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A well-ventilated room is essential to reduce the risk of airborne transmission. As such, the scientific community sets minimum
limits on ventilation with the idea that increased ventilation reduces pathogen concentration and thus reduces the risk of
transmission. In contrast, the upper limit on ventilation is usually determined by human comfort and the need to reduce
energy consumption. While average pathogen concentration decreases with increased ventilation, local concentration depends
on multiple factors and may not follow the same trend, especially within short exposure times over large separation distances.
Here, we show through experiments and high-fidelity simulations the existence of a worst-case ventilation where local
pathogen concentration increases near the receiving host. This occurs during the type of meetings that were recommended
during the pandemic (and in some cases solely authorized) with reduced occupancy adhering to social distancing and short
exposure times below 20 minutes. We maintain that for cases of high occupancy and long exposure time, increased ventilation
remains necessary.

1. Introduction

The recent pandemic has increased the general awareness of
risk of transmission by airborne viruses in indoor settings
[1–7]. With well-documented evidence of the disease explo-
sively spreading from one sick to many susceptible individ-
uals [8, 9], airborne transmission and the role of indoor
ventilation have become the subject of intense investigation
[10–17]. For airborne transmission, the virus-laden droplets
ejected by the sick individual through breathing, talking,
coughing, or sneezing, rapidly evaporate and precipitate as
virus-containing droplet nuclei. While larger droplets rap-
idly settle down, smaller nuclei remain airborne for hours
and can spread to far corners, potentially infecting others.

ASHRAE standards 62-1 [18] provides guidelines for
acceptable ventilation and indoor air quality. They prescribe
a minimum ventilation flow rate per person in the range of
2.5-5 liters per second per person depending upon the occu-
pancy density for nonresidential indoor spaces. These guide-
lines are intended to maintain basic indoor air quality and
reduce the risk of airborne transmission below an acceptable
level. While operating above a minimum threshold for ven-
tilation rate is effective for the majority of situations in
which occupancy levels are high and exposure times are
long, our findings indicate that in certain situations of social
distancing and short exposure time, the standard recom-
mendations may have an adverse effect and may inadver-
tently enhance the risk of transmission.
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The volumetric concentration of airborne nuclei within
an indoor space is of paramount importance in determining
the risk of transmission. The nucleus concentration depends
primarily on the balance between the rate at which they are
exhaled by the sick individual and the rate at which they are
removed by ventilation and slow sedimentation. Based on
this simple balance, it is commonly recommended that air
conditioning units be operated at as high a fan setting, i.e.,
with as large a value of air changes per hour (ACH), as
human comfort or cost of operation will permit [19–22].
The benefits of good ventilation, either in terms of natural
cross-breeze with open windows or air conditioning at a
high enough setting without recycling of contaminated air,
are quite clear. Nevertheless, our recent investigation of tur-
bulent dispersal of virus-laden nuclei has revealed a surpris-
ing result that when a susceptible individual shares an
indoor space with a sick individual for a short duration,
there exists a worst-case ventilation setting (i.e., a least favor-
able ACH), which maximizes the infectious quanta inhaled
by the susceptible.

Although this prediction has been briefly observed in an
experimental study by Ai et al. [23], the mechanisms behind
this observation, which can be anticipated with some reflec-
tion, have not been reported in detail. At low values of ACH,
due to slow mixing, the probability of the infectious nuclei
being transported over longer distances across the room
during a short-time span is low. At moderately high values
of ACH, while the room-averaged pathogen concentration
is reduced, the probability of spreading across the room in
a short time increases, due to more rapid spreading. When
ACH is increased beyond the worst-case value, though
room-scale mixing is rapid, the steady-state pathogen con-
centration decreases, and therefore, the effect of increased
ventilation follows the expected behavior of reduced inhala-
tion of infectious quanta. The existence of the worst-case
ACH is therefore related to a competition between rapid
mixing and lower steady-state concentration. Thus, to avoid
operating under the worst-case scenario for viral contagion,
one must prevent efficient mixing across the room between
the sick and susceptible through individualized microventi-
lation. If that is not an option, it is better to turn off the
air conditioner (AC) or fan during the short meeting to pre-
vent airborne spreading. Such recommendations could be of
relevance to specific scenarios where the sick and the suscep-
tible are well-separated and remain together for a brief
period of O 20 minutes or less. Such scenarios are encoun-
tered during a patient/doctor, client/lawyer, or borrower/
banker meeting in a consulting room.

In this paper, we investigate the validity of this interest-
ing observation and present simple improved recommenda-
tions for reducing the risk of transmission in such scenarios.
Numerous studies [6, 24, 25] have emphasized the signifi-
cance of higher values of ACH in the context of long-term
indoor airborne viral transmission, where extended expo-
sure plays a more crucial role compared to accelerated dis-
persal resulting from increased air velocities. We would
like to emphasize that the objectives and conclusions of
our study are strictly limited to scenarios involving short
occupancy times. Our findings are based on examining 25

million combinations of possible locations between a sick
and a susceptible person in a canonical room of square plan
form of size L × L × 0 32L [26, 27]. This has been achieved in
the context of high-fidelity large eddy simulations (LES),
using a novel statistical overloading technique which has
been presented in Methods. Other room and ventilation
configurations have also been studied using the aforemen-
tioned statistical framework, but in the context of simula-
tions by the lower-fidelity Reynolds-averaged Navier-
Stokes (RANS) framework. The importance of flow patterns
and paths in alleviating the spread of airborne diseases, espe-
cially in nosocomial settings [28], has been well-established.
The aim of this study, however, is to analyze the cases where
the location of a sick or susceptible person cannot be prede-
termined. In this scenario, the mean behavior of droplet dis-
persal at a chosen separation distance is analyzed using our
statistical overloading technique.

The findings of our study indicate that for small to
medium-sized indoor spaces, i.e., for spaces of volume under
approximately 150m3, operating the AC at the worst-case
ACH could pose a significantly higher risk of infection,
when social distancing guidelines are followed. This recom-
mendation also applies to larger rooms, with volumes
greater than approximately 200m3, but the increased risk
of infection at the worst-case ACH decreases with room size.
We hasten to clarify the importance of the current finding by
clearly stating that for other circumstances, where the sepa-
rating distance is not large and the time of exposure is long,
higher ACH is always recommended and a worst-case ACH
does not exist.

2. Methods

Well-mixed models [6, 29–31] based on the well-mixed
assumption have been widely used to predict the spread of
infectious diseases in indoor spaces. The well-mixed
assumption is rooted in the important fact that the flow
within indoor spaces is turbulent and the turbulence pro-
motes mixing of the airborne nuclei resulting in a well-
mixed indoor environment. We leverage the statistical
framework posited by Salinas et al. [26] and Krishnaprasad
et al. [27] as the basis for this paper. The results presented
here use their turbulence-informed statistical framework,
developed entirely using computational methods, to act as
an improvement on the well-mixed models. The key idea
behind the concept of statistical overloading is that the
one-way coupled nature of droplet dispersal allows for over-
loading the computational domain with millions of droplets
of various sizes. This enables the computation of statistically
significant two-point concentration statistics for any pair of
source-sink locations within the given domain. The frame-
work utilizes large eddy simulations (LES) and Reynolds-
averaged Navier-Stokes (RANS) simulations of flow in
indoor ventilated spaces combined with Lagrangian tracking
of suspended droplets to provide statistics.

2.1. LES. The gas-phase LES governing equations are the fil-
tered incompressible Navier-Stokes equations. The filtering
process of the momentum equation introduces a subgrid
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Reynolds stress term, which has been closed with the eddy
viscosity model, where the turbulent eddy viscosity is
obtained using the dynamic Smagorinsky model. These
equations are solved using a highly scalable spectral element
solver. The domain is discretized using 60 × 60 × 16 hexahe-
dral elements with 63 Gauss-Lobatto-Legendre (GLL) grid
points within each element, which results in a total of 12.4
million grid points. A Dirichlet boundary condition for
velocity is imposed at the inlet planes, while an open bound-
ary condition is used at the outlet [32]. No-slip and no-
penetration conditions are used at the lateral walls, floor,
and ceiling. The turbulent flow reaches a statistically steady
state before introducing nuclei to the simulation. For more
details, we refer the reader to Salinas et al. [26].

The droplet nuclei are one-way coupled so that the
nuclei do not modify the surrounding airflow. Nucleus-
nucleus collisions are neglected, and nuclei are assumed to
have deposited on a surface upon impact, i.e., the collision
of a droplet nucleus with a solid surface results in the
nucleus depositing on the surface at the place of collision.
The present simulations track droplet nuclei that remain air-
borne following an expiratory event. Each droplet nucleus is
individually tracked with its Lagrangian governing equa-
tions. The droplet motion is calculated using the quasisteady
and gravity-buoyancy forces. The fluid velocity evaluated at
the droplet nucleus center requires an additional contribu-
tion from unresolved subgrid eddies. The perturbation
velocity is computed using the Langevin model. For specific
details on its implementation, please refer to Salinas et al.
[26]. For nuclei smaller than 10μm, inertial effects are neg-
ligible, and the equilibrium-Eulerian model is used, where
the nucleus velocities are obtained as the superposition of
the fluid velocity at the nucleus center and the nucleus set-
tling velocity [26].

2.2. RANS Simulations. In the RANS simulations, the flow is
assumed to be turbulent and incompressible and the
unsteady governing RANS conservation equations are
solved to steady state [33] using the commercial code Ansys
Fluent 19.2. The first-order implicit scheme is used for time
integration with a second-order upwind scheme for the
advection terms and the second-order centered scheme for
the diffusion terms. A structured grid is generated through-
out the computational domain, and a grid dependency test is
performed to ensure that results are grid independent [33].
In addition, a turbulence model dependency test is also car-
ried out by considering four different turbulent models,
namely, k-ω, k-ε-realizable, k-ε-RNG, and k-ε-standard,
and based on the results, further simulations were per-
formed with k-ε-realizable model [33]. We implemented
an enhanced wall treatment of turbulence for the near-wall
region and used the pressure-based solver PRESTO for solv-
ing the pressure equation.

Droplet nucleus trajectories are computed using the dis-
crete phase method (DPM) available in FLUENT. In the
Lagrangian framework, the path of each airborne nucleus
is evaluated by solving the equations of motion accounting
for the drag and gravitational forces. The nucleus volume
fraction is assumed to be negligible so that nuclei neither

affect the flow within the room, nor the trajectory of other
nuclei through possible collisions. The sub-micron-sized par-
ticles are modeled as tracer particles that follow the fluid flow
with additional settling velocity. The RANS approach solves
for only the ensemble-averaged velocity and does not solve
for the total fluid velocity including the turbulent perturba-
tions. Here, we use the continuous random walk model based
on the normalized Langevin equation to estimate the turbulent
velocity fluctuation along the particle trajectories.

2.3. Well-Mixed Model. The analysis in the statistical model
[26, 27] is based on the well-mixed model developed by
Bazant and Bush [6]. According to the well-mixed model,
the entry of an infected person into a room increases the
room-averaged nucleus concentration steadily and eventu-
ally, and a steady state is reached where the rate of emission
by the infected person is balanced by the rate at which the
nuclei exit the room.

According to the well-mixed model, for an infected per-
son (source) with an exhalation rate of Qb located within the
room of volume V , and considering nso r to be the concen-
tration of exhaled virus-laden droplet nuclei of radius r that
remain airborne, the time evolution of the well-mixed con-
centration nwm t, r of droplet nuclei of radius r is given by

V
dnwm
dt

=Qb nso r −V λwm nwm, 1

where the first term on the right-hand side accounts for the
influx of droplet nuclei of radius r from the infectious source
and the second-term accounts for the removal of droplet
nuclei by the combined mechanisms of withdrawal through
the outlet, settling down on the floors, and natural deactiva-
tion. The rate of removal is given by

λwm r = ACH
3600 + Vs r

H
+ λda, 2

where Vs r , H, and λda represent the size-dependent drop-
let settling velocity, room height, and the exponential rate of
viral deactivation, respectively. The viral deactivation rate,
λda, is set at 0.3 h

−1 [31, 34]. Here, ACH is the effective air
changes per hour in the room.In the scenario where the
infected person enters the room at t = 0, the droplet
nucleus concentration within the room is initially zero
and then experiences a gradual rise following the arrival,
ultimately reaching a state of equilibrium concentration.
We define the normalized well-mixed nucleus concentra-
tion within the room as n̂wm t, r = nwm t, r / Qbnso r .
As a result of the normalization, n̂wm can be interpreted
as the number of nuclei of size r per unit volume of air
for a unit ejection rate by the source. Thus, the normaliza-
tion has the advantage that it removes the dependence on
the details of the expiration activity of the source. The
time evolution of normalized well-mixed nucleus concen-
tration is expressed as [6, 26, 29–31]

n̂wm t, r = 1
λwm r V

1 − e−λwm r t 3
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The size-weighted average of the normalized nucleus
concentration is given by

n̄̂wm τ =
rc
0 n̂wm τ, r V r Qb nso r dr

rc
0 V r Qb nso r dr

, 4

where V r is the volume of a droplet nucleus of radius r and
the upper limit of the integral, rc, is the critical droplet radius
[6]. The ejected spectra nso r are taken from the experimental
measurements of Morawska et al. [35].Following Buonanno
et al. [36], the rate of inhalation of quanta, IRq,wm (for the

well-mixed model), can be written as a function of n̄̂wm in
the form

IRq,wm = ERq

source

n̄̂wm τ

wm−tf

IR

sink

, 5

where ERq is the rate of exhalation of infectious quanta (mea-
sured in quanta per second) by the source and IR is the inha-
lation rate of the exposed subject (measured in cubic meter per
second). Thus, n̄̂wm can be inferred as the well-mixed transfer
function (wm-tf) that accounts for the fraction of what got
ejected at the source that becomes available at the sink.
Assuming that the number of infectors is 1, ERq can be calcu-
lated as ERq = cv ci Vh, where cv is the viral load in the sputum
measured as RNA copies per milliliter, ci is the conversion fac-
tor that converts the viral load to infectious quantum, and

V h ∼ rc
0 V r Qb nso r dr is the total volume of airborne

droplet nuclei ejected in milliliter per second.

2.4. Improvement to the Well-Mixed Model. As shown in
[26, 27], the theory can provide really accurate predictions
of the nucleus concentration at the room scale. However,
the accuracy of the theory falls considerably when we consider
the separation distance between the source and the sink. For
example, nucleus concentrations, according to the statistical
framework, for source-sink separations under 2m are
predicted to be, on average, nearly two times higher than the
concentration predicted by the well-mixed theory.

To overcome this shortcoming, Salinas et al. [26] pro-
posed a separation distance-specific normalized nucleus
concentration, n̂ d τ, r , defined as the nucleus concentra-
tion averaged over all source and sink combinations sepa-
rated by a separation distance, d. This entailed evaluating
droplet nucleus concentrations for 25 million combinations
of source and sink locations within their domain. The quan-
tity, n̂ d τ, r , is then obtained by averaging the concentra-
tions across all source and sink locations that were separated
by the specified distance, d. Similar to Eq. (4), the size-
weighted average of the separation distance-specific normal-
ized nucleus concentration is given by

n̄̂ d τ =
rc
0 n̂ d τ, r V r Qbnso r dr

rc
0 V r Qb nso r dr

6

To preserve the simplicity of the well-mixed theory while
incorporating the addition of separation distance into the
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Figure 1: Schematic of two sample trajectories (solid and dashed lines) of airborne nuclei traveling from one possible combination of a sick
to a susceptible individual. For short-time exposure, the green-colored portion corresponds to the trajectory followed at a low value of ACH.
The continued red-colored portions correspond to trajectories for worst-case ACH. The continued blue-colored portions correspond to even
higher ACH. (a) Theoretical prediction of the product ACHwc t0 plotted as a function of scaled distance k d/L. (b) Normalized quanta
inhaled (obtained from LES) plotted against ACH for two sick-susceptible combinations of d = 0 6L and d = 0 2L. In the former scenario,
there is a clear worst-case ACH, whereas no such worst-case ACH exists for the latter.
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fold of the existing theory, a simple multiplicative transient
correction function γ τ, d is provided.

γ τ, d = n̄̂ d τ

n̄̂wm τ
7

The advantage of this definition of the correction func-
tion is that it greatly simplifies the complex manner in which
the room-scale flow causes the infectivity to deviate from the
well-mixed theory into a single function that can be used in
conjunction with the well-mixed model while improving
upon it. The rate of inhalation of quanta that accounts for
the source-sink separation distance, IRq, can then be written
as

IRq = ERq

source

n̄̂wm τ γ τ, d

2−pt tf

IR ,

sink

8

where the two-point transfer function (2-pt tf) accounts for
the separation between the source and the sink. While the
simulations performed by Salinas et al. [26] considered three
different values of ACH, the statistically converged results
yielded a clear power-law scaling allowing us to predict the
results for a wider range of ACH values.

2.5. Cumulative Exposure at the Sink. The total quanta
inhaled over a period of time or the dose will be the time
integral of IRq, and it provides a good measure of the prob-

ability of an infection. This quantity, assuming the ejection
rate of the source and the inhalation of the sink to be con-
stant over time, can be defined as

Iq t = ERq Dd t IR, 9

where Dd t represents the cumulative exposure at the sink
for the separation distance d between the source and the
sink. As will be defined below, this quantity is obtained from
a time integral of n̄̂ d τ . It is worth noting that the risk of
infection can be evaluated within the Wells-Riley framework
as PI = 1 − exp −Iq .The normalized cumulative quantum is
defined as

Iq t =
Iq t

Iq,wm,ACH=1 t
, 10

where Iq,wm,ACH=1 t is the total inhaled quanta predicted
by the well-mixed theory for ACH = 1, which can be
evaluated as

Iq,wm,ACH=1 t =
ERq × IR
λwm V

t −
1 − e−λwm t

λwm
11

As a result of this normalization, Iq t is independent
of the virological and physiological details contained in
ERq and IR.
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Figure 2: (a, b) Normalized quanta obtained from LES as a function of ACH for separations of 0 2L, 0 4L, 0 6L, and 0 8L for overlap times
of t0 = 5 and 15min, respectively. The peaks (marked by a circle for room 1 and a cross for room 2) clearly highlight the worst value of ACH
to be avoided. (c) Plots of ACHwc as a function of Δtpre + Δtpost for three different values of t0 and for two different values of large sick-to-
susceptible separation. All cases contain a yellow band to depict the realistic range of ACH values for a typical classroom or office space.
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Consider a simple scenario involving a specific count of
occupants within an enclosed area possessing distinct geom-
etry and predetermined attributes of the ventilation system.

When examining the interplay between any single pairing
of a source and a sink, we can simplify this problem into a
function of five parameters—ACH, d, Δtpre, t0, and Δtpost.

(a) (b)

(c) (d)

(e) (f)

Figure 3: Layouts of the different geometries for which the simulations were performed along with the velocity magnitude isocontours of
0.6m/s at ACH of 5 for rooms 1-5 and 0.5m/s at ACH of 10 for room 6. (a) Room 1: 10m × 10m × 3 2m room with a centrally located 4-
way cassette air conditioning unit. (b) Room 2: 11 8m × 7 6m × 2 3m room with a 4-way cassette air conditioning unit that is shifted 1.9m
from the center of the ceiling along the longer horizontal dimension and is central along the shorter horizontal dimension. (c) Room 3:
10m × 10m × 3 2m room with a wall-mounted 1-way cassette air conditioning unit. (d) Room 4: 10m × 10m × 3 2m room with a 4-way
cassette air conditioning unit that is shifted 2.5m from the center of the ceiling along one dimension. (e) Room 5: 10m × 10m × 3 2m room
with a centrally located 4-way cassette air conditioning unit and an open window. (f) Room 6: 4 5m × 6m × 2 7m room with a wall-
mounted 1-way cassette air conditioning unit.
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The parameters Δtpre, t0, and Δtpost are defined as the time of
occupation of the source alone before the arrival of the sink,
the time the source and sink spend together, and the time of
occupation by the sink alone in the room after the departure
of the source, respectively.

For the aforementioned scenario, the cumulative expo-
sure at the sink can be expressed in terms of size-weighted
normalized nucleus concentration as

Dd t =
t

0
n̄̂ d τ dτ −

Δtpre

0
n̄̂ d τ dτ −

Δtpost

0
n̄̂ d τ dτ,

12

where the total exposure time is defined as t = Δtpre + t0 +
Δtpost. Using the relation (7), n̄̂ d τ can be evaluated in
terms of the correction function γ τ, d and the well-mixed
prediction n̄̂wm τ for any value of ACH and d from the sta-
tistical framework [26].

3. Results and Discussion

Figure 1 shows a schematic of two sample trajectories (a
solid and a dashed line) of airborne nuclei traveling from
one possible combination of a sick to a susceptible person
within an indoor space. At small values of ACH and short
exposure times, the path of the nuclei, shown in green, does
not extend to the susceptible. As ACH is increased to its
worst-case value, the exposure time is sufficient for the
nucleus trajectories, continued in red, to extend up to the
susceptible. With further increase in ACH, the nucleus tra-
jectories, continued in blue, extend farther. Thus, below the

worst-case ACH, the nucleus concentration at the suscepti-
ble is yet to fully build up during the short exposure time.
Above the worst-case ACH, the exposure time is long
enough for concentration build-up, but the built-up concen-
tration decreases with increasing ACH.

The worst-case ACH can also be explained analytically
by considering the scenario of the sick and the susceptible
entering the room together and staying for an overlap time
of t0 seconds. Let the separation between the sick and the
susceptible be d (in cases where there is a plastic barrier
between the two, d is the shortest air path between the sick
and the susceptible). The normalized quanta Iq inhaled by
the susceptible can be modeled as [6, 26, 29, 30, 35]

Iq =
γ∞/ACH t0

td
1 − exp − ACH/3600 t − td dt

t0 + exp −t0/3600 − 1
13

The normalization factor in the denominator is the inhaled
quanta as predicted by the well-mixed model for a unit ACH.
The above model extends the well-mixed approximation [6,
29, 30, 35] in two important ways to account for the distance
between the sick and the susceptible: (i) the correction function
γ∞ accounts for deviation from well-mixedness in the limit as
t0 ⟶∞. It has been observed that γ∞ primarily depends on
the normalized distance d/L and is largely independent of other
factors such as ACH and the nature of ejection activity [26]. For
distances d/L > 0 45, γ∞ < 1 [26], indicating that for larger
separations, long-time nucleus concentration is lower than the
well-mixed prediction. Correspondingly, for shorter distances
of d/L < 0 45, γ∞ > 1 (ii) The quotient 1 − exp −ACH
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Figure 4: Normalized quanta obtained for different room and AC arrangements as a function of ACH for separations of 0 2L, 0 4L, 0 6L,
and 0 8L for overlap times of (a) t0 = 5 and (b) 15min. All cases display a peak highlighting the worst value of ACH to be avoided and a
yellow band to depict a realistic range of ACH values for a classroom or an office space.
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t − td /3600 accounts for the sigmoid-like increase in
nucleus concentration at the susceptible location towards
the long-time value, and the integral accounts for the total
inhalation over the exposure time.

The key aspect of the above model is the average delay
time td it takes for the ejected nuclei to travel the distance
d. The average delay time can be estimated as td = k d/ L
ACH/3600 , where the denominator is the average air
velocity and k is an O 1 constant. Thus, when the sick
and the susceptible are well separated within the room, it
takes a while for the pathogen to start arriving, resulting
in a delayed build-up of pathogen concentration.

It can be shown that the integral admits a maximum and
the worst-case ACH scales as ACHwc ∝ 1/t0. Furthermore,
the product ACHwc t0 depends only on the scaled distance
kd/L, which is plotted in Figure 1(a). For example, for a
scaled distance of kd/L = 0 4, we obtain ACHwc = 7130/t0,
which for a 15-minute meeting between the sick and the sus-

ceptible yields a worst-case ACH of about 6. The worst-case
is further illustrated in Figure 1(b) where the normalized
quantum inhaled is plotted against ACH for the sick-
susceptible combination separated by a distance d = 0 8L. Also
shown is the corresponding result for another sick-susceptible
combination of d = 0 2L. At closer separation, there is no
worst-case scenario, and the inhaled quanta continue to
decrease with ACH. As mentioned previously, this study is
aimed at predicting the mean behavior in settings such as
classrooms or office spaces, where the location of the source
may not be predetermined. To indicate the realistic operating
conditions of an AC in those settings, the range of typically
observed values of ACH, observed in literature [37–39], has
been denoted by a shaded band in subsequent figures.

The lines in Figures 2(a) and 2(b) correspond to the nor-
malized quanta Iq obtained from LES as a function of ACH
for separations of 0 2L, 0 4L, 0 6L, and 0 8L for overlap
times of t0 = 5 and 15min, respectively. The solid and
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Figure 5: Experimental confirmation of the theoretical finding. (a) Schematic of the experimental setup. (b) Plan view of the experimental
setup. (c) Time history of normalized quanta measured at the sensor for three different ACH values. (d) Time-integrated cumulative
normalized quanta at the sensor as a function ACH. Integrated value for both 5 and 15min shows a distinct peak identifying the worst-
case ACH. The error bars indicate a one-sigma variation obtained from several repetitions of the experiments.
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dashed lines correspond to two different room geometries
whose dimensions are indicated in the figure captions.
The peaks in pathogen concentration (marked with a
cross or an open circle) clearly highlight the worst value
of ACH to be avoided. For overlap times in excess of
30min and irrespective of the sick-to-susceptible separa-
tion distance, the ACHwc is sufficiently small that increas-
ing ACH is always beneficial. The computed actual
behavior is in good agreement with the theoretical model
presented above.

Figures 2(a) and 2(b) have been obtained assuming
both the sick and the susceptible enter and leave the
room simultaneously. However, we can envision scenar-
ios where the sick has already been in the room for Δ
tpre before the arrival of the susceptible, and the suscep-
tible remains in the room for Δtpost after the departure
of the sick. Note that the other two scenarios in which
the susceptible arrives before the sick or the sick
remains in the room after the susceptible has exited
the room do not play a role in ACH selection.

Nonzero values of both pre- and postexposure times
have qualitatively the same effect as increasing t0. With
increasing Δtpre + Δtpost, although the inhaled quantum
increases, the value of ACHwc decreases. Therefore, for large
enough Δtpre + Δtpost, higher ACH values become favorable.
Plots of worst-case ACH for the room 1 geometry as a func-
tion of Δtpre + Δtpost for three different values of t0 are pre-
sented in Figure 2(c) for two different values of large sick-
to-susceptible separation.

For any small consulting or conference room with a
specified spatial separation between the two individuals,
given good estimates of the overlap time t0 and total expo-

sure time Δtpre + t0 + Δtpost, Figure 2(c) can be consulted to
identify the worst-case ACH to be avoided.

The above findings are not unique to the room being
considered or to the specific placement of the air condition-
ing unit within the room. For example, Figures 2(a) and 2(b)
also include the normalized quanta obtained for a rectangu-
lar room of different aspect ratio, and the results exhibit the
same trend of worst-case ACH.

We have considered several other room configurations:
(i) room 3: the same square room with a 1-way cassette
AC mounted on one of the side walls; (ii) room 4: the
same room as before but with the location of the 4-way
cassette AC shifted to one side of the room; (iii) room 5:
the same room as the one considered, but with an open
window; and (iv) room 6: 4 5m × 6m × 2 7m room with a
wall-mounted 1-way cassette air conditioning unit [33]. The
layouts for the various rooms are shown in Figure 3. The
results for t0 = 5 and 15 minutes, shown in Figure 4, are qual-
itatively similar and clearly exhibit a worst-case ACH when
quantum inhaled by the susceptible is maximized. This indi-
cates the robustness of the finding and insensitivity to details
such as room shape, air conditioner type, and location. It is
important to note that this finding is restricted to typical
rooms where the horizontal aspect ratio of the room is O 1 .
For indoor settings like buses or trains, where the aspect ratio
is much larger than 1, the validity of the model is yet to be
tested.

As the final step, we validate the above theoretical and
computational findings with laboratory experiments con-
ducted at the indoor testing chamber of LG Electronics. A
dust generator emitting potassium chloride droplets of radii
ranging from 0.265μm to 34μm with a mean droplet radius
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Figure 6: Normalized quanta obtained for room 1 as a function of ACHef for separations of 0 2L, 0 4L, 0 6L, and 0 8L for overlap times of
(a) t0 = 5 and (b) 15min. The curves are plotted for three filter efficiencies, ηef = 0 5, 0.75, and 1. All cases display a peak highlighting the
worst value of ACHef to be avoided. The yellow band depicts a realistic range of ACH values for a classroom or an office space.
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of 0.3μm at a constant rate (109 droplets per minute) was
placed in the chamber of size 3 65m × 3 25m × 2 35m.
The temperature and humidity inside the chamber were
adjusted to 23°C and 55%, respectively. The inner wall of
the chamber was made of an antistatic material to minimize
the electrostatic attachment of particles. An optical particle
counter (GRIMM’s portable aerosol spectrometer model
1.109) was placed at a distance of 0 8L from the dust gener-
ator, where the length scale L = 3 65 × 3 25 1/2m, to detect
the concentration of airborne particles (see Figures 5(a)
and 5(b)). The duster was set to run for 20 minutes while
the sensor collected the concentration data. During this
period, the air within the room was cleaned with an air puri-
fier, and six different operating conditions of the purifier
were considered with ACH values of 2, 3, 4, 5, 7.5, and 10.
The values of ACH were obtained using the volume flow
rates of air generated by the purifier, measured using 8 veloc-
ity sensors located at the outlet. These measures were found to
be consistent with prior wind tunnel tests performed on the
product. Figure 5(c) shows the total particle volume measured
by the sensor integrated across the different sizes as a function
of time. The level of fluctuation observed in Figure 5(c) is sub-
stantial due to the small size of the sensor volume, flow turbu-

lence, and the chaotic nature of particle ejection. In the case of
ACH = 2, the particle concentration is low but continues to
steadily increase. At ACH = 10, a stationary state is quickly
reached. At the intermediate ACH= 5, a stationary state is
approached with a higher saturation concentration. These
results are fully consistent with the theoretical model pre-
sented in equation (13). Figure 5(d) shows the cumulative con-
centration at the sensor location as a function of ACH for
t0 = 5 and 15minutes, where the one-sigma error bar has been
drawn from multiple repetitions of the experiments. A worst-
case ACH can be clearly identified at both exposure times in
Figure 5.

The results presented so far assume an air condition-
ing system with a perfect filter, i.e., an air conditioning
system where all the pathogens passing through the outlet
are removed and do not reenter the room through the
inlet. However, this scenario is not realistic as most air
conditioning systems recycle the air and do not perfectly
filter the recycled air. In order to analyze the effect of fil-
tration and recycling, we use the statistical framework that
takes into consideration the effect of filtration [27]. The
filtration efficiency of the air conditioning unit, ηef , is
defined as the fraction of particles that do not get recycled
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Figure 7: Risk of infection PI obtained as a function of ACH for separations of 0 2L, 0 4L, 0 6L, and 0 8L for overlap times of t0 = 5min for (a)
room 1 and (b) room 6 and t0 = 15min for (c) room 1 and (d) room 6 (ERq = 970 quanta/h; IR = 1m3/h [31]). All cases display a peak highlighting
the worst value of ACH. The yellow bands depict a realistic range of ACH values in rooms 1 and 6. The orange bands depict the range of minimum
ventilation rates prescribed by ANSI/ASHRAE Standard 62.1 (2022) for an occupancy of (a, c) 30 in room 1 and (b, d) 8 in room 6.
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back into the room through the ventilation unit. For a fil-
ter with ηef < 1, the effective ACH of the ventilation unit
can be defined as

ηef =
ACHef
ACH 14

Figure 6 plots the normalized quanta inhaled against
effective ACH for room 1 taking into account the effect
of filter efficiency. We notice that, at larger relative separa-
tion distances (d ≥ 0 6L) and low overlap times (t0 = 5
min), there is a noticeable decrease in ACHwc,ef , with an
increase in ηef . As the overlap time increases and/or the
separation distance decreases, the change in ACHwc,ef with
change in ηef becomes negligible.

It is however important to note that, although the value
of ACHwc,ef stays relatively constant, the operating condition
of an air conditioner is defined by the ACH, not ACHef . For
instance, although the value of ACHwc,ef ≈ 3 for the ηef = 0 5,
0.75, and 1 for d = 0 8L and t0 = 15 minutes, this would cor-
respond to ACHwc values of approximately 6, 4, and 3,
respectively, for the different filter efficiencies. Therefore, it
is imperative that, in order to decide the optimal operating
flow conditions of the ventilation system, or in this case,
avoid the worst possible operating flow condition, a solid
understanding of the efficiency of the filter being used is also
desired.

The study so far demonstrates conclusively that a worst-
case ACH exists for a typical ventilated indoor space, pro-
vided that the time of exposure is short and the separation
distance relative to the size of the room is large. To quantify
the risk of infection, the probability of infection (PI), for the
SARS-CoV-2 virus, has been plotted as a function of ACH
for room 1 and room 6 in Figure 7 using the mean value
for quantum emission rate (ERq = 970 quanta/h) and inhala-
tion rate (IR = 1m3/h) from Miller et al. [31].

Figures 7(a) and 7(c) plot PI for room 1 for t0 = 5 and 15
minutes, respectively. The dilution of concentration due to
the large volume of the room (V = 320m3) results in a lower
probability of infection at large separation distances even at
the worst-case ACH. Figures 7(b) and 7(d) plot PI for the
smaller room 6 for t0 = 5 and 15 minutes, respectively. The
smaller volume (V = 72 9m3) of the room results in a con-
siderably higher value of PI at separation distances on the
order of 0 4L (i.e., ≈2m). For such a scenario, as can be seen
from Figure 7, moving away from the worst-case ACH can
offer significant reduction in the probability of infection.

4. Conclusions

The results of the study indicate the existence of a clear
worst-case value of ACH for scenarios where the time of
occupation is small and the separation between the occu-
pants with respect to the size of the room is large. This value
of worst-case ACH reduces with an increase in time of occu-
pation and a reduction in separation distance. This observa-
tion, under conditions where it applies, warrants caution in
the application of current standard recommendation of a

minimum ventilation rates. In addition, one must also avoid
operating close to the worst-case ACH to reduce the risk of
infection for airborne diseases.

The guideline for short-term exposure in small- to
medium-sized indoor spaces can be summarized as follows.
Each person should avoid being in the path of the potentially
virus containing puff ejected by the other person while
breathing or talking. (This short direct pathway between
the sick and the susceptible is not considered in the present
study where the focus is on ventilation-driven airborne
transmission.) Mixing of air between the two must be pre-
vented with the installation of a divider [40] or promoting
separate microventilation units around the sick and the sus-
ceptible. If avoiding mixing of air due to ventilation is not
possible during the short period when the two individuals
are together, it is better to turn off the air-conditioner. This
will greatly reduce the probability of infection. Between these
short meetings, when the room is unoccupied, the air-
conditioner can be operated at a maximum setting to both
clean the room of airborne nuclei and set the temperature
and humidity to the desired level. Finally, in other scenarios,
where the exposure time is long and separation distances are
short, occupancy level is high, and the above recommenda-
tions will not apply.
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