SI-10.a. Exhales– Exposures modelling options, Open and Closed Spaces

Experimental results
Exhales have been studied in experiments, with some modelling conclusions. Experiments give results as overlapping series of pictures of moving particles or as pressure differences. The particles may be experimental using manikins in lab situations, or may involve real persons, still mostly in lab situations. We surveyed the following papers: (Bourouiba, 2020; Bourouiba, Dehandschoewercker, & Bush, 2014; Gupta, Lin, & Chen, 2010; Jones et al., 2020; Olmedo, Nielsen, de Adana, Grzelecki, & Jensen, 2010; Scharfman, Techet, Bush, & Bourouiba, 2016; Vuorinen et al., 2020; Xu, Nielsen, Liu, Jensen, & Gong, 2017). 
Experiments converge in that humid and warm exhales spread out while reducing speed, in an upward bended curved cone with an opening of 40 degrees. At 50 cm the exhale comes close to stand-still, with a remaining speed of 25cm/s. How they spread further remains quite open, a subject approached here with preliminary quantifications. This analysis covers normal exhales inside in still air, see the picture by Xu et al., (2017), in Figure 1.  
Bursts first dilute faster due to their high turbulence and then have a larger volume already at 1 meter distance from the mouth, see the Figure in (Bourouiba, 2020). It probably refers to very still air of a high temperature and high humidity and hence no buoyancy of the exhale (we asked the author, but no answer was given in content: ’no time’). The course of falling droplets is well depicted there.
None of the authors uses a mass balance. But what is exhaled must first be produced. The higher exhales at speaking, singing, sneezing, and coughing may be true apiece. They don’t increase primary production in the alveoli, however. The time periods covered are so short, except with Vuorinen et al. (2020) going up to one hour only, that emission growth and decay do not play a role. 

Modelling in closed spaces,  inside
The core question to be answered is how the exhale spreads further, after the 50cm covered in the experimental literature. The forces at work are the remaining speed and buoyancy of the exhale, and the amount of disturbance in the air where the exhale expands. For the analysis of one person exhaling towards one person inhaling its exhale we use up to two meters distance. Beyond that distance the dilution becomes extreme, with exposures very limited even for longer periods of inhaling from another person. Then the room model with ventilation becomes more relevant. This also holds for longer time periods than a few minutes (6 minutes = 100 ex/inhales).
We expand the 40 degrees cone model to longer distances, with several detailing options. Most simple is the single sphere or oval of exhales, see Figure 7 in (Bourouiba et al., 2014). Moving in the cone then gives the decreasing concentration, from 50, to 100, to 150, to 200cm they are for 100 direct inhales 198, 25, 7, and 3 virions respectively, see the first variant in the adjoining excel file ‘Virions in exhales’. Normal exhales last 1.6 seconds and are a wisp, with a pause of 2 seconds to the next exhale, and inhales similar. The sphere-in-cone model gives a serious overestimation as it assumes that the inhaler inhales only from the virions sphere. Still, we use this worst case in our computations inside. The wisp model is used for outside analysis, with 4 emitters at a 100m2 space such as a terrace, and with different wind speeds.  
For the cough/sneeze burst we have two options, the cone model multiplying the exhale by 5 to 500 virions, (1) in the excel, and the picture model from Bourouiba (2020) with after 1 meter a modest cone of 10 degrees following, nr (2) in the excel. Results are 1.5 virion at 100cm, 1.2 at 150cm, and 1.0 at 200cm. The burst dilutes extremely.





[image: ]Figure 1, Exhales depicted
From Xu et al., 2014, p.194, with written permission.
The thin curved lines depict the expansion of the exhale per unit of time, 1/15 or 2/15 second. Frames a and b give the sidewards sitting/standing view; c and d the lying position; and e and f the sitting/standing position seen from above. 

Modelling in open spaces, outside
Outside models and measurements at the scale level of exhales p to 10 meters are absent. We follow three approaches to cover the situation of several persons in a square of 100m2 (10x10m), to create a first quantified view, as worst-case versions. In all three modelling approaches, the first step is one emitting person, with next a second person standing in the exhale line of the first.  Longer residence times on the 100m2 square, for example sitting or standing at a terrace are investigated. Only normal exhales are considered; the incidental cough-sneeze can be approached by the inside version. The three options are a simple cone model, see results in the excel files in SI-10.b; a more sophisticated continuous dispersion model; and a virtual room model.
Cone model: exhale cone and wind cone superimposed
The cone model has the inside sphere model as a starting point, but only till 75cm here, with wind dispersion superimposed on that cone and then continuing. The inside cone has been measured well up to 50cm but then extends with 25cm/s continuing in the 40 degrees cone. We cap the exhale expansion in the 40 degrees cone at 75cm, the further movement and dilution created by wind only. 
For the wind cone we used an empirical data set on concentration measurement at the nearest available scale level of over 100m, with three measurement points at distances of 60 meter (Wu, Zhu, Zhen, Zhang, & Lu, 2018). Our analysis of that data set shows a roughly constant cone, as the dilution per distance increases independently of the wind speed. It is roughly linear with wind speed. 
See their data here depicted in Figure SI-10.1 and the computations in Table SI-10.1, a copy of the spreadsheet SI-10.c. Concentration Reductions by Distance, from Wu et al. (2018).
Wind speed does not make a difference for the cone size, see the analysis on the data of (Wu et al., 2018) in SI-10.c. Wind turbulence is a fraction of the short distance exhaling turbulence only, creating a constant but much smaller cone opening of 10o instead of 40o. 

Results are given for 2 exhaling persons while the inhaling person stands in line with the exhalers and the wind, a worst case. One must stand close (1-2m) and for a long time (> 2 hours) to receive a still low infectious exposure. 

The continuous exposure model has been developed for two exhalers in a row, with inhalations starting for  a person standing on a distance of 1 meter from the second exhaler, up to 15 meter away, in a straight line with exhales and wind. This situation is exceptional but well possible. The results of this model are in Figure 4 in the main text, with numbers for selected distances under ‘Terrace’ in table SI-11.a. 
Assumptions are:
-The first part of expansion, before 75cm, is left out of the graph as speed there is different, not congruent with the distance following. 
-Each 0.5L exhale contains 100 virions.
-Each exhale wisp expands in the cone radius direction only, with wisps following each other up.
-The wisp is partitioned in discs, taken extremely thin. The radius of both sides of the disc can then be taken as a constant.
-The concentration ratios are linear with the distance and radius.
-Each tidal movement lasts 3.6 seconds.
-At distance x from the exhaler the number of tidal movements passing with their concentration at that point determines the exposure: purely time dependent.
The continuous exposure function results, from 75cm from the exhaler till 1500cm away.
With two exhalers 1 meter apart, for each location with an inhaler the concentrations add up, with this one-meter shift in concentrations. The exhale from the person at the border of the terrace has 1 meter dilution before reaching the second exhaler in line.

Results as Table 1 in main text:
	Low wind speed 1m/s (Beaufort 1, close to B-zero)
	
	

	E2 stands 100cm downwind from  E1
	
	
	
	

	Distance from Exhaler 1 
	175
	200
	500
	1000
	1500

	Inhaled from E2 240 min.
	70
	63
	25
	10
	5

	Inhaled from E1 240 min.
	48
	44
	20
	8
	5

	Total inhalation Person X
	118
	108
	45
	18
	10




Large cone sections model
See the description and results in SI-10.b.
Virtual room model
The virtual room model specifies the square as a room, open to at least three sides and to the sky. With a low wind of 1m/s there is fully fresh air every 10 seconds. A VR (= ACH) of 360 would result, not even requiring mixing. We use VR60, with a sensitivity test at VR40. In a well filled restaurant there may be 100 persons, 1/m2. Next assumption is 4% COVID-ill exhaling persons, 4 exhaling persons on the 100m2 terrace. 
The standard computation is 5 ill persons per 100m3. The virtual room is 100m2 x 5 meter high = 500m3, a dilution by a factor 0.2. Standard number of ill persons is 5 per 100m3. Finally, we use HL30 for outside HalfLife, which has hardly an effect relative to standard HL120.
Results show a very low exposure load. For the 4 hours period of stay numbers double (40; 28; 26) still clearly in the green domain.
	
	
	
	
	
	4 hours 

	
	
	
	
	start time,
	virtual 

	
	
	
	
	duration
	room

	Terrace outside "room model"
	HL30
	t0,240
	VR60
	33

	Terrace outside "room model"
	HL30
	t60,240
	VR60
	34

	Terrace outside "room model"
	HL30
	t60,240
	VR40
	50





Outcomes for the three terrace models combined
The continuous cone model is more abstract but also more consistent. Outcomes with the coarse cone-sections model are in the same order of magnitudes. However, it covers short distance to the closest exhaler covered, 75cm, which face-to-face is around 50cm.
The outcomes for the room model for 4 hours are in line with the “average” distance domain of the cones model. Combined the models support the overall outcomes as being in the green domain, hardly or no chance on infectious exposures. This holds for the low chance situation of being in the flows of two exhaling persons standing close in line with the wind.




Figure SI-10.1 Peak concentrations measured after instantaneous emission by Wu et al. 2018
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Table SI-10.1. Constant dilution per distance at different wind speeds
Reproduced with consent of the authors.

	Peak concentrations for 3 wind speeds and 3 measurement points

	Instantaneous production of a gas cloud

	Concentration reduction along three measurement locations (L)

	
	
	
	
	Concentrations remaining, shares

	
	
	
	
	L2/L1 and 
	
	
	

	Windspeed  10m/s
	Conc.
	Time
	L3/L2
	is L3/L1
	
	

	
	L1
	0.2950
	7.1
	
	
	
	

	Distance:
	60.8m
	0.1230
	5.5
	0.583051
	
	
	

	
	L2
	0.1720
	12.6
	
	0.447458
	
	

	Distance:
	60.8m
	0.0400
	5.5
	0.767442
	
	
	

	
	L3
	0.1320
	18.1
	
	
	
	

	Windspeed  5m/s
	
	
	
	
	
	

	
	L1
	0.2100
	9.7
	
	
	
	

	Distance:
	60.8m
	0.0980
	9.0
	0.533333
	
	
	

	
	L2
	0.1120
	18.7
	
	0.438095
	
	

	Distance:
	60.8m
	0.0200
	10.1
	0.821429
	
	
	

	
	L3
	0.0920
	28.8
	
	
	
	

	Windspeed  2.4m/s
	
	
	
	
	

	
	L1
	0.1480
	12.9
	
	
	
	

	Distance:
	60.8m
	0.0662
	12.7
	0.552703
	
	
	

	
	L2
	0.0818
	25.6
	
	0.405405
	
	

	Distance:
	60.8m
	0.0218
	16.6
	0.733496
	
	
	

	
	L3
	0.0600
	42.2
	
	
	
	

	Source:
	
	
	
	
	
	
	

	Wu, W., Zhu, K., Zhen, C., Zhang, J., & Lu, J. (2018). Numerical simulation of the effect 

	of wind speed on VOCs diffusion concentration distribution in liquid cargo port area.

	Paper presented at the IOP Conference Series: Earth and Environmental Science.




Conclusion
The opening cone implied in the maximum concentration reduction is roughly constant,
independent from the speed of the wind. A stronger wind might create so much more turbulence to just compensate for the transport effect of wind speed. The measurements by Wu et al. were made to assess the risk of VOC-concentrations, not focused on the cone issue. That result came from our secondary analysis of their measurement data.
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