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Physics of airborne transmission

1. Virus spreading (turbulent eddy diffusion)

2. Virus transport (advection)

3. Virus source

4. Ventilation 

5. Gravitational settling

6. Evaporation

7. Virus deactivation

8. Virus receivers ςsusceptible people



Wells-Riley models
Assume that the room is fully mixed

Gammaitoni-Nucci (1997) extension:

Source strength

Room volume

Ventilation

Deactivation

Gravitational 
Settling

Buonannoet al. 2020;
Miller et al. 2020;

Lelieveldet al. 2020;
Burridge et al2021;

etc

Concentration



Extend to an advection-diffusion-
reaction equation
¸ Infectious person a point (stationary) source of virus, constant emission rate of particles

¸ All particles are the same size, and they carry the same amount of virus

¸ Droplets are released from the infectious person with zero velocity 

¸ Particles advected with constant velocity

¸ Turbulent mixing of air

¸ Droplets quickly evaporate to equilibrium size ςneglect evaporation

See our preprint @ https://arxiv.org/abs/2012.12267(only with ventilation now)

https://arxiv.org/abs/2012.12267


Ventilation scenarios

1. Very poor Ventilation (0.12 h-1 ):

2. Poor Ventilation (0.72 h-1 ):

3. ASHRAE-recommended ventilation, pre-pandemic (3h-1 ):

4. ASHRAE-recommended ventilation, post-pandemic (6h-1 ):

We consider four ventilation scenarios that correspond to different air exchanges per hour (‗

‗ σȢσ ρπ s-1

‗ ς ρπ s-1

‗ ψȢσ ρπ s-1

‗ ρȢχ ρπ s-1

Values taken from 
classroom data



Turbulence: eddy diffusion coefficient
We use the eddy diffusion coefficient

Number of vents (we take ὔ ρ)

Note: K scales with ˂
(Foatet al2020)

Room volume



Quasi-3D model ςrecirculating airflow
Constant velocity



Quasi-3D flattened to 2D

Periodic boundary conditions complete the loop

Distance between layers is half the room height (van Hooffet al 2013)



The model



Analytical solution  - and parameters

Breathing: 
Talking:
Breathing with mask:
Talking with mask:

Rate of particle generation from infectious person:

0.5 particles/s
5 particles/s
0.25 particles/s
2.5 particles/s

(Asadiet al2019)
(Asadiet al2019)
(Fischer et al 2020)
(Fischer et al 2020)

Biological deactivation:
‍ ρȢχ ρπ s-1

(Doremalenet al2020)

Gravitational settling rate:
‎ ρȢρ ρπs-1

(de Oliveira et al2021)



Case study: average-sized classroom

Air conditioning unit

8m

8m

Infectious person: (4,4)

B (8,8)

A (5,4)

v = 0.15m/s

Room height = 3m



Concentration after 1 hour
Poor ventilation ASHRAE, pre-pandemic

Breathing (mask):
Ὑ πȢςυ

Breathing (no mask):
Ὑ πȢυ

Talking (mask):
Ὑ ςȢυ

Talking (no mask):
Ὑ υ



Concentrationvs time (any activity type)

Point A

Very poor ventilation

Poor ventilation

ASHRAE

Point B

ASHRAE, pre-pandemic

ASHRAE

ASHRAE, pre-pandemic

Poor ventilation

Quantified effect of increasing ventilation
/ƻǊƴŜǊ ƻŦ ǊƻƻƳΥ άǾŜǊȅ ǇƻƻǊέ ōŜǘǘŜǊ ǘƘŀƴ άǇƻƻǊέΚ 

Steady state achieved 
eventually

Power law for Point A



Spatiotemporal infection risk
Infection risk (Probability of infection):

where the dose inhaled is

What is the median infectious dose that corresponds to 50% infection risk? 
Uncertain!

Take 

Breathing rate: 8 ҚκƳƛƴ όIŀƭƭŜǘǘ et al2020)

(adapted from Rileyet al 1978 and Vuorinenet al 2020)

(Burridge et al, 2021)



Infection risk maps (at one hour)
One infected person, Breathing 

Poor ventilation ASHRAE, pre-pandemic



Infection riskvs time (breathing)

Point A Point B

ASHRAE

ASHRAE, pre-pandemic

Poor ventilation

Quantified effect of ventilation on infection risk
άǾŜǊȅ ǇƻƻǊέ ōŜǘǘŜǊ ǘƘŀƴ άǇƻƻǊέ ŀǘ ǎƻƳŜ ƭƻŎŀǘƛƻƴǎΚ 



Time to Probable Infection (TTPI) maps
One infected person, at the centre of the room, talking

Poor ventilation ASHRAE pre-pandemic

Time to Probable 
Infection=Time required for the 
infection risk to reach 50%

Paving the way for 
recommending  
Safe Occupancy Times



TTPI as air exchanges per hour increase

Very poor 

ventilation

Poor 

ventilation

ASHRAE

pre-pandemic

Point A Point B



Comparison with data and CFD models
We compared with:

Hospital air sampling data

Lednickyet al 2020; Chia et al2020; Santarpiaet al2020

Need a viral load of ~10^11 to make the comparison hold

CFD simulations of the Guangzhou restaurant superspreadercase

Birniret al2020

Our expected number of infections in the Guangzhou restaurant superspreader
case is close to the number of people infected.



ÅAerosols of variable size ί.

Å The eddy diffusivity ὑ, deactivation rate ɾ, and deposition rate Ὀall depend on the aerosol size ί.

The analytic solution still holds!

Total aerosol concentration:

Extendingthe model: particlesizedistributions

Ὀί ‍ίό{ǘƻƪŜǎΩ ƭŀǿύ
BLO model (Johnson et al, 2011)



Concentration(BLO modeland size-dependent
settling)

BLO model (Johnson et al2011)

We take the distribution after the particles 
have evaporated to equilibrium size.



Concentration vs time 1m downstream

Breathing Talking

Point A
ὼȟώ υȟτ



Percentage reduction in the concentration
when size-depending settling is included

Breathing

Talking

1m downstream of source Top right corner

ȿὔέίὩὸὸὰὭὲὫὛὩὸὸὰὭὲὫȿ

ὔέίὩὸὸὰὭὲὫ
ρππ

Effect of settling is 
larger for talking


