.1 1.02 0.897 0.44
3 0.034 57.0 1.02 0.969 0.35
4 0.124 13.0 1.01 0.867 0.53
5 0.449 7.4 0.97 0.621 0.76
6 0.232 19.9 1.04 0.725 0.37
7 0.223 20.9 1.04 0.791 0.35
8 0.218 21.5 1.03 0.749 0.48

rate of 6 ACH, the equivalent air exchange rate varied slightly
around 20 ACH.

UR-UVGI effectiveness. Because the contaminant removal effec-
tiveness was similar in each case with the values around 1
(Table 4), the indoor air could be considered to be perfectly
mixed. However, UR-UVGI effectiveness was higher for the
smaller air exchange rate. In addition, according to the results,
with the same air exchange rate, the UR-UVGI effectiveness
could be improved using ceiling fans with the highest effective-
ness for the medium fan with a speed of 150 rpm. This improve-
ment indicated a greater air exchange rate of 6 ACH.

Infection probability. Figure 6 shows the TB infection probabil-
ity as a function of time in each case with UVGI being “on” and
“off,” respectively. The infection probabilities were calculated
with the surface average concentration at the horizontal plane
elevated 1.5 m above the floor, representing the height of the
breathing field. In addition, the breathing rate was set to be
8 L min~' (30).

According to Fig. 8, when UVGI was turned “off,” the infec-
tion probability could be decreased by increasing the air
exchange rate. Nevertheless, the infection probability could also
be, counter intuitively, increased by the use of the ceiling fan.
When the air exchange rate was 2 ACH, the fan rotational speed
showed great effect on infection probability with the highest
infection probability at the medium fan speed of 150 rpm. When
the air exchange rate was 6 ACH, the infection probability
increased slightly with the use of the ceiling fan and it was the
highest for the fan speed of 235 rpm.

Figure 8 indicated that UR-UVGI significantly decreased the
infection probability, especially in the cases with the air exchange
rate of 2 ACH that had much higher infection probabilities when
UVGI was turned “off.” This finding supports the experiential
knowledge that ceiling fans can support the disinfection efforts
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Figure 8. (a—b) Infection probability of TB as a function of time in each
case with UVGI “on” and “off”.( a) Results of Cases 1-4 with air
exchange rate of two ACH; (b) Results of Cases 5-8 with air exchange
rate of 6 ACH.

with UR-UVGI, especially for poorly- or non-ventilated spaces.
In addition, Table 4 presents the infection probabilities after 2 h
of exposure. The infection probability was smaller when using
ceiling fan and UR-UVGI together compared with the probability
for the system using only UR-UVGI. Furthermore, with the same
air exchange rate, the infection probability was smallest at the
medium fan speed of 150 rpm.

DISCUSSION

Ceiling fan’s influence on the UR-UVGI disinfection efficacy

The simulation results show that the air exchange rate by air sup-
ply ventilation was a decisive factor for UR-UVGI performance
as the amount of the exposure to UV irradiation was primarily
determined by the air exchange rate. The use of a ceiling fan
made only a slight difference for the total exposure. This may be
in part because the small chamber ventilation rate produced sub-
stantial air mixing. In other words, the potential for UVGI to con-
tribute to air disinfection is greatest under low air exchange rate
conditions. However, UR-UVGI’s ability to disinfect air improved
by using the ceiling fan because the ceiling fan transferred the air-
borne microorganisms from the source to the UV irradiation field
much more rapidly. In addition, the use of a ceiling fan also
reduced the time for the airborne microorganisms to stay in the
UV irradiation field during each visit, and much more frequently
sent them to the lower occupied room space, but also briefly. It is
conceivable that with a sufficiently high fan speed, the airborne
microorganisms had a higher probability to be inhaled before they
were inactivated or killed. However, the benefits of effective air
disinfection clearly outweigh the risks of using UR-UVGI without
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an air mixing fan. This is also the likely reason that UR-UVGI
disinfection efficacy was highest at the medium fan speed. There-
fore, it is important to optimize the operation of the ceiling fan to
maximize the UR-UVGI disinfection efficacy.

The simulation results indicated the possibility of exacerbating
the risk of airborne infection using ceiling fan in such a small
room space if UR-UVGI was turned “off.” As ceiling fans are
widely used to achieve thermal comfort, it is important to under-
stand that ceiling fans have the potential to distribute risk in the
absence of air disinfection, such as UR-UVGI or good ventila-
tion, natural or mechanical.

Examination of the methods to estimate the UV dose

It is much easier to calculate the UV dose by multiplying total
exposure time and average UV fluence rate because it overlooks
the spatial distribution of fluence rate and only requires one pas-
sive scalar transport simulation. In addition, as this method cal-
culates VF and the exposure time at the same time when
calculating the UV dose, it is possible to investigate the mecha-
nisms by which the ceiling fan can affect the UV dose. How-
ever, this method has three limitations:

1. it cannot predict the distribution of the UV dose and repre-
sents only the UV dose at the exhaust, e.g. the total UV dose
for the supplied air;

2. it ignores the UV fluence rate’s distribution which might
greatly vary in the upper room;

3. it neglects the microorganism concentration distribution in the
air which might be great in a room with poor mixing
conditions, and can only estimate the UV dose for all of the
supplied air;

The studies on infection control assume that the microorgan-
isms released into the room would come from the patients’
cough. However, this method calculates UV dose for the airflow
resulting from both the air supply diffusers and the patients’
cough. Therefore, it has the potential to overestimate the UV
dose even in perfectly mixed conditions. In addition, this method
cannot correctly estimate the UV dose in an indoor environment
with a poorly mixed condition, where the microorganisms’ dis-
persion is inevitably influenced by the patients’ cough, furniture
and thermal plumes from heat sources. Therefore, the method to
calculate the UV dose by SVE3* is a better solution to estimate
the UV dose because it successfully fixes all the problems
aforementioned. It can also be applied in any type of indoor
ventilation conditions.

Examination of the indices to evaluate the UR-UVGI
disinfection efficacy

The fraction of remaining microorganisms is the most commonly
used to evaluate the UR-UVGI disinfection efficacy. As almost
all of the experimental studies applied mixing ventilation, it was
convenient to deploy this index by measuring the concentration
at the exhaust (5,6). Since it is easy to calculate the room aver-
age concentration with CFD results, the use of this index can be
extended to the indoor settings with various ventilation systems.
In addition, the equivalent air exchange rate is effective in evalu-
ating the UR-UVGI disinfection efficacy. However, it is only
available for the perfectly mixed conditions which assume that
the microorganisms are uniformly distributed in the air.
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UR-UVGI effectiveness established the relationship between
the UR-UVGI disinfection efficacy and the indoor air mixing
conditions, therefore enabling different ventilation system effec-
tiveness to be taken into account. As shown in this study, the
completeness of air mixing was almost the same in each case as
evidenced by the similar contaminant removal effectiveness.
However, the UR-UVGI effectiveness varied with the method of
air mixing. These results can help to maximize the performance
of UR-UVGI by applying the proper air exchange rate and fan
downward rotational speed.

The above three indices were developed for evaluating the
UR-UVGI disinfection efficacy in the whole room space. These
indices can account for the effects of the local indoor settings
such as the number and location of microorganism sources, the
existence of heat sources and the spatial configuration. But these
indices cannot investigate the influence of each contributing
parameter in detail. In addition, these indices are unable to evalu-
ate the effects of UR-UVGI on the risk of airborne infection,
which is the main aim of modeling. Applying the Wells—Riley
equation to estimate the infection probability by using CFD
results as input, makes it possible to do the aforementioned para-
metric investigation of a ceiling fan’s influence on UR-UVGI
performance with both overall and local infection probabilities.
However, it should be noted that the infection probability by the
method using Wells—Riley equation, depended on the assump-
tions of microorganism susceptibility, exposure time and occu-
pant condition. Moreover, as the CFD model simply represented
the airborne microorganisms with a passive scalar, and neglected
the reduction of the microorganisms due to the particles’ deposi-
tion and natural death, the simulation results are more useful for
a qualitative investigation.

CONCLUSION

In this study, a previously developed CFD modeling method,
which solved the transient phenomenon of the ceiling fan’s rota-
tion with steady-state simulations using a rotation reference
frame, was used to investigate the ceiling fan’s influence on UR-
UVGI disinfection efficacy. Two air exchange rates, 2 and 6
ACH, and four fan downward rotational speeds, 0, 80, 150,
235 rpm, were considered in this study. The investigation used
the UV dose to represent the disinfection of microorganisms, and
the indices, including the fraction of remaining microorganisms,
equivalent air exchange rate, UR-UVGI effectiveness and TB
infection probability, to assess the system performance. Accord-
ing to the simulation results, the ambient air exchange rate was a
decisive factor in determining the UR-UVGI disinfection effi-
cacy. This is a little misleading in practice, however, because
while increased ventilation may reduce the contribution of UR-
UVGI, the combined effect of greater ventilation and UR-UVGI
is always less, and never greater, risk of infection. Furthermore,
the UR-UVGI disinfection efficacy improved with the use of a
ceiling fan. However, a high fan speed might not result in better
performance than medium or low fan speeds, all of which may
approach near perfect mixing. The results for infection probabil-
ity also indicated the possibility of increasing the TB infection
risk by using ceiling fan without effective air disinfection by
ventilation, natural or mechanical, or UR-UVGI.

In the future, we plan to apply this CFD modeling method to
parametric investigation of ceiling fan’s influence on UR-UVGI
disinfection efficacy by focusing on the effects of fan rotational

direction and speed, microorganisms and heat source conditions,
UV fixtures and spatial configuration. Furthermore, as ceiling
fans are widely used in the indoor environments with natural
ventilation, especially in the resource-limited areas, it is impor-
tant to investigate the proper application of ceiling fans in the
naturally ventilated environments. Most important, we will con-
sider the application of ceiling fans in the real world in the afore-
mentioned investigations, with regard to both thermal comfort
and UR-UVGI disinfection efficacy.
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