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A B S T R A C T   

Leading health authorities have suggested short-range airborne transmission as a major route of severe acute 
respiratory syndrome coronavirus-2 (SARS-CoV-2). However, there is no simple method to assess the short-range 
airborne infection risk or identify its governing parameters. We proposed a short-range airborne infection risk 
assessment model based on the continuum model and two-stage jet model. The effects of ventilation, physical 
distance and activity intensity on the short-range airborne exposure were studied systematically. The results 
suggested that increasing physical distance and ventilation reduced short-range airborne exposure and infection 
risk. However, a diminishing return phenomenon was observed when the ventilation rate or physical distance 
was beyond a certain threshold. When the infectious quantum concentration was less than 1 quantum/L at the 
mouth, our newly defined threshold distance and threshold ventilation rate were independent of quantum 
concentration. We estimated threshold distances of 0.59, 1.1, 1.7 and 2.6 m for sedentary/passive, light, mod
erate and intense activities, respectively. At these distances, the threshold ventilation was estimated to be 8, 20, 
43, and 83 L/s per person, respectively. The findings show that both physical distancing and adequate ventilation 
are essential for minimising infection risk, especially in high-intensity activity or densely populated spaces.   

Practical implications 

This study provides, for the first time, a simple approach for assessing 
the infection risk via the short-range airborne route. The minimum re
quirements for ventilation and physical distance to minimise short- 
range infection risk were determined for different activities. To help 
prevent respiratory infections by predominantly short-range airborne 
transmission, both adequate physical distancing and sufficient ventila
tion/filtration to remove expired infectious aerosols must be main
tained, especially in spaces with high-intensity activity. If a less-than- 
threshold physical distance is maintained, relying on ventilation dilu
tion alone is not sufficient to prevent infection. 

1. Introduction 

As the coronavirus disease 2019 (COVID-19) pandemic continues, 
major health authorities, including the World Health Organization 
(WHO) and the US Centers for Disease Control and Prevention, have at 
least partially recognised the importance of airborne transmission of 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) since 
October 2020 [1] and of short-range airborne transmission since late 

April 2021 [2]. Recognising the short-range airborne route is important 
for determining appropriate interventions, as wearing N95 masks has 
become necessary for healthcare workers working in the presence of 
COVID-19 patients in healthcare settings and improved building venti
lation has become an important infection control measure in the com
munity. Here, we define airborne transmission as exposure to exhaled 
fine aerosols or droplet nuclei with diameters less than 5 μm that contain 
infectious viruses and eventually lead to infection. Short-range airborne 
transmission is defined as direct inhalation exposure of a susceptible 
person, through the mouth or nose, to expired virus-containing droplets 
or aerosols smaller than 50 μm in the expired jet of an infected person. 
Large droplet transmission has been shown to be insignificant or less 
important compared to short-range airborne transmission [3]. The 
concept of airborne transmission traditionally implies long-range 
airborne transmission. Identifying the presence of a short-range 
airborne transmission route by health authorities is a major milestone 
in determining appropriate interventions for respiratory infections. 

The Wells-Riley equation has been widely used to describe the 
infection risk via the long-range airborne route in indoor spaces [4]. 
presented the first model, assuming fully mixed room air with a uniform 
distribution of infectious pathogens. At a steady state, the probability of 
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infection P is 

P= 1 − e−
nQipΔt

qr (1)  

where n is the number of infectors, Qi is the infectious quantum gener
ation rate by one infector (quanta/min), p is the average pulmonary 
ventilation rate or inhalation rate of a susceptible individual (m3/min), 
Δt is the exposure duration (min), and qr is the room ventilation flow 
rate or strictly speaking, the effective ventilation rate including filtration 
(m3/min). 

The definition of an infectious quantum arises from the need to 
resolve the challenge of not knowing the number of infectious virus 
particles. A quantum is defined as the number of virus particles needed 
to produce a probability of 63.2% (or exactly, 1-1/e) of infecting a 
susceptible individual [5]. Once an outbreak is detected, the infectious 
quantum generation rate may be determined using Equation (1) or its 
variants if the ventilation rate at the time of infection can be determined. 
A transient version of the equation was derived by Rudnick and Milton 
[6] and others. For cases of non-uniform distribution, Qian et al. [7] 
developed an approach using computational fluid dynamics and the 
infectious quantum concept. 

There are at least two challenges in analysing short-range infection 
risk. First, the infectious quantum generation rates are expected to differ 
for short- and long-range airborne transmission. Compared with the 
long-range airborne transmission, the airborne aerosols involved in the 
short-range airborne route can be larger within the expired jet of any 
individual, and more viable virus particles may exist in these aerosols 
expired by an infected individual [8,9]. People are constantly in close 
contact with others in their daily life [10]. The exposure duration and 
physical distance during close contact are difficult to determine. The 
conventional approach for determining the quantum generation rate for 
long-range transmission using Equation (1) cannot be directly applied to 
short-range transmission. 

Second, the dilution factors in the expired jet zone and in the rest of 
the room are governed by different mechanisms. The key mechanism for 
controlling long-range airborne transmission is the dilution by ventila
tion, filtration and settling, as described by the term nQi

qr 
in the Wells- 

Riley equation (1). The dilution factor Sx for a jet at distance x from 
jet origin may be defined as Sx = Qx

Q0
, i.e., the ratio of the jet flow rate at 

distance x to the jet flow rate at the jet origin. Alternatively, Sx = C0
Cx

, 
which is the ratio of the average concentrations of the infectious quanta 
at the origin and at distance x, can be used to calculate the dilution 
factor. In general, infectious droplets evaporate, with larger droplets 
settling, and infectious viruses may be deactivated while traveling in the 
expired jet. Hence, C0

Cx 
may not equal Qx

Q0
. Dilution in the expired jet differs 

based on whether the surrounding air is clean or polluted. The cleanli
ness of surrounding air is controlled by room air ventilation (dilution) 
when the source of the pollution is fixed. A continuum model has 
recently been developed by Li et al. [11], in which short- and long-range 
airborne exposure are integrated. 

Li et al. [11] described a steady expired air jet theory that provides 
the dilution factor of the expired infectious aerosols in the expired jet as 
a function of distance. However, the accuracy of such a steady jet model 
for estimating dilution factors during different expiration activities re
mains unknown. Expired air flows may be better described as a 
two-stage jet during most respiratory activities (normal breathing, 
speaking, coughing, and sneezing) [12]. Such a two-stage jet consists of 
a jet-like stage, when an expired jet is released from the source for a 
finite duration, and a puff-like stage after the source supply is termi
nated, after which, the cycle repeats. The jet-like stage may be charac
terised by a starting jet, and the puff-like stage by a puff [12–14]. Fierce 
et al. [15] and Wagner et al. [16] utilized a size-dependent aerosol 
release model with turbulent dispersion to assess aerosol deposition in 
the nasal cavity and initiate infection. Cortellessa et al. [17] investigated 
short-range transmission risk at proximity using a three-dimensional 

computational numerical model. Fu et al. [18] measured inhalation 
fraction with different interpersonal distances using thermal manikins to 
simulate source and susceptible individuals. Bazant et al. [19] and Li 
et al. [11] combined a simple steady jet into the short-range airborne 
plume transmission. Although experimental data exist for the starting jet 
and puff theories [20], to the best of our knowledge, there are no data on 
the dilution factor of such a two-stage jet, which is essential for esti
mating the short-range inhalation exposure of expired aerosols. 

In this study, a dilution factor of the two-stage expired jet was 
derived for the first time. We integrated the continuum model described 
by Li et al. [11] and the newly derived dilution factor formula using the 
two-stage jet model to estimate short-range airborne exposure. The term 
‘continuum’ recognises the connection between short- and long-range 
airborne exposure. The new continuum model was used to propose a 
short-range Wells-Riley model to assess infection risk. 

2. Methods 

2.1. A two-stage jet model for estimating the dilution factor 

We focus on inhalation transmission here. Particles with a diameter 
of smaller than 50 μm follow the expired jet streamline [3]. Hence the 
spatial variation of virus-containing airborne particle concentration can 
be characterized by the two-stage jet dilution model. We assumed that 
the mouth opening was a nozzle with a diameter D (m) (Fig. 1). The 
expired airflow rate at the mouth of an infected individual for the 
duration of exhalation is φQ0 (m3/s or L/s), where the exhalation rate Q0 
is the exhaled/inhaled flow rate during a period (e.g., a minute or a day) 
as defined by the US Environmental Protection Agency (US EPA) [21], 
rather than during the exhalation period. For a breathing cycle with a 
period T, the exhalation duration is Te, the inhalation duration is T − Te, 
and the coefficient φ is defined as φ = T

Te
. When exhalation and inha

lation durations are equal (Fig. 2), φ = 2. In the calculations here, a 
coefficient of φ = 2 was used. 

The jet flow rate increases to Qx (m3/s or L/s) at a streamwise 
penetration distance x due to entrainment of the surrounding air. We 
aimed to estimate the jet dilution factor Sx = Qx

φQ0 
at any distance x. The 

dilution factor Sx in this study is the average dilution factor of the cross- 
section at distance x. Knowledge of the dilution factor allowed us to 
estimate the short-range exposure of a susceptible individual by direct 
inhalation of the expired airflows of an infected individual. Dilution 
occurs due to continuous turbulent entrainment as an expired jet 
develops. 

For a steady jet originating from a round opening, the dilution factor 
is 

Sx = 0.32
x
D

(2)  

where D is the diameter of the mouth opening. Equation (2) is valid at 
distances of x ≥ 6.2D [22]. For a typical mouth diameter of 20 mm, x ≥

0.12 m. Buoyancy, stratification, and cross flows are known to affect the 
jet dilution factor [22]. 

An interrupted jet is driven by an intermittent momentum source. 
Buoyancy forces can also exist but were ignored here for simplicity. A 
sudden instantaneous release of the momentum produces a puff. In the 
case of an expired flow, instead of instantaneous release, a release with a 
finite duration occurs, followed by a short duration of inspiration, after 
which, the cycle repeats. The inspiration flow has a potential flow 
pattern, drawing air from all directions. 

Recall that the steady-jet dilution ratio is obtained using the basic 
mass and momentum conservation principle, with an additional 
assumption that the radial penetration distance grows linearly with the 
streamwise penetration distance [22]. A similar approach was used here 
to derive the dilution formula for the interrupted jet. 

We first approximated a realistic inhalation/exhalation profile to a 
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square cycle (Fig. 2b). The specification of uniform velocity at the mouth 
allowed us to use existing jet data [20]. Jets with an irregular velocity 
profile (e.g., Fig. 2a) have also been studied by Wei et al. [12]. For an 
ideal square breathing cycle, the expired flow velocity is calculated as 
u0 =

φQ0
A0

, where A0 is the mouth opening area. 
We assumed calm surrounding air and used the experimental data of 

Sangras et al. [20] and Diez et al. [23], including both starting jets and 
puffs. The exhalation phase (t = 0–2 s in Fig. 2) is the jet-like stage, 
which is dominated by conservation of the momentum flux. After the 
exhalation phase (t > 2 s), the exhaled flow enters a puff-like stage, 
which is dominated by conservation of the momentum force. 

At the jet-like stage, the streamwise penetration distance x is pro
portional to the square root of the lapsed time t, and the radial pene
tration distance rx is proportional to the streamwise penetration distance 
x. Note that the radial penetration distance here was not the Gaussian 
width described by Lee and Chu (2012, page 37) [22], but the visible 
radii, i.e., the top-hat width. Including the correction of the jet virtual 
origin, we have 

(x+ x0)= βx1(φQ0u0)
1
4(t + t0)

1
2 (3)  

and 

Fig. 1. Schematic diagram of the expired jet using a two-stage jet model.  

Fig. 2. Idealised breathing cycles. (a) Sinusoidal cycles; (b) square cycles. We 
considered an ideal 4-s breathing cycle in this idealised model. 

Fig. 3. A simple model of the continuum from short-range to long-range inhalation routes. (a) A simple jet model assuming the expired jet is steady (a1) or 
interrupted (a2); (b) The jet zone with a variable distance x in (a), and the room zone. The jet model may be modelled using the ideal steady jet model of (a1) and the 
two-stage jet model of (a2). 
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rx = βr1(x+ x0) (4)  

where x is the streamwise penetration distance of the expired jet geo
metric centre from the mouth; rx is the radial penetration distance at 
distance x; x0 is the distance from the virtual origin of the jet-like stage 
to the mouth (x0 = D

2βr1
); and t0 is the corresponding virtual time of x0 

(t0 =
̅̅
π

√
D3

8φβ2
r1β2

x1Q0
). The two empirical parameters βr1 and βx1 are the radial 

penetration coefficient and the streamwise penetration coefficient in the 
jet-like stage, respectively, and βr1 = 0.18 and βx1 = 2.4, according to 
Diez et al. [23]. Note that βr1 and βx1 are not constants for the expired jet 
tip, but for the expired jet geometric centre or centroid (Supplementary 
Information C1). 

Momentum fluxes of the expired jet are M0 = ρu2
0A0 at the mouth and 

Mx = ρu2
xAx at distance x in the jet-like stage, where the mouth opening 

area was calculated as A0 = πr2
0 and the cross-sectional area of the 

expired jet was calculated as Ax = πr2
x . 

Following momentum flux conservation in the jet-like stage (M0 =

Mx), we derived ux
u0

= r0
rx

. 
We then obtained Qx

φQ0
= uxAx

u0A0
= rx

r0
; hence, the dilution factor in the jet- 

like stage becomes 

Sx =
Qx

φQ0
=

rx

r0
=

βr1(x + x0)

r0
=

2βr1(x + x0)

D
(5)  

as βr1 = 0.18, Sx = 0.36 (x+x0)
D . 

Alternatively, by taking the derivative with respect to time in 
Equation (3), we obtained ux, and subsequently, 

ux

u0
=

̅̅̅
π

√
β2

x1r0

2(x + x0)
(6) 

The dilution factor in the jet-like stage then becomes 

Sx =
uxAx

u0A0
=

̅̅̅
π

√
β2

x1β2
r1
(x + x0)

D
= 0.33

(x + x0)

D
(7) 

The detailed derivation process is shown in Supplementary Infor
mation C2. 

The transition point x∗ from the jet-like stage to the puff-like stage 
was determined using Equation (3) at transition time t∗ (e.g., t∗ = 2 s in 
Fig. 2). 

x∗ = βx1(φQ0u0)
1
4(t∗ + t0)

1
2 − x0 (8)  

where x∗ is the streamwise penetration distance at the transition point. 
The dilution factor Sx∗ at transition point x∗ was estimated using 
Equation (5) as Sx∗ =

2βr1(x∗+x0)
D . 

At the puff-like stage, the streamwise penetration distance x is pro
portional to the fourth root of the lapsed time t, and the radial pene
tration distance rx is proportional to the streamwise penetration distance 
x. 

(
x+ x

′

0

)
= βx2(Qvu0)

1
4
(
t + t

′

0

)1
4 (9)  

rx = βr2
(
x+ x′

0

)
(10)  

x′

0 =
βr1

βr2
(x∗ + x0) − x∗ (11)  

t′0 =
β4

r1β4
x1

β4
r2β4

x2

φQ0

Qv
(t∗ + t0)

2
− t∗ (12)  

where x′

0 is the distance from the virtual origin of the puff-like stage to 
the mouth; t′0 is the corresponding virtual time of x′

0; βr2 and βx2 are the 
radial penetration coefficient and the streamwise penetration coefficient 
in the puff-like stage, respectively, for the two coefficients, βr2 = 0.2 and 

βx2 = 2.2 [23]. Note that βr2 and βx2 are not constants for the expired jet 
tip, but for the expired jet geometric centre (Supplementary Information 
C1). Qv is the expired air volume (m3 or L) during one breathing cycle, i. 
e., Qv = TQ0. For the ideal breathing cycle depicted in Fig. 2, Qv = 4Q0. 

A puff cloud may be best described as an ellipsoid with a radius rx 

and a height krx where k = 9
4π [24]. The cloud volume is estimated as 

4π
3 krx × r2

x = 3r3
x . 

In the puff-like stage, the dilution factor Sx at distance x is calculated 
as the product of the dilution factor Sx∗ at transition point x∗ and the 
volume ratio of the puff cloud at distance x to the puff cloud at distance 

x∗, i.e., Sx =
(

Qx∗
φQ0

)(
Qx
Qx∗

)
. 

Sx =
3r3

x

3r3
x∗

Sx∗ =

(
βr2

(
x + x′

0

)

βr1(x∗ + x0)

)3

Sx∗ =

(

1 +
βr2(x − x∗)
βr1(x∗ + x0)

)3

Sx∗ (13) 

The dilution factor in the jet-like stage is, thus, similar to the dilution 
factor in a steady jet, but the dilution factor in the puff-like stage is 
different from that in a steady jet. The dilution factor during the puff-like 
stage depends on the released volume of air during the exhalation period 
of one breathing cycle. 

2.2. An improved continuum model 

If the surrounding air is clean, the dilution factor described above 
can be used directly to evaluate short-range inhalation exposure. In an 
enclosed environment, aerosols in the surrounding air may be simulta
neously entrained into the expired airflows. 

Such an entrainment effect is considered in the continuum model 
derived by Li et al. [11]. This continuum model may be improved using 
the newly derived dilution factor described above for a two-stage jet. We 
divided a room space into two zones (Fig. 3): the jet zone (e.g., x ≤ 2 m 
for certain respiratory activities) and the room zone (i.e., the rest of the 
room). The volume of the jet zone (typically 0.15 m3 for a 2-m expired 
jet cone) is much smaller than the volume of the room zone (>30 m3). 

Consider exhaled virus-containing aerosols with an average con
centration of C0 at the jet origin (the mouth), an average concentration 
of Cxat distance x, and an average concentration of Cr in the room zone. 
When the infectious quantum is used, the concentration is measured in 
quanta/m3 or quanta/L, the room ventilation rate is qr (L/s), and the 
ambient (outdoor) concentration is zero. 

The steady-state and time-averaged macroscopic mass balance 
equations for the exhaled virus-containing aerosol concentrations in the 
room zone and the jet zone, respectively, become 

γQ0C0 = qeCr (14)  

and 

Q0C0 +(Q0x − Q0)Cr =Q0xCx (15)  

where qe = qr + qs + qf + qd, qs = KV is the equivalent ventilation rate 
due to particle settling, K is the deposition rate (h− 1) (Supplementary 
Information B), V is the room air volume (m3), qf is the equivalent 
ventilation rate due to filtration, qd is the equivalent ventilation rate due 
to virus deactivation, and γ is the fraction of infectious aerosols in sus
pended aerosols in the expired jet that remain suspended in the room 
zone. Note that the exhaled flow rate Q0 during a period (e.g., a minute 
or a day) as defined by the US EPA [21] was used here, not φQ0. 
Correspondingly, the jet flow rate Q0x at distance x should also be un
derstood as the corresponding jet flow rate when the exhaled flow rate is 
Q0 at the mouth. Hence, the dilution factor here is calculated as Sx = Q0x

Q0
. 

Note that the effects of particle deposition and virus deactivation were 
not considered in the jet zone in Equation (15), but were considered in 
the room zone in Equation (14). 

The size range of suspended aerosols is less in the room zone than in 
the jet zone due to air speed differences between the two zones [8,9]. 
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Infectious pathogens may also be more likely to survive in the jet region. 
Differences in both size and survival characteristics suggest γ < 1. 
Although we were interested in the short-range airborne infection risk 
here, as there is entrained air from the room zone into the expired jet, we 
needed to assign a value to γ. However, an accurate determination of the 
γ value is not yet available. Using a larger γ value may over-estimate the 
long-range exposure. Here, we used γ = 0.5, following Li et al. [11]. 

Solving Equations (14) and (15), we obtained 

Cx = γ
Q0C0

qe

(

1 −
1
Sx

)

+
1
Sx

C0 (16)  

where the ratio α = Q0
qe 

is the rebreathed fraction [6]. For example, with a 
typical exhalation rate, Q0, of 0.1 L/s and a ventilation rate of 10 L/s per 
person,α = Q0

q = 0.1
10 = 0.01. Equation (16) shows a simple dilution 

process of both the quantum concentration C0 at the mouth and the 
average room quantum concentration γ Q0C0

qe
. 

When ventilation is infinite (Q0≪qe), Equation (16) can be simplified 
to: 

Cx =
1
Sx

C0 (17) 

In the room zone, when Sx is infinite, the average concentration at 
distance x becomes 

Cx = γ
Q0C0

qe
(18) 

This reflects the nature of the continuity of exposure to respiratory 
droplets from a close range to a long range. 

2.3. A short-range Wells-Riley equation 

We considered the worst situation in which breathing patterns of the 
infector and the susceptible individual involved in a conversation are 
synchronic (Fig. 4). In such a situation, the susceptible individual is in 
close proximity, and his/her inhalation occurs at the same time that the 
exhaled puff arrives. 

We can directly integrate the newly obtained dilution factors with 
the quantum concentration equations. 

The short-range Wells-Riley equation for one infector in a room is: 

P= 1 − e
−

[

γ Q0 C0
qe

(

1− 1
Sx

)

+ 1
SxC0

]

pΔt
(19) 

In outdoor situations or when ventilation is infinite, 

P= 1 − e−
1

SxC0pΔt (20) 

The long-range equation for one infector in the room zone is: 

P= 1 − e− γQ0
qe C0pΔt (21) 

We assumed that all individuals in a room can be presented by an 
average person, i.e., the exhalation rate of the infected individual equals 
the inhalation rate of the susceptible individual (Q0 = p). The short- and 
long-range equations can be further simplified, such that Equation (19) 
becomes 

P= 1 − e
−

[

γ C0
qe

(

1− 1
Sx

)

+
C0
pSx

]

p2Δt
(22) 

The long-range equation then becomes 

P= 1 − e− γC0
qe p2Δt (23) 

The difference between the long- and short-range infection risk can 
be seen in Equations (22) and (23). When the infection risk is low, we 

can simplify Equation (22) by Taylor series expansion to P ≈
[
γ C0

qe

(
1 −

1
Sx

)
+ C0

pSx

]
p2Δt = 1

Sx
C0pΔt+

(
1 − 1

Sx

)
γ C0

qe
p2Δt. For this simplified formula, 

the first term refers to the direct inhalation of the expired air with a 
concentration of C0, which is now diluted by a factor of Sx. The direct 
inhalation exposure 1

Sx
C0pΔt at a close range is approximately propor

tional to the inhalation/exhalation flow rate p, although the dilution 
factor Sx is somewhat affected by p (see later discussion of Fig. 8). The 

indirect inhalation 
(

1 − 1
Sx

)
γC0

qe
p2Δt at a close range is approximately 

proportional to p2. The significance of this re-entrained ‘long-range’ 
term is determined by the effective ventilation rate qe. The ‘long-range’ 
exposure, calculated using Equation (23), is approximately proportional 
to p2, as the dilution factor Sx is somewhat affected by p. 

In theory, we can use the long-range Wells-Riley equation (21) to 
determine the long-range quantum generation rate γQ0C0 from long- 
range exposure data and use the short-range Wells-Riley equation (19) 
to determine the short-range quantum generation rate Q0C0 from short- 
range exposure data if an outbreak existed with data for both short- and 
long-range airborne transmission. The value of γ can then be deter
mined. However, complexities arise. The close-contact duration and 
distance from an infector may differ for different susceptible individuals. 
The short-range infection risk cannot be simply estimated by dividing 
the observed number of newly infected individuals in close contact with 
the infector by the total number of susceptible individuals in close 
contact with the infector, as the close-contact period and distance may 
not be the same for all susceptible individuals. Individual exposure pe
riods and distances need to be estimated. To the best of our knowledge, 
there are no adequate data from previous outbreaks to estimate the γ 
value. For example, for the restaurant outbreak of COVID-19 in 

Fig. 4. The assumed worst condition in which a susceptible person inhales exactly when the exhaled air of the infected person arrives at his/her mouth.  
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Guangzhou, close-contact data are available, but no secondary in
fections were found to be associated with these close-contact events 
[25]. 

From another perspective, if the short-range infection risk is known 
for a certain distance, activity intensity, close-range exposure duration, 
and ventilation rate, the short-range infectious quantum concentration 
can also be determined. However, such data do not exist. The infectious 
quantum concentration of initial expired air was estimated as 0.1 
quanta/L using the closest dataset in Chu et al. [26] (see Fig. S4 in 
Supplementary Information D), which was further applied in demon
strating short-range airborne exposure risk assessment. 

2.4. Activity and breathing mode 

It remains unknown how the number of expired droplets or the virus 
concentration varies due to different activity intensities. The exhaled 
droplet generation mechanism is likely mechanical, such as due to shear 
stress along the respiratory epithelium surface. Thus, we may assume 
that the number of generated droplets or the viral emission rate in
creases linearly as the expired flow rate increases. Such an assumption 
remains to be investigated. We used the exhaled/inhaled flow rate rec
ommended by the US EPA [21]. The quantum concentration of exhaled 
air of the infected individual is assumed to be identical for a particular 
infector and all activity intensities. 

Table 1 shows that the rebreathed fraction α = Q0
q varies with 

different activities, as the exhalation rate Q0 changes. When the venti
lation rate q is kept as a constant at 10 L/s per person, the rebreathed 
fraction α becomes larger for higher-intensity activities. If the 
rebreathed fraction is kept at a constant value of 0.01, the required 
ventilation rates also increase for higher-intensity activities. 

3. Results 

3.1. Development and validation of the expired two-stage jet model 

Each ideal breathing cycle (Fig. 4) consists of a 2-s exhalation phase 
and a 2-s inhalation phase. The time-varying streamwise penetration 
distance of the geometric centre of the expired jet is shown for a light 
activity in Fig. 5. The forward movement of the expired jet decreased 
much faster in the puff-like stage than in the jet-like stage. During the 2-s 
exhalation phase, the expired flow satisfied the conservation of the 
momentum flux (M0 ∼ ρr2

x
( dx

dt
)2) and the self-preserving growth of the jet 

(rx ∼ βr1x). These conditions resulted in a relationship between the 
streamwise penetration distance of the initial jet and time, represented 
as x ∼ t1

2. After the 2-s exhalation phase, the puff cloud satisfied the 
conservation of the momentum force (I0 ∼ ρr3

x
dx
dt
)

and the self-preserving 
growth of the puff cloud (rx ∼ βr2x), leading to a relationship between 
the streamwise penetration distance of the puff and time, represented as 
x ∼ t1

4. 
In our standard two-stage jet model, we used βr1 = 0.18, βx1 = 2.4,

βr2 = 0.2, and βx2 = 2.2, following Sangras et al. [20] and Diez et al. 
[23]. As shown in Fig. 6, we compared the predicted and measured 
streamwise and radial penetration distances for an interrupted jet 
including three types of exhalation profiles, i.e., square/pulsation, si
nusoidal and real coughing. The measured data included those reported 
by [12,23,27,28]. A reasonable agreement was observed between the 
predicted and measured data, although differences of streamwise and 
radial penetration coefficients in three exhalation profiles and different 
studies exist. 

Fig. 7 shows the idealised puff trains of the expired air flows, using 
the data presented in Fig. 5. As each train reaches a distance (a stop) 
downstream, the volume of air increases, and the concentration of the 
discharge at the origin is diluted. Only two complete breathing cycles 
(duration of 8 s) are shown in Fig. 7. The expired air volume reduces as it 
travels for more than 2 s (Fig. 7b). As shown in Fig. 7i, the two sequential 
air volumes are closer at 8 s after the first discharge. When these two air 
volumes are sufficiently close, the two vortices may merge. This is 
identical to the observed jet-like flow in the numerical simulation for 
speech presented by Abkarian et al. [14], in which the inhalation 
duration was 1 s, while the exhalation duration was 3 s. With this simple 
analysis, it is possible to describe jet-like physics. 

3.2. Comparing estimated dilution factors between the steady jet and two- 
stage jet models 

As expected, both the steady jet and the two-stage jet models pre
dicted that the dilution factor always increases with an increase in the 
streamwise penetration distance. The dilution factor of a steady jet 
increased linearly with the streamwise penetration distance, with a 
slope that was independent of activity intensity. The steady-jet- 
estimated dilution factor was less than the dilution factor predicted by 
the two-stage jet model (Fig. 8). This is an important observation, as it 
suggested that the steady-state model used by Li et al. [11] is inadequate 
for describing the dilution factor. An underestimated dilution factor may 
lead to an overestimation of the threshold distance for minimising 
infection risk during close contact. 

With the two-stage jet model, the dilution factor also increases lin
early with the streamwise penetration distance in the jet-like stage, but 
in contrast, it increases with the cubic of the streamwise penetration 

Table 1 
Summary of the combined exhalation/inhalation rates of men and women of all 
ages from birth (lowest value) to 81 years or older during various activity in
tensities [21].  

Activity 
intensity 

The exhalation rate Q0 or the inhalation 
rate p 

α when 
q = 10 
L/s per 
person 

q L/s per 
person 
when 
α = 0.01 L/min L/s Representativea 

L/s 

Sleep or nap 3–5.2 0.05–0.09 0.06 0.006 6 
Sedentary/ 

passive 
activity 

3.1–5.4 0.05–0.09 0.08 0.008 8 

Standard 
activity 

6 0.1 0.1 0.01 10 

Light 
activity 

7.6–13 0.13–0.22 0.20 0.02 20 

Moderate 
activity 

14–29 0.23–0.48 0.43 0.043 43 

Intense 
activity 

26–53 0.43–0.88 0.83 0.083 83  

a The representative value is the median inhalation rate for all ages for the 
specific activity intensity. The highest value is for young people. A standard- 
intensity activity with an exhalation flow rate of 0.1 L/s is also included. 

Fig. 5. The time-varying streamwise penetration distance of the geometric 
centre of the expired jet estimated using the two-stage model for light activity 
(exhalation/inhalation rate, 0.2 L/s). The streamwise penetration distance of 
the starting jet x ∼ t1

2 and the streamwise penetration distance of the puff x ∼ t1
4 

after the 2-s exhalation phase. 
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distance in the puff-like stage. The transition point from the jet-like to 
the puff-like stage increases with increasing expired flow rate at the 
mouth (activity intensity). The transition points were 0.28 m for 
sedentary/passive activity, 0.31 m for standard activity, 0.47 m for light 
activity, 0.7 m for moderate activity, and 0.99 m for intense activity. A 
shorter jet-like stage length resulted in greater puff-like dilution factors 
at any streamwise penetration distance. Hence, the dilution factor at any 

streamwise penetration distance for the puff-like stage decreases as the 
activity intensifies. For example, the dilution factors at 2 m are 1,928- 
fold for sedentary/passive activity, 1,520-fold for standard activity, 
747-fold for light activity, 345-fold for moderate activity, and 171-fold 
for intense activity. Moreover, the average dilution ratios of isolated 
puffs with stroke ratio (4Qv/πD3) of 70, 121, 219, and 537 at distances 
25D to 50D are 70, 48, 45, and 16 in the experimental data of Ghaem- 

Fig. 6. Comparison of the measured and predicted streamwise and radial penetration distances for an interrupted jet. (a) Streamwise penetration distance as a 
function of dimensionless time; (b) normalised radial penetration distance as a function of the streamwise penetration distance. 
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Maghami and Johari [29]. In our study, the injection parameters of 
standard, light, moderate, and intense activities were 64, 127, 273, and 
528, and the corresponding average dilution factors at 0.5–1.1 m were 
116, 55, 26, and 16, respectively (Fig. 8). Our predicted dilution factors 
are somewhat in agreement with those reported by Ghaem-Maghami 
and Johari [29] and Behera et al. [28]. 

To further verify the developed dilution model, we predicted the 
exposure index Cx/Cr and compared it with the measured data from the 
literature (Fig. 9). As our room zone model was based on a fully mixing 
assumption, we chose only those data with mixing ventilation or with 
manikin heads in the mixing zone when displacement ventilation was 
used. In these experiments, one can assume γ = 1. A reasonable agree
ment was observed, suggesting that the developed dilution factor for
mula and its integration with the continuum model reasonably predicted 
short-range exposure. 

3.3. Predicted normalised concentrations of the expired aerosols at 
various distances and activity intensities 

We compared the estimated normalised concentrations of the 
expired aerosols at any streamwise penetration distance and various 
ventilation rates using the new two-stage jet model and the steady-state 
jet model for standard activity (exhalation rate, 0.1 L/s) in Fig. 10. 

Two major observations can be made. First, the normalised con
centration of the expired aerosols predicted by the steady jet model (thin 
lines in Fig. 10) is higher than the corresponding concentration pre
dicted by the two-stage jet model for all conditions (thick lines in 
Fig. 10). This can be explained by an underestimate of the dilution factor 
by the steady jet model. In contrast to the steady jet model, the nor
malised concentration profile predicted by the two-stage jet model was 
not smooth, with a transition point at approximately 0.3 m for standard 
activity with an exhalation rate of 0.1 L/s. A ventilation rate less than 5 
L/s per person gave a significantly higher concentration than outdoor 
conditions (with an infinite ventilation rate as shown by the red dashed 
curves), whereas a ventilation rate higher than 5 L/s per person did not. 
To be safe, we suggest a threshold ventilation rate of 10 L/s per person 
for standard activity with an exhalation/inhalation rate of 0.1 L/s so that 
the indoor infection risk at a short range is similar to the risk outdoors 
where the ventilation rate is infinite. This suggestion was also made in 
our previous study [11]. 

Fig. 7. An ideal model of the development of expiratory interrupted jet flows 
for 8 s during light activity (exhalation/inhalation rate, 0.2 L/s). The trans
parent level of yellow and red colours illustrates flow dilution. The jet tip was 
estimated using Equations (3) and (9). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 8. The measured and predicted dilution factors 
vary with the distance from the discharge orifice. 
Prediction using the steady and two-stage jet models 
was made with five activity intensities and the 
discharge orifice as 0.02 m. The representative inha
lation/exhalation rates listed in Table 1 were used. 
Note that for the steady jet model, the dilution factor 
is 1 when the distance is less than 0.12 m. The jet or 
puff flow in Ghaem-Maghami and Johari [29] and 
Behera et al. [28] was injected into an isothermal and 
isobaric chamber. The former was accompanied by a 
weak co-flow (a 0.5% of jet velocity) while the latter 
had no co-flow.   

W. Jia et al.                                                                                                                                                                                                                                      



Building and Environment 219 (2022) 109166

9

The short-range normalised concentration profiles when the exha
lation rate changes from 0.1 L/s are shown in Fig. S3. The short-range 
normalised concentrations are determined by the exhalation rate, 
ventilation rate, and dilution factor. Unlike the steady jet model, the 
dilution factor estimated by the two-stage jet model depends on the 
exhalation rate of the infector. A higher activity intensity results in a 
lower dilution factor in the puff-region (Fig. 8). Simultaneously, a higher 
activity intensity results in a greater rebreathed fraction (α = Q0

qe
) if the 

ventilation rates are kept constant. Thus, a higher short-range normal

ised concentration, (γ Q0
qe

(
1 − 1

Sx

)
+ 1

Sx
), is predicted for heavier activities 

than for standard activities if the ventilation rates are kept constant 
(Fig. S3). 

3.4. Infection risk via the short-range airborne route using the two-stage 
jet model 

The short-range airborne infection risk was estimated using a 
quantum concentration of 0.1 quantum/L and an exposure duration of 
42 s as an example. Fig. 11 shows the predicted profiles of the short- 
range airborne infection risk for standard activity (inhalation rate, 0.1 
L/s). The data clearly show that a ventilation rate less than 5 L/s per 

person introduces a significantly higher infection risk than outdoor 
conditions. This conclusion is consistent with the exposure estimates 
presented in Fig. 10. 

We examined whether it was possible to estimate a threshold dis
tance and threshold ventilation rate when the quantum concentration at 
the mouth was unknown. Answering this question is complicated by two 
factors, namely, the distance and ventilation rate, which jointly affect 
the short-range airborne infection risk. When we evaluated the partial 
derivative ∂P

∂x as a function of distance, the curves for different ventilation 
rates collapsed into almost one curve. We attempted to identify a rela
tively flat region by determining when ∂P

∂x has a small value. Outdoor 
infection risk is known to be low at a typical close-contact distance, 
which is approximately 0.7 m. At x = 0.7 m, we found that ∂P

∂x = − 0.2%, 
which may be located in a relatively flat region of the curve (Fig. 11a). 
This corresponds to an infection risk of 0.82% for a ventilation rate of 10 
L/s per person. At x = 0.7 m and qe = 10 L/s per person, we also found 
that ∂P

∂qe
= − 0.02%, which may also be located in a relatively flat region 

of the curve (Fig. 11b). Thus, we determined a threshold distance of 0.7 
m and a threshold ventilation rate of 10 L/s per person for standard 
activity (inhalation rate, 0.1 L/s). Further, two parameters, namely, ∂P

∂x =

− 0.2% with an infinite ventilation rate and ∂P
∂qe

= − 0.02% at the corre
sponding threshold distance, were regarded as the benchmarks for 
determining the threshold distance and threshold ventilation rates for 
other activities. 

We further estimated the short-range infection risk for different ac
tivity intensities using the infectious quantum concentration of 0.1 
quanta/L and exposure time of 42 s as an example (Fig. S6). In all set
tings, we determined the threshold distance for ∂P

∂x = − 0.2% with an 
infinite ventilation rate. The threshold distance was then found to be 
0.59 m for sedentary/passive activity, 1.1 m for light activity, 1.7 m for 
moderate activity, and 2.6 m for intense activity. Once a threshold 
distance was found, the corresponding threshold ventilation rate was 
determined using ∂P

∂qe
= − 0.02% at the corresponding threshold distance. 

The threshold ventilation rate was 8 L/s per person for sedentary ac
tivity, 20 L/s per person for light activity, 43 L/s per person for moderate 
activity, and 83 L/s per person for intense activity (Fig. 12). It was clear 
that the threshold ventilation rate that we identified was proportional to 
the inhalation rate. The partial derivative approach predicted a 
threshold ventilation rate that was identical to the ventilation rate that 
gives a constant rebreathed fraction of 0.01 (Table 1). 

Note that the partial derivative method we used to determine the 
threshold distance and threshold ventilation rate did not lead to a con

Fig. 9. The measured and predicted exposure index 
Cx/Cr varies with the distance from source manikin. 
Prediction using the two-stage jet model was made 
with three ventilation rates: 30, 50, and 70 L/s per 
person. In the legend, each case is shown with [#L/s 
per person, & L/s, $ s], in which # refers to the 
ventilation rate, & refers to the exhalation rate, and $ 
refers to the breathing duration. The air distribution 
design was displacement ventilation in the studies 
[30,31,32]; downward ventilation in the studies [33, 
34]; and mixing ventilation in the study [35]. In data 
of displacement ventilation, the heads of the source 
and the target manikins are suspected to be within the 
upper mixing zone. These measurement data were 
first summarised by Chen et al. [36].   

Fig. 10. The predicted normalised concentrations of the expired flow at 
different distances and ventilation rates of 1–10 L/s per person and infinity for 
standard activity (exhalation rate, 0.1 L/s). The results of the new two-stage jet 
model and the steady-state jet model are shown and compared. 
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stant infection risk under threshold conditions. The risk of infection 
under threshold conditions was 0.79% for sedentary/passive activity, 
0.82% for standard activity (inhalation rate, 0.1 L/s), 1.14% for light 
activity, 1.74% for moderate activity, and 2.61% for intense activity. 
The explanation for this finding is that the obtained threshold ventila
tion rates for all activity intensities led to a constant rebreathed fraction, 
α, of 0.01, i.e., the concentration of the expired aerosols was the same 
after dilution. When the infection risk is low, Equation (20) can be 

simplified by Taylor series expansion to P ≈ 1
Sx

C0pΔt+
(

1 − 1
Sx

)
γ C0

qe
p2Δ 

t =
(

γα +
1− γα

Sx

)
C0pΔt. From this simplified formula, the short-range 

airborne infection risk is approximately proportional to the inhalation 
volume pΔt if ventilation rates for different activity intensities are kept 
at threshold ventilation rates (i.e., a constant rebreathed fraction, α). 
However, higher-intensity activity had a larger dilution factor at the 
corresponding threshold distance, i.e., 54-fold at 0.59 m for sedentary/ 

passive activity, 69-fold at 0.7 m for standard activity, 115-fold at 1.1 m 
for light activity, 211-fold at 1.7 m for moderate activity, and 383-fold at 
2.6 m for intense activity. This led to a decrease in short-range exposure 
for higher-intensity activity at the threshold distance and ventilation 
rate compared to the proportional relationship with the inhalation 
volume pΔt. In contrast, the long-range exposure was proportional to the 
inhalation volume pΔt at the threshold ventilation rate. 

4. Discussion 

4.1. A new short-range Wells-Riley model with challenges 

Our study is the first to present a dilution factor formula for a two- 
stage jet, and our estimated dilution factor was in reasonable agree
ment with measured or simulated data from the literature (Fig. 8). The 
dilution factor formula was further confirmed by comparing the 

Fig. 11. Estimated short-range airborne infection risk 
varies with distance and ventilation rate, and the 
partial derivatives of infection risk against distance 
and ventilation rate. (a) Estimated short-range 
airborne infection risk, P, as a function of the dis
tances and ventilation rates for standard activity (in
fectious quantum concentration, 0.1 quanta/L and 
exposure time, 42 s, assuming a 2-h total exposure 
period with four close-contact events per hour and 
5.4 s/per close-contact event). In the inserted figure, 
the partial derivative of infection risk is shown 
against distance ∂P

∂x. (b) The estimated short-range 
airborne infection risk P at threshold distance x =

0.7 m and, in the inset figure, the partial derivative of 
infection risk against the ventilation rate ∂P

∂qe 
are 

shown.   
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predicted short-range exposure with measured data from the literature 
(Fig. 9). To the best of our knowledge, such a formula has not previously 
been reported, but it is required to assess the short-range exposure and 
infection risk of respiratory infections. The traditional steady jet model 
[11] does not consider the effect of respiratory activity on the dilution 
factor. In the steady jet model, the dilution factor is not a function of 
activity intensity, but is constant, and the predicted dilution factors are 
8, 16, and 32 at distances of 0.5, 1, and 2 m, respectively. The two-stage 
jet model predicted a dilution factor that depends on activity intensity 
(exhalation rate, Fig. 8). For light activity, the predicted dilution factors 
were 12, 94, and 748 at distances of 0.5, 1, and 2 m, respectively (Fig. 5). 
The dilution factors for intense activity were smaller than those for light 
activity, but still significantly higher than those predicted by the steady 
jet model. For the rest scenarios, the dilution factor predicted in the 
puff-like stage at 2 m was up to 79 times higher with the two-stage jet 
model than with the steady jet model. 

Using an existing continuum model of short- and long-range airborne 
transmission of SARS-CoV-2 [11], we derived a new, simple short-range 
Wells-Riley model. This model promises to provide a simple formula for 
the estimation of infection risk without wearing a mask based on 
physical distance, activity intensity, and ventilation rate. Our 
short-range Wells-Riley model is based on the single-hit assumption, 
which can be further expanded to a general short-range dose-response 
model using the multiple-hit assumption if the minimum infection dose 
is known [37,38]. Wearing a mask by infector decreases expired 
virus-containing aerosol concentration (C0) at mouth. Wearing a mask 
by the susceptible individual reduces the inhaled aerosols. Mask wearing 
also changes the jet geometry and reduce the streamwise penetration 
distance and short-range airborne exposure risk. Hence, wearing a mask 
is one of the most important strategies to reducing short-range inhala
tion exposure [15,16]. 

Most SARS-CoV-2 infections have occurred indoors [39]. The orig
inal continuum model described by Li et al. [11] aimed to explain the 
low outdoor infection risk phenomenon. The revised continuum model 
using the new dilution factor also explained the low outdoor infection 
risk phenomenon, as the ventilation rate may be assumed to be infinite 
outdoors (Figs. 10 and 11). The new continuum model predicted a more 
dramatic decrease in infection risk as the distance changed from 0.5 m to 
1 m, while the steady jet model predicted a smoother profile of the 
normalised concentration (Fig. 10). 

The new model predictions suggest that the short-range infection risk 
with intense activity is significantly high when the ventilation rate and 

physical distance requirements cannot be satisfied. This is expected, as 
high infection rates have been observed in gyms, fitness centres, and 
dance floors during the on-going COVID-19 pandemic. Our new model 
predicted that outdoor infection may also occur with intense activity at 
close range, such as during sports activities or heavy labour. The data 
suggested that for light activities, the outdoor infection risk due to short- 
range inhalation was low; however, during intense activity, short-range 
inhalation transmission is possible. This has implications for interven
tion measures at outdoor events. The observed high infection risk among 
Hong Kong construction workers may support this observation, 
although their lounge room was also poorly ventilated [40,41], such 
that infection may have occurred indoors. A greater physical distance of 
2.6 m is required for people engaging in intense activities outdoors. 
However, for indoor settings, even at this distance, a minimum venti
lation rate of 83 L/s per person is needed according to our simple model. 

Various approaches have been used to determine the threshold 
physical distance for infection control [42]. Different countries have also 
adopted different physical distances from 1 to 2 m [43]. Our data sup
port the use of a threshold distance of 1 m for light activities in the 
presence of sufficient ventilation, but a higher threshold distance for 
higher-intensity activities. A much higher ventilation rate is also needed 
to reduce the short-range airborne infection risk associated with 
high-intensity activities. 

Different close-contact distances between people are chosen for 
various social purposes. The average distance between people is 
approximately 0.7 m. One commonly cited, but informal, explanation 
for keeping a minimum distance is to avoid body odour or expired gas 
odour from other people. The provision of sufficient ventilation is also 
known to minimise body odour. If this is correct, then the commonly 
used minimum ventilation standard of 10 L/s per person is sufficient. At 
a standard activity intensity, with an exhalation flow rate of 0.1 L/s, a 
ventilation rate of 10 L/s per person results in a 100-fold dilution for the 
room average odour concentration. Thus, a dilution of 100-fold may 
lead to sufficient dilution of expired air to avoid odour problems. In the 
steady jet model, the normalised concentration was estimated to be 
0.03, or a dilution of only 33-fold, at a physical distance of 2 m in out
door conditions. If a 100-fold dilution is required to avoid body odour, 
and body odour can be avoided at a standard distance of 0.7 m, then the 
estimate by the steady jet model is markedly out of scale. This is ex
pected, as a realistic expired jet is not a steady jet. In contrast, the two- 
stage jet model offers a reasonable prediction. To achieve a 100-fold 
dilution or a normalised concentration of 0.01, the estimated physical 

Fig. 12. Estimated short-range infection risk P for four activity intensities and the corresponding physical distance threshold, with ventilation rates ranging from 0.1 
to 500 L/s per person, and a partial derivative of infection risk against the ventilation rate ∂P

∂qe 
using the equations presented in Supplementary Information C3. 
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distance was 0.73 m for sedentary/passive activity, 0.8 m for standard 
activity, 1.02 m for light activity, 1.33 m for moderate activity, and 1.68 
m for intense activity. The predicted distance of 0.8 m is relatively close 
to the 0.7 m predicted for standard activity, suggesting that the two- 
stage jet model dilution formula offers a reasonable prediction of the 
expired jet dilution. 

One striking observation with the two-stage jet model was that 
increasing ventilation was much less effective at reducing short-range 
airborne infection risk than increasing physical distance, when the 
physical distance was less than the threshold distance. At a closer dis
tance, any further increase in ventilation rate was no longer effective. 
For example, for intense activity, the short-range airborne infection risk 
is 16.5% at 1 m when the ventilation rate is 100 L/s per person, but 
becomes 3.6% at 2 m with the same ventilation. When the ventilation is 
infinite, the infection risk is still 15.4% at 1 m. 

4.2. Explanation of some observed transmission phenomena 

Short-range airborne infection risk increases as activity intensifies at 
any physical distance and ventilation rate. For example, when the in
fectious quantum concentration is 0.1 quanta/L at the mouth, at a 
physical distance of 1.5 m and a ventilation rate of 5 L/s per person, the 
42-s short-range infection risk is 0.3% for sedentary/passive activity, 
1.9% for light activity, 8.6% for moderate activity, and 28.4% for 
intense activity. Physical distancing or a high ventilation rate alone is 
not sufficient to reduce the infection risk at close range in indoor spaces. 
Physical distancing and ventilation need to be combined. 

Our partial derivative method suggested a threshold distance of 0.59 
m for sedentary/passive activity, 1.1 m for light activity, 1.7 m for 
moderate activity, and 2.6 m for intense activity. The corresponding 
threshold ventilation rate was 8 L/s per person for sedentary/passive 
activity, 20 L/s per person for light activity, 43 L/s per person for 
moderate activity, and 83 L/s per person for intense activity (Fig. 12). 
The 42-s short-range airborne infection risk at the threshold conditions 
was 0.79% for sedentary/passive activity, 0.82% for standard activity, 
1.14% for light activity, 1.74% for moderate activity, and 2.61% for 
intense activity. Thus, if the threshold physical distance and ventilation 
rate are achieved, the short-range airborne infection risk can be theo
retically low [44]. However, some existing building ventilation systems 
may not satisfy the high ventilation rate required for moderate and 
intense activities [45]. Thus, a high risk of close-contact transmission 
may be expected due to intense activities in such settings, as previously 
observed [46,47]. 

For sedentary/passive or light activities in indoor spaces (e.g., resi
dential buildings or offices), the current minimum ventilation rate can 
easily satisfy our estimated ventilation rate requirement of 10 L/s per 
person. For example, the current ventilation standard is 8.5 L/s per 
person in office spaces and 7 L/s per person in residential spaces [45]. 
The required physical distance thresholds of 0.59 and 1.1 m may also be 
easily satisfied in offices, but not in homes. This may explain why there 
have been more household outbreaks than office outbreaks [39,48]. 

In contrast, for moderate or intense activities (e.g., in fitness centres 
or gyms), the threshold physical distance may be easily satisfied. 
However, the existing ventilation standards (e.g. ASHRAE 62.1-2019 
[45]) are far from meeting the required ventilation rates for moderate 
and intense activities. For example, in a fitness centre with a ventilation 
rate of 10 and 240 L/s per person, the 42-s short-range airborne infection 
risks at a physical distance of 2 m are 15.2% and 2.4%, respectively. This 
explains the difference in attack rate caused by ventilation difference 
between super-spreading events in fitness centres and gyms [44,47,49, 
50]. 

In addition to physical activity intensity, the exhalation and inha
lation rate also depend on respiratory activity (e.g., breathing, speaking, 
singing) [21,51]. Speaking or singing activities increase exhalation and 
inhalation rates and thus, increase the infection risk via both short-range 
and long-range airborne routes, which may explain why there are higher 

infection risks in restaurants and at choir rehearsals than in other indoor 
spaces with activities of equal intensity [52–54]. Moreover, some indoor 
spaces (e.g., bars and karaoke clubs) with both intense activity and 
speaking or singing activity meet neither the physical distance re
quirements nor the ventilation rate requirements, which has led to a 
high infection risk and super-spreading events in bars and karaoke clubs 
[55,56–58]. 

4.3. Infectious quantum emission rate for short- and long-range airborne 
routes 

Two methods are currently available for estimating the infectious 
quantum generation rate. The commonly used method is to use infection 
and ventilation data from a super-spreading event [54]. Only long-range 
quantum generation rates have been estimated thus far, due to diffi
culties in isolating short-range infection data from long-range infection, 
as close-contact scenarios are mostly unknown at the time of exposure. 
The viral load and droplet release rate may also be used to estimate the 
quantum generation rate [59]. This method has the potential to be 
developed for estimating both short- and long-range quantum genera
tion rates. However, additional data, such as the survival of the virus in 
the short-range expired jet, are needed. This is a difficult problem to 
solve, as the residence time of the aerosols in the expired jet is less than 1 
or only a few seconds. Virus survival characteristics within such a short 
duration are difficult to obtain. There are no data for virus survival in 
aerosols within the first few seconds of their release. In addition, the 
long-range quantum generation rate should be much less than the 
short-range quantum generation rate, given that the size range of sus
pended aerosols within a close range may be larger than the size range of 
suspended aerosols in the rest of the room [8,9]. The fraction γ values 
remain to be determined. 

In this study, we made a crude estimate of the short-range infectious 
quantum generation rate using data reported by Chu et al. [26]. How
ever, complexities exist when using these data. The observed infection at 
close range reported by Chu et al. [26] may have been due to the lack of 
adherence to the threshold distance, such that at least some infections 
may have occurred at a close distance. In such situations, our estimated 
short-range quantum generation rate may have been over-estimated. It 
is also possible that the average close-contact exposure period may be 
longer or shorter than our assumed values. A secondary infection may 
also be the result of both short- and long-range exposure. A Monte Carlo 
method may be used in future studies to perform such estimates, but 
more reliable data are needed. However, no reliable short-range quan
tum generation rate exists. Thus, a reliable approach to estimate short- 
and long-range quantum generation rates is needed. 

4.4. Limitations of the study 

There are several major limitations of this study. The short-range 
Wells-Riley model assumes that the emission rate of bioeffluents or 
the number of exhaled droplets is proportional to the exhalation rates for 
different activity intensities, and that the infectious quantum concen
tration at the mouth is constant. For subjects infected with the human 
rhinovirus, the exhaled particle concentration (<10 μm) is likely to be 
proportional to minute ventilation at a close range [60]; however, it 
remains unknown how the number and size distribution of droplets 
exhaled by healthy subjects or subjects infected with a respiratory virus 
vary when physical activity intensity and respiratory activity change. It 
is also unknown how the virus concentration is distributed in different 
sizes of particles, even though Milton et al. [61] found that, for influenza 
virus, fine particles may contain a much higher number of viral copies 
than coarse particles. Hence, data are needed on how the number and 
size distribution of exhaled droplets change with activity intensity/
mode, and how the infectious quantum concentration at the mouth 
changes with exhaled droplet size. The dilution analysis of short-range 
airborne infection risk in Section 3.4 was based on ventilation rate per 
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infector only, without considering effective dilution due to aerosols 
settling, filtration and virus deactivation as suggested in Equation (14). 
Our model (Equation (22)) is appliable to the situation with multiple 
infectors, and in such situations, the overall room dilution air flow rate 
should be used as in Equation (14). 

Several physical and biological assumptions were made in this study. 
Our model did not consider particle settling or virus deactivation at a 
close range. A more accurate model needs to consider dispersion of in
dividual droplets in the expired jet. Evaporation or dehydration is 
known to occur at a close range. Virus deactivation over a short range 
may need to be considered. The jet trajectory changes due to buoyancy, 
but being ignored here, but the dilution factor formula may still be 
applied along the trajectory. Our model simplified the breathing profile 
as a square cycle, which may lead to an underestimation of the 
streamwise penetration distance of the jet-like stage and an over
estimation of the dilution factor at any distance in the puff-like stage. 
Hence, the required physical distance and ventilation rate may be 
underestimated. A calm air surrounding was assumed to avoid consid
ering ambient turbulent dispersion; however, in reality, room air is not 
usually calm. Once the jet is destroyed by the surrounding air flows, the 
short-range transmission merges into long-range transmission. The 
change in streamlines when approaching the exposed individual affect 
the inhalation exposure [3]. 

5. Concluding remarks 

Using the newly developed dilution factor formula, we estimated a 
dilution factor that depends on the exhalation flow rate. In the jet-like 
stage, the newly estimated dilution factor was similar to the dilution 
factor predicted by the steady jet model. However, the dilution factor 
markedly increased in the puff-like stage for all activity intensities, with 
light activity corresponding to a higher dilution than intense activity for 
a simple reason, i.e., more intense activity has a later transition point 
from jet-like to puff-like stages. The higher estimated dilution factor 
indicates a more rapid decrease of the normalised concentration of 
virus-containing particles within expired flows of the corresponding 
short-range exposure. 

The newly developed dilution factor using the two-stage expired jet 
model has enabled the development of a simple short-range infection 
risk model. The infectious quantum generation rate differs between 
short-range and long-range airborne infection. The short-range quantum 
generation rate remains to be determined. Following this uncertainty, 
we propose to use a partial derivative approach to estimate the threshold 
distance and threshold ventilation rate. The partial derivative approach 
has been shown to be valid when the infectious quantum concentration 
is less than 1 quantum/L at the mouth, or when the equivalent quantum 
generation rate is less than 360 quanta/h at an exhaled flow rate of 0.1 
L/s. The newly defined threshold distance and threshold ventilation rate 
are independent of the quantum concentration. 

The insights gained from this model are meaningful. For example, 
the model showed that physical distancing or ventilation alone is 
generally not sufficient to reduce the infection risk in indoor spaces. 
Poor ventilation leads to long-range airborne infection and increases the 
risk of short-range airborne infection. Physical distancing is essential for 
minimising infection risk at a close distance, and adequate ventilation 
may also reduce short-range infection risk, especially in spaces used for 
high-intensity activity. However, a significant infection risk is associated 
with a less-than-threshold physical distance. In such a situation, venti
lation is no longer effective, even if the ventilation rate is very high. The 
work will be useful for developing ventilation standards for infection 
control. 
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