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How does COVID-19 spread?



Modes of Transmission of Respiratory Pathogens

1. Fomite / Contact
2. Large / Ballistic Drops
3. Airborne / Aerosol

https://tinyurl.com/FAQ-aerosols
FAQs on Protecting Yourself from COVID-19 Aerosol Transmission

J. Jimenez, D. Milton, S. Miller, L. Marr, L. Morawska,…
D. Milton, J Pediatric Infect Dis Soc (2020)

Image credit: D. Milton

https://tinyurl.com/FAQ-aerosols


Mechanisms for Expiratory Droplet Formation

Glottis (larynx) during speech
James P. Thomas, MD
voicedoctor.net

B. Bake et al, Respiratory Research (2019)

Abkarian & Stone, Phys. Rev. Fluids (2020)



Fate of Expiratory Drops
• Pure liquid drops settle or evaporate (Wells Curve):

Stokes settling time         Evaporation time

• “Droplet nuclei” are stabilized by solutes 
(mucins, salts…) and remain suspended
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R. Netz, J. Phys. Chem. B (2020)

(Origin of the 6 Foot Rule!)

Only pure 
liquids!



Indoor Airborne Transmission:  Overwhelming Evidence
• All 1200+ super-spreading events indoors, presumed airborne

[SARS-CoV-2 Superspreading Event Database, https://covid19settings.blogspot.com/p/project.html]
• Jan. 19, 2020:  Tiangtong Temple, Ningbo, China. 2 buses 23/68 infected by 1 person on one bus 

(100min ride), none on the other bus; no correlation with seating
• Feb. 3-15, 2020: Diamond Princess cruise ship. 12-day quarantine in Yokohama. ~20 cases 

!354/3711 infected on board; no correlation with shared rooms
• March 10, 2020: Skagit Valley Chorale, WA. 53/61 infected by one in 2.5-hour choir practice        

(2 died, median age 69). no correlation with “close contacts”

• Indoor transmission from Wuhan across China
[Qian et. al, medRxiv (2020).]
• 7324 initial cases in 320 cities outside Hubei Province
• All 318 outbreaks occurred indoors  (2 or more transmissions) 
• 80% in family apartments, 34% involved public transportation
• Only 1 cluster outdoors (2 transmissions)

• Patient-generated infectious aerosols confirmed 
[Santarpia et. al, medRxiv (2020). Lednicky et al, Int. J. Infectious Diseases (2020)]
• Collected in hospital rooms 16 feet from patients
• SARS-CoV-2 virions present and most infectious in <4um droplets
• Similar to SARS coronavirus, measles, tuberculosis,…

Sanche , Emerging Infectious Diseases (2020)

Santarpia et al, medRxiv (2020)



Aerosol Science vs. Public Health Guidance

Aerosol Sci Tech, 4/3/2020

Environment International, 4/10/2020

New York Times, 7/12/020

Washington Post, 9/21/2020

Washington Post, 10/5/2020

“Public health guidance now needs to advise 
people how to navigate risk in indoor settings”…



Existing Guidelines:  Single-Variable Bounds
• Minimum social distance:  6 feet / 1.8m (CDC), 1.5m (NL), 1.0m (WHO)
• Maximum indoor gathering size: 6 persons (OR), 10 (MN), 25 (MA), 3 households (CA)
• Maximum outdoor gathering size: 25 persons (MN, MA), 10 (MIT)
• Minimum ventilation rate:  6 ACH (ASHRAE), 10 L/s/person (UK)
• Minimum open window time:  5 min. open after 20 min. closed (Germany)
• Maximum contact time: 15 minutes (CDC, “contact” < 6 feet)

Common sense: 
Each bound becomes unsafe or unnecessary, 
as other parameters vary.

The variables are obviously coupled, but how?
- CA Thanksgiving: < 3 households & < 2 hours

What if we wear masks, or test regularly?



COVID-19 Indoor Safety Guideline

Ref:   MZ Bazant & JWM Bush, “Beyond Six Feet: A Guideline to Limit the 
Indoor Airborne Transmission of COVID-19”, medRxiv preprint (2020)
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Airborne Transmission in a Well-Mixed Room
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CFD simulation:  Vinay Natrajan (Saint Gobain)

Mass balance for virion concentration / air volume (per radius)
(Wells-Riley Model / Continuous Stirred Tank Reactor):

Virion production rate by exhaled drops / infected person

Virion removal rate

ventilation + sedimentation + filtration + deactivation
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Similar theory, spreadsheets:
• Lidia Morawska (Queensland)
• Jose-Luis Jimenez (U Colorado)



Inferring Cq from COVID-19 Super-Spreading Events
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Skagit Valley Chorale
predictions

aerosols large drops

Exposed persons with slow incubation (Wells-Riley Model):
Skagit Valley Chorale, Ningbo bus,…
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Conservative fitting: 
- elderly
- likely @ peak viral load
- assume only airborne



Infectiousness of Exhaled Air vs. Activity
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Also:  SARS-CoV-2 infectious dose ~10 aerosolized virions,  infectivity ~10% ! 10x worse than SARS-Cov!



Universal Safety Guideline
• Epidemiological model:  S(t)=susceptible, E(t)=exposed, I(t)=infected

• Small tolerance for the “indoor reproductive number” = expected number of 
transmissions per infected person entering the room for a given time

• Limits the “cumulative exposure time”:
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COVID-19 Indoor Safety Guideline for Airborne Transmission
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• Relative susceptibility

Elderly (1.0) > adults (0.7) > children (25%)

Most effective (in order):
1. Wear masks!     (~100x)
2. Increase ventilation (~10x)
3. Reduce exertion, speak softly (~10x)
4. Filter air.  (~5x)
5. Maintain moderate RH
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      Safety Guideline for Indoor Airborne Transmission of COVID-19

Martin Z. Bazant

Contact: bazant@mit.edu http://www.mit.edu/~bazant
History: 6-4-2020 (v1), 7-1-2020 (v2) medRxiv Version:  8-16-2020 (v3)
This version: 10-8-2020 (v4.2).
Reference:   Martin Z. Bazant and John W. M. Bush, medRxiv preprint (2020)
"Beyond Six Feet: A Guideline to Limit Indoor Airborne Transmission of COVID-19"
https://www.medrxiv.org/content/10.1101/2020.08.26.20182824v1 

Input values in the pink cells. (Detailed instructions are in the next sheet.)

Physical Parameters
Floor area, A 870 ft2 80.826 m2

Mean ceiling height, H 10 ft 3.048 m

Room volume, V 8700 ft3 246.36 m3

Outdoor air change rate, la 0.45 /hr (ACH)

Ventilation (outdoor air) flow rate, Q 65.25 ft3/min 110.86 m3/hr
Primary outdoor air fraction, Z p 0.15 (=1.0 natural ventilation)

Return (recirculation) flow rate, Qf 369.8 ft3/min 628.21 m3/hr

Primary (total) air flow rate, Q+Q f 435 ft3/min 739.07 m3/hr

Total air change rate (Q+Qf)/V 3 /h (ACH)
Mean air velocity, (Q+Qf)/A 0.5 ft/min 0.1524 m/min
Aerosol filtration efficiency, pf 0.9 (>0.9997 HEPA, =0.2-0.9 MERVs, =0 no filter)

Air filtration rate, lf 2.295 /hr

Physiological Parameters
Mean breathing flow rate, Q b 0.294 ft3/min  0.5 m3/hr  (=0.5 rest, =1-3 active)
Respiratory aerosol radius, r 2 µm (depends weakly on activity, disease)

Disease Parameters
Infectiousness of exhaled air, Cq 30 infection quanta/m3 (depends on activity, Fig. 2)
Viral deactivation rate,  lv 0.3 /hr 3.3333 hour deactivation time

(can increase with UV and chemical disinfectants)
Infectious Aerosol Properties
Effective settling speed, vs(r ) 0.48 mm/sec 1.728 m/hr. 

Concentration relaxation rate, lc 3.612 /hr 0.2769 hour relaxation time

Dilution factor, fd 6E-04 infectiousness of ambient air / exhaled breath

Infectiousness of room air, fd Cq 0.017 infection quanta/m3 in steady state

Precautionary Parameters
Mask aerosol passage probability, pm 1 (=1 no masks, ~0.1 cloth, <0.05 N95 surgical mask)
Airborne transmission rate, ba 0.008 /hr (per pair of persons in steady state)
Risk tolerance, e 0.1 (bound on Rin, expected transmissions per infector)

Safe Room Occupancy
Exposure time, t 2 hours (net before testing/removal/recovery)
Maximum occupancy, Nmax 7 persons (with transient aerosol buildup)

6 persons (steady state aerosol concentration)
SIX FOOT RULE 24 persons 
Minimum outdoor airflow per person 4.399 L/s/person (need >3.8 schools, retail, >10 gyms)

Safe Exposure Time
Room occupancy, N 24 persons
Maximum exposure time, tmax 0.715 hours 42.927 minutes    (transient)

0.516 hours 30.95 minutes    (steady state)
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COVID-19 Indoor Safety Guideline:  
Maximum occupancy vs time (hours)

COVID-19 Indoor Safety Guidel ine Six Foot Rule
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Case Studies
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Validation:  School transmissions are rare, more off campus. Validation:  1/3 of global COVID-19 deaths in nursing homes



Beyond the Well Mixed Room



Natural Convection and Aerosol Mixing Indoors

CFD simulation of a classroom (M. Kinzel, U. Central Florida)
Foster & M. Kinzel, 
Preprint (2021)

6 feet

Well-mixed model



Respiration, Ventilation & Natural Convection
Bhagat, Wykes, Dalziel & Linden, J. Fluid Mech.  (2020)

Mixing Ventilation

Displacement Ventilation



Two Types of Airborne Transmission

Short-range airborne transmission in turbulent plumes. Long-range airborne transmission in a well-mixed room

https://tinyurl.com/FAQ-aerosols

https://tinyurl.com/FAQ-aerosols


We all understand airborne transmission.

…and so can COVID-19 in a Korean apartment building!

COVID-19

Huang et al, Int. J. Infectious Diseases (2020)



Respiratory Turbulent Jets and Puff Trains
L. Bourouiba & J. W. M. Bush, J. Fluid Mech. (2014):   Coughs and sneezes.
M. Abkarian, S. Mendez, N. Xue, F. Yang and H. A. Stone, PNAS (2020).  Breathing and speaking.

Non-universal excess risk from short-range transmission
! Social distancing, if masks are not worn
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COVID-19 Indoor Safety Guideline

• MOOC on edX:  10.S95x Physics of COVID-19 Transmission 
(free, self-paced) Enroll now!

• Assignment:  MOOC Ch. 4 Homework (turn in written solution)

Online app, spreadsheet:   http://www.mit.edu/~bazant/COVID-19

http://www.mit.edu/~bazant/COVID-19

