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Improved estimates of 222

nm far-UVC susceptibility

for aerosolized human coronavirus
via a validated high-fidelity coupled
radiation-CFD code

Andrew G. Buchan®'*, Liang Yang®?, David Welch?, David J. Brenner® & Kirk D. Atkinson®*

Transmission of SARS-CoV-2 by aerosols has played a significant role in the rapid spread of COVID-
19 across the globe. Indoor environments with inadequate ventilation pose a serious infection risk.
Whilst vaccines suppress transmission, they are not 100% effective and the risk from variants and
new viruses always remains. Consequently, many efforts have focused on ways to disinfect air. One
such method involves use of minimally hazardous 222 nm far-UVC light. Whilst a small number of
controlled experimental studies have been conducted, determining the efficacy of this approach is
difficult because chamber or room geometry, and the air flow within them, influences both far-UvcC
illumination and aerosol dwell times. Fortunately, computational multiphysics modelling allows

the inadequacy of dose-averaged assessment of viral inactivation to be overcome in these complex
situations. This article presents the first validation of the WYVERN radiation-CFD code for far-UVC air-
disinfection against survival fraction measurements, and the first measurement-informed modelling
approach to estimating far-UVC susceptibility of viruses in air. As well as demonstrating the reliability
of the code, at circa 70% higher, our findings indicate that aerosolized human coronaviruses are
significantly more susceptible to far-UVC than previously thought.

One year into the COVID-19 pandemic, active measures such as mask wearing' and social distancing continue to
play a dominant role in preventing the spread of SARS-CoV-2. Whilst vaccination efforts have commenced across
the globe, supply chain issues?, adjustment of vaccination regimens®=°, vaccine hesitancy®$, and uncertainty over
whether current vaccines give sufficient protection against variant strains®"? all challenge the aim of reaching
herd immunity. Consequently, when opening up their high-traffic public spaces like airport terminals, restaurants
and gyms with an abundance of caution, local governments, companies and organisations have upgraded heating,
ventilation and air conditioning (HVAC) systems, often with HEPA filters or ultraviolet germicidal irradiation
(UVGID)'*¥. In schools, offices and long-term care facilities where infrastructure is often outdated or suffering
from under-investment, use of in-room air purifier devices has been commonplace?*-?2. Whilst all these efforts
should be commended, recent work has shown that the efficacy of these measures may not be as good as expected
because the air currents stirred up by these devices can cause virus-contaminated air to be pulled past the faces
of people in these spaces, may lead to stalled air flow in some parts of the room, and may even promote resus-
pension of virus-containing droplets**=*°. In-room, 222 nm filtered far-UVC illumination has been suggested
as a potential alternative approach, wherein aerosolized viruses are inactivated whilst transported in air flows
within a room?. The efficacy of this approach was predicted for a hospital room via use of the WYVERN high-
fidelity coupled radiation-CFD code?. Several major companies now supply far-UVC lamps. Benchtop studies
at Columbia University have successfully demonstrated that, with a commercially available lamp, far-UVC light
does inactivate aerosolized HCoV-229E and HCoV-OC43 human coronaviruses®’. However, to demonstrate
similar efficacy in more realistic settings and general rooms is more challenging. Whilst they may share similar
features, each room is unique. Placement of lamps, HVAC, doors, windows and furniture will all influence air
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Figure 1. The experimental configuration at Columbia University had a flow-through aerosol irradiation
chamber with a 222 nm filtered far-UVC lamp placed 22 cm away.

flows and illumination and hence a single experimental test is not adequate to predict efficacy in a reliable man-
ner for all but the most simple cases. Indeed, even the movement of people in a room will disturb the air flow
within it*’. This obviously has implications for risk assessment in the workplace or spaces that can be accessed by
members of the public; without adequate quantification of efficacy, use of far-UVC lamps cannot form part of an
infection risk mitigation strategy. As the biosafety hazard makes measurements of aerosolized viruses impractical
outside of a specialized aerobiology facility, it is not feasible to build laboratory representations of every pos-
sible room, nor to test efficacy in-situ at this point in time. Computational modelling provides perhaps the only
viable solution. Able to capture the geometry of any room, along with any perturbing factors that will influence
illumination and air flow, it does not suffer from the same constraints as practical measurements and allows
more detailed analysis to be conducted, e.g. to ensure that far-UVC lamps are positioned optimally. Obviously,
to have confidence in computational predictions, any code should be able to accurately replicate the results seen
in the aforementioned benchtop studies, along with any large-scale experimental investigations that may follow.

One element of this study addresses the need for methods validation by applying the WYVERN high-fidelity
coupled radiation-CFD code to reproduce the experimental measurements of 222 nm UVC inactivation of
aerosolized coronavirus made at Columbia University*’. The experimental apparatus used at Columbia Uni-
versity is shown in Fig. 1, the full dimensions and configurations of which can be found in the literature”?.
The basic setup consisted of a far-UVC irradiation chamber of size 26 x 6.3 x 25.5 cm through which human
coronavirus-bearing aerosol was pumped at a rate of 12.5 L/min and thereafter collected for analysis through
two small outlet pipes. The source of 222 nm far-UVC light was a single lamp placed 22 cm from the chamber,
the light entered the chamber through a polymer film window that reduced far-UVC intensity by 35%. The back
wall of the chamber was fitted with an aluminium plate that reflected around 15% of the far-UVC light. Two
1 cm wide vertical support rods provided obstructions that prevented some light from reaching the chamber
volume. For the given configuration it was estimated that the aerosolized virus would take approximately 20
seconds to transit the chamber and hence, as the average fluence rate was estimated to be 0.1 mJ.cm™2. 57},
an average dose of 2 mJ.cm~2 was absorbed by the coronavirus virions. Control over the fluence rate in the
chamber was facilitated through placement of 222 nm far-UVC absorbing polymer films, held in place by the
support rods, in front of the chamber window. These filters transmitted 50% and 25% of the incident far-UVC
light, respectively, allowing further measurements to be made at estimated doses of 1 and 0.5 mJ.cm~2. Inactiva-
tion of the aerosolized coronavirus was evaluated via a virus infectivity assay. Assuming that both the far-UVC
radiation field and the aerosol fluid velocity were uniform throughout the chamber; from the measured survival
of aerosolized HCoV-229E and HCoV-OC43 human coronaviruses, 222 nm far-UVC susceptibilities, Z, were
deduced. For HCoV-229E the estimated 222 nm far-UVC susceptibility was calculated to be 4.1 cm?*m]~ with
a95% confidence interval from 2.5 to 4.8 cm?mJ L. For HCoV-OC43 the estimated Z was 5.9 cm?mJ~! with a
95% confidence interval from 3.8 to 7.1 cm?m]J L

The estimates of viral susceptibility to UVC derived from experiment were based on the idealised assumption
of uniform airflow and radiation intensity. In reality this is incorrect because the radiation intensity varied due to
the light source being non-uniform (see methods section) and because there were shadows cast by the obstruct-
ing support structures. The flow velocities are also non-uniform due to the frictional forces around the chamber
walls, and due to the flow’s re-direction towards the narrow outlet tubes. The validity of the assumptions used to
calculate Z should therefore be questioned since variation in the far-UVC or fluid fields would cause noticeable
variations in aerosolized virus exposure times, and hence have direct implications with respect to the calcula-
tion of far-UVC susceptibility. This article therefore addresses this need for a complete understanding of the
physical behaviour within the irradiation chamber before far-UVC susceptibilities are attributed. It does this by
presenting the first highly-detailed model of the spatially varying flow fields and far-UVC fluence rates within the
chamber, and provides the first fully-validated computational model of the far-UVC inactivation of aerosolized
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Figure 2. Left: Far-UVC intensity (the fluence rate, |1].cm~2.s~1) in the region spanned from the lamp surface
to the back wall of the chamber. The high intensity red rectangular region in the foreground denotes the position
of the lamp. Middle: Far-UVC intensity within the chamber. The vertical bars indicate the shadows cast by the
support rods. Right: Fluid velocity magnitudes for developed aerosol flow, from left to right, within the chamber.

human coronavirus in a real system. Importantly this leads to the first implementation of a combined modelling-
experimental approach to the improved estimation of far-UVC susceptibility. Both were achieved by using the
WYVERN coupled radiation-CFD code®, a unique high-fidelity modelling capability employing Boltzmann
radiation transport and Large Eddy Simulation (LES)-Navier-Stokes descriptions of respective physics domains.

Results

The predicted far-UVC intensity fields and aerosol flow velocities within the irradiation chamber are presented
in Fig. 2. The radiation model was tuned to the characteristics of the Care222 filtered far-UVC lamp (Ushio,
Inc.)®?!, the type of lamp used in the experiments, to correctly describe the anisotropic source distribution cre-
ated by the filter and lamp housing. The details of the source model are presented below. The 222 nm far-UVC
intensity inside the chamber exhibits considerable variation due to the angular distribution of the light source,
caused by the filter and lamp housing, and the shadows cast by the aforementioned vertical support rods. The
highest far-UVC intensities were found in the mid-section of the chamber where they reached a maximum of
0.15mJ.cm™2. s~ but dropped to around 0.035 mJ.cm™2. s~!in the corners. The mean far-UVC intensity within
the chamber was found to be 0.081 mJ.cm 2. s 71, 19% smaller than the original estimate?. The fully-developed
aerosol flow field also showed spatial variations, higher fluid velocities forming in the centre of the chamber
due to the drag forces on the chamber walls and the positioning of the outlet tubes. Human coronavirus was
simulated with a particle model that represented the virus-bearing aerosols moving with the flow field. Once the
simulated flows had fully developed within the running code, aerosols were released at points on a 40 x 40 grid
evenly distributed across a 6.1 x 25.1 cm area on the face of the inlet and their migration tracked through the
irradiation chamber. The viral inactivation within each particle was then calculated by integrating the far-UVC
fluence received at each respective position and from this, once all particles had exited the chamber, an overall
survival fraction was calculated. A far-UVC susceptibility of 4.1 cm?m]~! was assumed?*?°.

The model was run, and the results analysed, for four sets of flow conditions and far-UVC intensity fields. The
first took the original conditions assumed by the experimenters at Columbia University?’, namely a uniform far-
UVC intensity of 0.1 mJ.cm 2. s~!and a uniform flow velocity of 1.3 cm. s~ .. The second and third combinations
utilised either the model-predicted far-UVC radiation field, or the model-predicted flow field, respectively, whilst
keeping the other field uniform. The fourth combination used both model-predicted fields. Figure 3 shows the
distribution of virus-bearing aerosols within the chamber and the predicted inactivation of human coronavirus
for the different flow and radiation conditions at two time points. It was observed that, along with the separa-
tion of particles due to variations in the flow velocity, there was decreased coronavirus inactivation in regions
close to the upper and lower sections of the chamber due to reduced far-UVC intensity. The survival fractions
predicted by the model are presented in Fig. 4 alongside the original measured data points and the curve fitted
to these data®. The simulation using uniform far-UVC intensity and fluid velocities match almost exactly the
fitted data, as would be expected since all assumed conditions are identical. When CFD-modelled flow was con-
sidered, but far-UVC intensity kept uniform, there was a considerable increase in predicted surviving fraction.
This can be attributed to there being regions within the chamber with fast fluid velocities, forcing virus-bearing
aerosols through more quickly, reducing their dwell times in the far-UVC field, and therefore reducing overall
coronavirus inactivation. A similar increase in surviving fraction was seen for the case of uniform aerosol flow
through the model-predicted radiation field. Here, whilst the flow was slower and hence the aerosol dwell times
longer, the far-UVC intensity was lower (by around 19% on average) and therefore overall viral inactivation was
reduced. Finally, for the case of CFD-modelled flow and a model-predicted radiation field; shorter dwell times
in some regions of the chamber coupled with lower far-UVC intensity causes the surviving fraction to be greater
still. Clearly when the high-fidelity coupled radiation-fluid model was used to represent the physical behaviour
within the irradiation chamber, assuming the far-UVC susceptibilities quoted by Buonanno et al.* does not
lead to predictions of aerosolized human coronavirus survival comparable to those measured in experiments.

As the code precisely reproduced the published survival curves of Buonanno et al.?? when considering their
estimated Z values and uniform field assumptions, it was apparent that better informed estimates of far-UVC
susceptibility could be made by determining Z values at which equivalent survival was found for detailed fluid
velocity and far-UVC intensity field conditions. Figure 4 (right) shows the modelled survival fraction as a func-
tion of Z when the detailed CFD-modelled flow and model-predicted radiation field were considered. Inactiva-
tion was simulated assuming a filter transmission of unity, i.e. the was no additional filtration, for a range of Z
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Figure 3. Aerosol distribution within the irradiation chamber and human coronavirus survival fraction at 2
(left) and 10 (right) seconds. Top: predictions when uniform flow and far-UVC intensity are assumed, Bottom:
predictions using CFD-flow and model-predicted far-UVC radiation fields. Particle colour denotes survival.
Assumed far-UVC intensities are superimposed.
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Figure 4. Left: Survival fractions as a function of filter transmission for HCoV-229E. A transmission of 1
assumes no additional filtration was installed in the lamp-chamber system. All of these modelling results utilized
the previously calculated Z value of 4.1 cm®>m] ™! except for the condition with Z = 7.0 cm?m]J~! which is the
predicted correct value of Z using the model. Transmissions of 0.5 and 0.25, respectively, represent 50% and 75%
attenuation of the far-UVC lamp intensity due to installation of additional 222 nm-absorbing polymer films.
Right: Survival fractions estimated for varying Z values predicted by the model. Comparison against measured
data for HCoV-229E (red) and HCoV-OC43 (green). Dashed line: measured data survival fractions. Solid line:
fitted data survival estimates.
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values. Superimposed on the graph are horizontal lines representing the as-measured and fitted survival fractions
deduced by Buonanno et al.* for HCoV-229E and HCoV-OC43 exposed to the same far-UVC intensity field.
Points of intersection show the corrected value of Z as guided by the model. By taking the intersects with the
fitted survival fractions, Z values of 7.0 cm*mJ ' and 10.5 cm®m]J ! were estimated for HCoV-229E and HCoV-
OC43, respectively. Taking the improved estimate for the 222 nm susceptibility of HCoV-229E, the simulations
with the CFD-modelled flow and model-predicted radiation fields were repeated for filter transmissions of 0.5
and 0.25. The results, plotted on Fig. 4 (left), show very close agreement to those found from the fitted data. A
similar agreement was found for HCoV-OC43 when the improved Z value was used.

Discussion

Due to the unique nature of each possible installation, generalised claims about the efficacy of germicidal irra-
diation of aerosolised coronavirus using in-room 222 nm far-UVC lamps cannot be made. As it is not tenable to
make real-world measurements or to build infinite numbers of mock ups for testing purposes, only computational
modelling and simulation approaches provide a universal tool for assessing the efficacy of in-room far-UVC
for infection control. As with all computational modelling, code validation against available measurements is
essential for trustworthy predictions of real-world applications. In this article the WYVERN high-fidelity cou-
pled radiation-CFD code has been validated against benchtop measurements of aerosolized human coronavirus
inactivation in a flow-through far-UVC irradiation chamber. As part of the exercise, the radiation transport
model was separately validated against, and shown to be in close agreement with, measured data’ for the type
of lamp used in the experiment. This provided necessary assurances of accurate predictions of the far-UVC flu-
ence within the chamber. Whilst other codes could be used to model the experiments, this represents the first
time that a computer code has been validated for this specific purpose. Moreover, it highlighted the complica-
tions encountered when trying to determine susceptibilities to 222 nm far-UVC, or indeed any UV, light from
inactivation measurements of aerosolized viruses.

Unlike surface inactivation experiments wherein uniform illumination can be facilitated, in experiments that
involve moving air flows with varying velocities and far-UVC intensities that change across the domain, assuming
uniform exposure of virus-bearing aerosol particles is not a satisfactory approach to assessing survival unless
sufficient mixing can be encouraged. Clearly, any heterogeneity of exposure caused by varying dwell times or far-
UVC fluence rates, will mean that accurate determination of fluence is hindered. The uncertainty in attributing
total dose received is reflected in Fig. 4 (left) wherein values were plotted against filter transmission, a constant
condition under all in-chamber situations, rather than dose. Obtaining accurate descriptions of both the flow
field and far-UVC intensity through measurement alone is extremely challenging. This article has shown that
high-fidelity computational models can be used to provide descriptions of physical conditions not adequately
sampled via measurements and that, when considered, the effect of these conditions can be significant. For
this experiment, fully accounting for the variations in aerosol flow velocity and far-UVC intensity meant that
agreement with measured survival fractions necessitated the use of improved far-UVC susceptibility values, i.e.
7.0 cm®mJ~! and 10.5 cm?m]~! for HCoV-229E and HCoV-OC43, respectively. Clearly, our findings indicate
that aerosolized human coronaviruses, and by extension SARS-CoV-2, are significantly more susceptible to 222
nm far-UVC than previously thought.

Methods
The survival S of a viral population subjected to some intensity (fluence rate) of UVC radiation over a time period
of t seconds is governed by the equation,

S=e 2 — o7t (1)

as described in*. The UVC intensity of dimensions mJ.cm~2. s~ lis denoted by E,, and the dose (fluence) received

(with units mJ.cm™?) is denoted by d = E,t. The key parameter governing the rate of viral inactivation is the
susceptibility, Z, of units cm?mJ~!. Susceptibility is dependent on both the virus type, its host media (e.g. air,
water), and the UVC wavelength. Relating to SARS-CoV-2 estimates of Z have been provided in* which states
a value 4.1cm?mJ ! for aerosol conditions.

Far-UVC Radiation Transport Model. The intensity of the far-UVC field is described through the mono-
energetic, fixed-source Boltzmann transport equation,

Q- VE(r, Q) + 3,(r)E(r, Q) — / T(r, @ — QE(r, )dQ = S(r, Q). @)
Q/

The radiation intensity distribution E(r, §2) exists within a five-dimensional phase-space consisting of three
space dimensions, r, and two angles 2, and has units of mJ.cm~2. s~!. The equation describes the transport of
far-UVC photon energy and accounts for photon interactions with surrounding media through absorption and
scattering characterised by the cross-sections X (r) and X (r), respectively. Any volume source of far-UVC is
described through the term S(r, ), which, in this article is set to zero. Incoming boundary conditions applied
to the exterior surface of the problem are denoted by I', and include surface sources,

Er,)=8S2),n-<0,rel (3)

and diffuse, or white, reflecting surfaces,
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(R -n)E(r,)d2'
(R -n)dQ

E(r,ﬂ):a,jﬂ'”?o n-<0,rerl. (4)
j Q@ u>0

The term n denotes the outward pointing normal from the surface and «, the reflecting albedo. For a surface
position occupied by the lamp the function S(2) takes the form of the incoming angular distribution as projected
by the lamp. If a void, or vacuum, condition is applied, equation 3 is used with S(£2) = 0.

The solution to Eq. (2) was obtained via a model using discontinuous finite elements and discrete ordi-
nates for resolving the spatial and angular dimensions respectively. The solutions presented included the entire
domain encompassing the lamp, irradiation chamber and exit region that spanned a cuboid of dimension
34.5 x 28.5 x 25.5cm. A uniform mesh of 0.5 cm> hexahedral elements with linear basis functions was employed
together with a high order Sjo9 angular discretisation of the angular domain. In 3D this used 10200 directions
which provided sufficient resolution to cover the experimental domain with far-UVC without any complications
due to ray-effects. This space-angle discretisation resulted in a total of 16.3 billion degrees of freedom for the
whole radiation calculation.

The scalar quantity of the spatially dependent far-UVC intensity, E,(r), that irradiates aerosolized (or air-
borne) virus was obtained by integrating over the angular dimensions of the intensity variable,

Ep(r) = /ﬂE(r, Q)dQ. (5)

As determined in?® the interaction of 222 nm far-UVC in air is extremely low and hence material cross-
sections of Z; = 1 x 10~% were used.

Fluid flow model for room or chamber ventilation. Computational fluid dynamics is a numerical
approach for simulating the movement of air based on the conservation laws of mass, momentum, and energy.
Ignoring the temperature influences, the airflow motion is governed by the following form of the unsteady,
incompressible Navier-Stokes equations:

V-u=0,

6
ur4u-Vu+Vp—vviu=o0. ©)

The velocity of air is denoted by the three-component vector u = (u, v, w) which holds the respective air
velocities in the x, y and z dimensions, and p denoting the pressure. The kinematic viscosity of air is denoted
by v and has the value 1.5 x 10~>m?.s. The Reynolds number (Re = % ) for this problem was under a laminar
flow regime.

In the simulations presented, a finite element discretisation of the governing Eq. (6) was used*. A regular
mesh of 0.5 cm?® hexahedral elements was employed upon which both the velocities and pressures were resolved
using continuous linear basis functions. The transient process was resolved using the explicit Adams-Bashforth
stepping scheme. A Large Eddy Simulation was embedded in the fluid solver for resolving the flows’ turbulent
features, albeit this was not required for the experiment herein due to it having a low Reynolds number flow. The
full details of the finite element discretisation of the Egs. (6-8) and the LES model are discussed in***>.

Lagrangian Nuclei model. The trajectory of aerosol particles was described by the balance equation. The
velocity v; of each particle, i, being determined through the equation,

dV,‘

; =Fy(u; —vi) +g(1 - g) +fi,Browniam (7)

which relates its change in velocity due the surrounding fluid velocity u;, and gravity g. The right-hand term in
Eq. (7) represents the Stokes drag force, gravity and the Brownian force. The model is capable of resolving the
turbulent dispersion of particles, and the random effects of turbulence on particle dispersion using the discrete
random walk method - the last term in Eq. (7). However, due to the short timescales spent in the irradiation
chamber and the small droplet size, the effects of gravity were neglected. The particles were initiated at the inlet
on the left-hand side of the chamber. These were uniformly distributed across the inlet face as a set of particles
in the form of a 40 x 40 grid. In total 3 sets of particles were released every 0.2 seconds once the velocity flow
field had fully developed.

UVCinactivation model. Associated with each particle is a scalar field representing the surviving fraction
of any given virus contained within it. Initialised with a value of unity, the surviving fraction, ¢;, of particle i is
governed by the equation,

d .
O ®
Inactivation of virus is governed by its irradiation in the far-UVC field which is resolved by the first term in
the right-hand side of Eq. (8), involving multiplication by the far-UVC intensity (fluence rate), Ep, at the parti-
cles’ position, and the susceptibility Z of the virus. The natural inactivation (death) rate, or halflife, of the virus
has been included in the second term of Eq. (8), wherein o denotes the death rate. However, due to the short
timescale for the experiment this was insignificant and hence not considered.
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Figure 5. Top left: Angular flux surface source intensity, the value at the spherical surface represents the flux
intensity in the direction defined by the angle from the origin of the sphere to its surface. Top Right: Far-UVC
scalar flux intensity (fluence rate) through space in units of .].cm=2.s~ L. Bottom Left: Far-UVC intensity
(fluence rate) as a function of angle at a distance of 1 mfrom the light source. Bottom Right: Far-UVC intensity
(fluence rate) as a function of distance from the light source.

Validation of the far-UVC model for predicting illumination from a Care222 filtered far-UvC
lamp. For completeness, this section provides a validation of the radiation transport model within the
WYVERN code to confirm that it predicts the correct intensities when modelling the Care222 filtered far-UVC
lamp used in the experiment® (Item #9101711, Cypress, CA). A simulation was performed to predict the illu-
mination from the lamp in an air-filled box of size 1.1 m>. The box was illuminated by a single 12 W lamp of
approximate surface area 4.5 x 6.0 cm, positioned in the top corner of the domain. An important character-
istic of the lamp is that its bandwidth-limiting filter produces a highly anisotropic, forward-peaked angular-
distributed light source. It is essential that this source is fully and accurately resolved for accurate prediction of
illumination across the entire domain.

The WYVERN code has the ability to resolve arbitrary angular-distributed surface sources and hence was
tuned to available data measurements, the angular flux profile of the surface source, as generated by the model, is
presented in Fig. 5 (top left). The model used a uniform spatial mesh of 1 x 0.5 x 1cm? hexahedral finite elements
and an Sy discretisation, totalling 860 billion degrees of freedom, and the predicted light intensity through the
domain is presented in Fig. 5 (top right). The validation rests on agreement between the model, the experimental
measurements?, and the graph® presented in Fig. 5 (bottom left) showing the predicted intensity 1 mdistance
from the lamp as a function of angle with respect to the face of the source. The graph in Fig. 5 (bottom right)
shows the model-predicted far-UVC intensity as a function of distance up to 1 m from the lamp. In both cases
there is close agreement between the simulated and measured data confirming the model is capable of accurately
reconstructing the anisotroptic flux (fluence rate) characteristics caused by the lamp filter.
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