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Evapor ation.and dispersion of respiratory droplets from coughing

Abstract

Understanding howespiratorydroplets become droplet nuclei aheir dispersioris

essential for understanditige mechanisms and control of disease transmission via
droplet-bornesand airborne routes. A theoretical ma@sldeveloped to estimate thize of
droplet pucleand their dispersioas a function othe anbient humidity and droplet
composition.The modelpredicteddrieddroplet nuclei sizevas 32% of the original diameter,
which agrees with the maximum residue size in the classity by Duguid Edinburg Med.

J., 52, 335-340(1946] and the validation experiment in this stulytis smaller than the 50%
sizepredicted,byNicas et al[J. Occup. Environ. Hyg., 2, 143-154(2005]). The droplet

nuclei sizefatarelative humidityof 90% (25°C) could b80% larger tharhe size of the same
droplet atarelative humidityof less thar67.3% (25°C)Thetrajectories of respiratory
droplets in‘a cough jetresignificantlyaffected byturbulence, which promotes the wide
dispersion of droplets. ®foundthatmediumsizeddroplets (e.g., 60m) aremore

influenced by humidity thaare smalleand larger dropletsvhile largedroplets £ 100 pm),

whose traveis less influenced blgumidity, quickly settleout of the jet.

Key words: Respiratory droplet; Droplet nuclei; Equilibrium; Droplet nuclei size

Evaporation; Dispersion.
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Practical Implications

Our study reveals the influence of indoor humidity, turbulence and the composition of
respiratory dropleton the size andispersiorof dropletnuclei andheir destination after
beingreleasedThese findingsnaybe useful botlior investigating the mechanism of disease
transmissionwviadarge droplets or airborne routesf@ndeveloping engineering control

methods to prevemfectionin hospitals anthe community.

I ntroduction

Respiratory.droplet or droplet nuclei in the indoor environméiatve beerknown to be

carriers of potential pabgenssincethey werefirst identified byWells (1934) At least wo
importantguestiors remairto be resolved.e., how droplets become droplet nuclei during
their dispersion procesandhow evaporation and turbulence affect the dispersion distance of
droplets. Evidence suggests that the size distribution and travel distances dfrdrdgliecan

significantly influene infection risk in théndoor environmentXie et al, 2007.

A droplet'nucleus is the fingkoduct of a respiratory droplet after being released into air for a
sufficient time:.Droplet nucleiarederived fromrespiratory drofets,initially producedoby the
atomization of human secretions along direvay (Hare 1964. The chemical composition of
secretions lining the surface thie human airwaihas been describdyy Potter et al(1963),
Dodds et al(1997),Effros et al (2002)andSchipper et ali2007) among others. Sodium

and potassium catiossdchloride anion are the nonvolatile ionic solutasdlactate and
glycoprotein are the organic substances existing in exhaled condensates (Effr@defal
Theinfluence of the initial composition of respiratory dropletdooplet nuclei sizés not

well understood!

We regard the size of exhaleldoplets just outside the mouth or noséhasnitial sizeof the
droplets,with thesize ofthedropletnucleiformed out of these droplets varyidgring the
evaporation and dispersion process. A numbstuafieshavedeterminedhe sizes of
respiratorydroples and droplenuclei,although significaninconsistenciesxist A
microscope method was usky Duguid(1945, 1946)n whichdroplet initial size®f 5-2000
um and droplet nuclaizesof 0.25-42um were measured.oudon and Robertd967)found

droplet initial sizes to be 10473um and droplet nuclesizes to be-30 um. Very small
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droplet nuclesizes, mostly 4 um, were found byrairchild and Stanfer (1987)and

Papineni and Rosenth@997)using aroptical particlecounterFennelly et al(2004)first
measuredhe size distribution of infectious aerosols produced by patients with pulmonary
tuberculosisn the ske rangeof 2.1-3.3um. Yang et al(2007)used araerodynamic particle
sizer andsseanning mobility particle sizerd found that the droplet nuctekzes were
0.58-5.42um. The nterferometric Mie imaging technique wasedby Chao et al(2009),

who foundthemean initial droplesize to be 13.fum for coughing and 16.0 pm for speaking.
Xie et al.(2009)usedglass slidesa microscoperad an aerosol spectromet@nddetermined
the pealk{mode)initial size for large droplets to &-75 um. Usingthe data on droplet
composition fromEffros et al.(2002),Nicas et al(2005)wereprobably the firsto suggest
that a respiratory droplet could ultimately ha/karger residue size humid air than in dry
air. They estimated that the diameter of the droplet nuasi about halthat of the initial
dropletdiameter.In their analysia, high concentration of glycoprotein (76 = 18 giWgs

used resultingin arelativelylarge sizethan ourestimaten this paperThe concentration of
glycoprotein in saliva is only about 2 g/L according to Dodds 1887 andSchipper et al.
(2007, and.the.concentration of organic polymers including proteins, lipid and carbohydrate
in pulmonary ‘mucus is about 2.8 g/L accordin@titer et al(1963. With this set ofdata

and thefestimation method Micas et al(2005) the diameter of dropletuclei is only about

a quarter of the'initial diameterhus,significant discrepancies exist in the literature in

estimatingthe size ofdroplet nuclei.

The dryingiout of droplets well studiedRanz and Marshalll952;Kukkonen et al.1989
among others)., Fang et €006 presented a study of tledfectof deoxyribonucleic acid
(DNA) suspendedsnanoparticles on thevaporation of a deposited dropl€he existence
of DNA lowered-the evaporation rate considerably after the majority of watdosta®NA
can formsshellor gellike solids during evaporation. Howevertheeoretical model of the
behaviorof'suspended \nside a drofet does not exisKXie et al.(2007)simplified
respiratory droplets as pure water dropéatdestimatedheir travel distances with various
initial sizesand mean flow fields. &rge droplets (initial diameter greatean 60um) were
found tesbe deposited on the floor at a distance of 1.5 m from the mouth, when the droplets
were initially expelled at a velocity of 10 m/sas2 m height from the floott would be
useful toestablishwhether hetraveldistanceof arespiratorydropletis influenced by residue

size relative humidity (RH)and turbulence.
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M ethodology

Our simpledevelopednodel includes an estimate of the droplet nuclei siheedrying-out
processand the movement of droplets and droplet nuclei as affected by turbulence and the
coughjet. The composition of respiratory droplets iegrdepending otheir point of origin.

We define the.initial conditionst the mouth or nose when the droplets are abo ket

expelled. The initial size is denotbyg d;, the mas$ractionof sodium chloridévy c;, the

volume ratio-ofinsoluble solids b®;, and theambient air temperatufeandRH are given.
A simple model of droplet nuclel size d,

The aqueous part of a respiratory droplet is assumed to be sodium chloride solution in our
model for the/purpose of simplificatioRor some organic substances, ,gtycoproteins that
arestrondy hygroscopic, their effecre simplified to be represented by the solbersause
theiramounts ar@ot conclusive baseash thecurrent literatureThe initial concentratiors

given as 150 mM, similar to the concentration in plasma. The solid part of atespir

droplet including albf the suspended mucous organics and potential pathogens is assumed to
be insolublesseliéls. The density of the solids is assumed to be 2000 &gfirihe specific

heat capacity isi1000 kJ/(kg- °C). The initial solid volume ratio is 1.8% accordingytodDu

(1946).

The sodium*chloride and potassium chloride dissolved in respiratory droplets have ve
strong hygroscopicity, and they tetadabsorb vapor from the ambient air. In humid air, the
droplets are composed of an aqueous solution instead of desiccaitgdg{dang 1999.
Pruppacher.and Klefi997)investigated and reviewebe effectsof insoluble solids

suspended.in liquid droplets in equilibrium.

In dry air, when droplets evaporate to their droplet nigtheis the insoluble solids and
nonvolatilesolutes form a crust that is assuhte be spherical, and the droplet nusiee is
the size of this crust.

& \3
dc=< 1 > d; €y

(pmax

whered, is thecrust diameter®; = @; + p,c;/pnact,» P, iSthe mean density of the initial
droplet,pnac is the density of crystallized sodium chlorided @ . is 0.5236, the
maximum solid volume ratio accounting for the porosity of the solid residue (Sirignano,
1999.
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When the droplets evaporate to their droplatleisizes in humid aithe phase equilibrium
is assumed to occur on the droplet surface, and then the dropletsmelsithe equilibrium
size. To determine this size, we chotise droplet and its surrounding environmasia
system at a constant temperatli@nd a constant total pressye-or a given temperatuiie
there is asaturation vapor presspgg andp., is the partial pressure of vapor in ambiaint
The partial pressure of vapor on the droplet surface is dehpted Generallyp., < ps < Psat,

as illustrated irFigure la

We consider two effects, i.ehe Kelvin effectin which the curvature ahedroplet surface
requires aMigher partial vapor pressure on the droplet surfatatainits equilibrium size,
and the solutereffecin whicha lower partial vapor pressuserequired by the nonvolatile

solutes tanaintainequilibrium. For a solution droplet, a genergiigion

ps 4’IVIWO-LV
In = lna, + ————
Dsat Y pwRTwd,

(2)

is applied to relate the equilibrium diameter and the partial pressure of vapor. In Equation (2),
Ris the gas constar¥l,, andp,, are the molecular massid density of waterespectively

andayy is the surface tension of the ligewdpor interface. If the droplet is pure water, the

water activitya,.= 1,andthen the vapor pressupeis larger tharps:, becausehe righthand

side of Equation, (2 positive. Wherequilibrium occurs at a smaller equilibrium diameter

de, ps Needs,tdnave dargervaluein the equation, in accordance with the Kelvin effect. For a
solution dropleta, < 1, and ifa, is quite small, the required partial presspyeould be

equal top... Herg,we simply assumps = p.,, although the equilibrium diametdg is

underestimated by this assumption.
Based on the theory of Pruppacher and KIE187) the water activity,, could be expressed
as follows

Ng
ay = €xp (_qusalt n_) 3)

w

wherev is thetotal number of ioriato whicha salt molecule dissociatésor NaCl,p = 2.
Pt is thespractical osmotic coefficient as a function of the salt concentraitbinfsy; =

1.2 hereandngs'andn,, are the numbers of moles of the solute and wedepectively

Substituing Equation (3) into (2) and expanding the number of moles of the solute and water

ns andny,, we obtain
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Poo AMyoy VWM ci(1 = @) 1

In = InRH = — 4)
Psat prToode ]\/Isalt(1 - Ci) (%)3 vy
d; ¢
At the thresholdRH (TRH), the equilibrium size equathe crust sizede = dc. Using
Equation,(1).and (4), we obtain
1
TRH* = exp 4IWWO-LV ((pmax)§ _ Vl’”salthci(l - (Di) (pmax (5)
prToodi (pi 1Wsalt(1 - Ci) (pi - (pi(pmax

WhenRH is_greater thathe TRH, the equilibrium size is larger than the crust size. Then, the

droplet nuclei size of a droplal,j becomes

dC b | f(di' (pl) RH < TRH
d, = (6)
" d. = f(di, @,¢ Too, RH) RH > TRH

where the diametet, for dry airis determined using Equation (1), ashdfor humid air is

determinedusing Equation (4).
Droplet drying-out process

When a respiratory dropletisleasednto air, heat and mass transfer occur simultaneously at
the droplet surface. We assuthatthe sodium chloride does not crystallize during
evaporation. \We also assuthat the droplet remains sphericahd the temperature of the

droplet is uniform but diffeant from the ambient temperature.

The partialipressure of vapor on the droplet surfages assumetb beequal to the

saturation yapor. pressufgg. The diﬁerential% is the evaporation ratds is the droplet

diameteras afunction of timey is the atmospheric pressure of al, isthe temperature far

from droplets, D is the diffusion coefficient of vaporSh= 1+ 0.38R¥ SE (the

Sherwood number), aml andp., are respectivelythe partial vapor pressure on the droplet
surface and distaftom the droplet. Considering the Stefan flow dechperature

dependenceof diffusiocoefficiens, Kukkonen et al(1989)gave the evaporation raas:

dmg 2npd;M,,D,CrSh D — Ds
= In ( ) %)
dt RToo P~ P
T.-T, 2-2 : : :
where C,; = P (4 is a constant between 1.6 and 2) is a correction factor

A-1 2-2 2-1
T/ TE-T

0

because of the temperature dependence of the diffusion coefficient.
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Heat balance at the droplet surfaequires thathe enthalpy change of the dropbet
composed of heat conduction, evaporation and thermal radiation .vwéss&)it thermal

radiation.

G ) = a2 o =Ty g, B 8
(mll+mp p)ﬁ_ns QT u+ UW ()

wherem; andC, are the respective mass and the specific heat of the solution. The specific
heat of the,solution is assumed to be that of pure watemaaddC, are therespective
mass and specific heat of the insoluble partidigsis the thermal conductivity of gas, ahd

is the latent heat of vaporization.

Various forces.act orhe droplet in the air including gravitational, dragessure gradnt,

virtual mass, Bassethernophoretic, BrownianSaffman’s liftforces and possible electric
forces Thepressure gradiemirtual mass and Basset foseerefound to bewo orders of
magnitudesmallerthan the drag force for droplet movement in indoor air (Zhao &x(dl4).

To determine the droplet veloci®jy, we assume that there are ogtgvitational, buoyancy

and drag forces on the droplet. Applying Newton’s second law yields the following equation:

dV. Vag—V,|[(Vag—V
mdd—td=mdg<1—p—d>—Cdndsng| d %l( a=Vy)

%)

g

whereCgy isthe drag coefficient and, is the air velocityAccording toLiu et al.(1993),

ds(Vag—=V
Re = La%Va =Vl (10)
1
0.424 Re > 1000
— 2
Ca = {ﬁ (12 Res) Re <1000 1D
Re 6
The displacement of dropl& is
dsy
4 = Vg (12)
The cough jet

Once expelled into the air, respiratory droplets interact tivéghexhaled airflow and also the
ambient airflows Coughing has probably been studied the most amongsairatory
activities. Visualization of droplet trajectories bguBouibaet al (2015 revealed the wide
spread of exhaled droplets by a violent coudgre we model the cough flovas a circular
turbulent buoyant jegnd wesuspend respiratory dropletdgo it. The airflow velocity along
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the jet is calculatednd it is used in Equatieri8) and (11) to track the trajectory of a droplet.
Theeffectof ambient turbulence msoevaluatedThe jet model is presentedtime

Supporting Material

A patrticle tracking model, i.e., thesdreterandomwalk modelfirst proposed by Gosman and
loannideg1983),is used here to predict the effect of turbulence on particle dispersion. In the
discrete randomwallnodel, or €ddy lifetimé& model, the fluctuating velocity components

are discrete piecewise constant funasiof time, and their random value is kept constant

over an intervakof timavhich is the minimum of either the eddy lifetime or the transit time

required for the particle to cross the eddy.

t =min(t,,t,) (13)
(=2, -2 % (14
&

tr==zln [1.0 T’Vg—E—VdJ (15)

K

where t, =Cp=_is the Lagrangian integral time scal€, ~0.15 for the k—& model
&

and its variants = is the particle relaxation time defined as=§ppdp /(ngD ’Vg -Vd‘) ,

’Vg -Vd‘ isthe magnitude of the relative velocity at the sbatheinteraction

I = Cﬁ"‘ks’z/g is the eddy length scaland C, = 0.09. Instead of using computational

fluid dynamics CFD), thek ande are calculated using the jet modethe Supporting
Material

A simple dropletievaporation experiment

A simple but effective experiment wesnductedo measuraaliva droplet evaporatio@ne
dropletof'saliva was released by a pipetteatie surface oh Teflonprinted slide with an

initial contact anglé. larger than 90 (Figure 2aand2b). Humidity was controlled inside the
measuring chambefhe massloss of the droplet was recorded by an analytical bal&Nate.

that hie evaporation process of a droplet suspended in the air must be different fronathat of

deposited droplet. Thevaporatiorrate ofadroplet deposited on a solid surface depends on
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the contact angledhandra et al1996and Birdi et al.;1989.

We tested dropletsf pure waterand droplethiuman saliva with an initial volume of L

(di = 1337um). All of the saliva tested was collected from one healthy male. Thelosass
of the droplet aRH of 64%, 84% and 96% (25Y wasrecorded by aanalytical balance
with an accuracy 00.1 mg [Model AUW220Shimadzu, Japan]. The ambient temperature
andRH were measured by a Humidity Temperature Mpégrdel 311, Center Technology
Taiwan].. The ambient humidityas controlled by a humidifier [Model 403¥uyue Medical
EquipmentChinal].

Results

Agreement-between simple droplet nuclei formation model and experimental results

Thedroplet nuclesize of adropletof NaCl solution or of KCI solution as a functionRiH
wasused to validate the equilibrium size by comparing it to the experimental clat@ng
(1999),as shown irFigure 3aThemass fractions dilaCl and KClsoluteswere7.7% and

10%, respectively, under equilibrium at a RH = 95%; no insoluble solids were contained in
the dropletsThe:trend of predicted droplet nucstze withRH follows the experimeat data

well, and the maximum error is less than 10%.

Thepredicted size of the droplet nuclei is mainly determined by the volume ratio of irsolubl
solids. Using the same initial volume ratio of solids, 1.8% as in DUdQu4b) the predicted
peak of the crust size distribution is the same as the megmakadf the droplet nuclsize
distribution Eigure 3b.

Figure 4shows'the results afur validation expriments. All tests were conducted istable
indoor environment. The ambient air temperatuas about 25°C. The airflow velocitglose
to the deposited dropletas less than 0.1 m/s. For a droplet with= 0.9% andd; = 1.8 %,
the TRH is 67%according to Equation (6he masdossof dropletsat RH 96%, 84% and 64
wasmeasured. lirigure 4aRH is 96%, and w predicted a fast&vaporatiorthan the
measuredesult In the experiment, webserved that thenassof boththe waterdroplets and
saliva droplet roughlymaintairedtheir initial massesi.e.,the phase equilibrium vga
reached at the droplet surface. Hence, the sdlimalet nuclesize in thisnstancds larger
than our predicted resuwf 0.7 d;. When the aiwas less humida difference between the

shapeevolution of a pure water droplet and a saliva dropbet observed in thmeasurement
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The contact angle of thmure water dropletas maintaired throughout theneasurement,
whereaghat of the saliva droplet dcreased sharply during the measurement. At the end of
the measurement, the shape of the saepleton the Teflon surfacerasflat. Choi and Kim
(2009)explained this phenomenasthe contact angle of the deposited protein droplet
decreamg during evaporation due to protein adsorption on the substrate surfatiee and
pinning effectWe estimated thequivalent dropletuclei size from itsnass In Figure 4b

the predictedalivadroplet nuclesize is 0.3%; and the measuresjuivalent nuclesize is
0.34 £ 0.0&;. The mass of the droplet residue is about 3% of the iditcgdletmassof

about 10 mg, so the precision of the balance (0.1 mg) is sizabl#hisnaight result iran
errorin the.mass measuremenhe predicteagvaporation ratesf water droplet and saliva
dropletsareg”almaost equal to each otlirethe first50 minutesAfter 50 minutes, however, the
saliva droplet evaporates more slowly than the water droplet as the solution effect becomes
stronger with théncreasean concentrationHowever, we predicted faster evaporation rates
both inFigure4b and 4¢probably because the droplet shape chamgt® measurement
Due to thesurvature effect, vapor molecules leave liquid phase faster from a curfade
than a flat surfacd his effectlowered the evaporation rate when the contact angle was
decreasingln fact, droplet evaporation is most sensitive to the chanBéiatt highRH
conditions.In"Figure 4¢ the dropletucleisize is predicted to be the crust size, @3atRH
64%, less thathe TRH of 67%. The measurezfjuivalent residue size is 0.81[+114%,
-92%]. Themasdoss by time shows admostlinear relation for bottthe experimerat
resultsandthe predictedresults aRH 64%. The predicted resultsatc the evaporation rates
of the water dropletout still there is somdiscrepancyor thesaliva dropletThe difference

in resultsbetween our model artbde experiments could be due to the assumptions about
droplet compositiomnd tothe assumption that the evaporation propertiéseodeposited

droplets anguspended dropletsesimilar.
Effect of initial"solid volume ratio and salt solution on droplet nuclel sizes

Theeffectsof initial solid volume fractior®; and initial salimass fractiorc; on the RH and
droplet nuclegize are calculated amstiown inFigure 5aand5hb. The TRH increases with
solid volume fraction?; and decreases with initial salt mass fractiom the range1% < @;
< 3%, 0.1% <t¢; < 0.9%. When solid volumfraction®; is 0.6% or 1.00% and initial salt
mass fractiort; is 0.9%, the RH could be as low ahe approximaterystallizationRH. The
hygroscopicity of the solutis revealedn Figure 5alncreasing the salt mass fractign

decreasetheTRH and increasethe equilibrium size. IRigure 5h thesolid volume ratiod;
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directly influences the crust sizéuguid (1946)measured the residue sizes of six droplets
suspended on fine glass fibers and found that the residueasiedfrom onefifth to

onethird thatof the original The predicteddimensionless diametdr= 0.32 when®; is 1.8%
matches the maximum residue size in Duguid’s tests and is larger than the averagk value
0.25estimated"byuguid (1946) However our predictedliimensionless diameter is not as
large as the estimation by Nicas et(2005)until theRH is no less than 979%. quite high
concentration of glycoprotein was adopted\bgas et al(2005) which occupied about 7.6%

of the totalvolume initially.
Effects of RH ondroplet trajectories

The trajectories of droplets a cough jewith different sizedor two RH (0% and90%) are
shown inFigure § when the initial saltnass fractions 0.9% and thaitial solid volume

ratio is 1.8%"Hence, theRH is about 67.3%. The peak velocity is 10 m/s, and the mouth
has arequivalentdiameter of 2 cm for a typical cough j&uypta et al 2009. Becausdhe
ambient air is assumed to simgnant, the distance that one droplet can travel is dominated by
how long the droplet caremainbefore it escaperom the jet When turbulence is excluded
from the jet, droplets withninitial diameter larger tha80 um will always be deposited on
the floor fromaninitial height of 2 m Figure6aand6b). The distance that these large
droplets can‘travel away from the moiglaround 1 m. ie droplet withaninitial diameter

of 60 pmrhas. a. totally different destination whenRfrechanges. It can reach the end of the
jet, about 4 m, with a nuclsize 0f0.32 d; at aRH of 0%,whereast can only travel a
distance oft.85m at aRH of 90% due to the larger droplet nudéie 0f0.43d;.

The distancanexpelled droplet catravel dependsignificantly on humidity and droplet
nucleisize.Figure 7presents the ratio of the maximum horizontal distaacEsplet can
reachwhenRH is 0%and 90%. This ratio becomes unity for small dropléts; 35 um, and
large dropletsd; > 70 um, when the initial speed isrb/s. The range increases to gk and
80 um, respectivelywhen the initial speed is 10 mhese droplets either travel to the end
of the jet orfall-onto the floor. For dropletsth a medium initial sizg50 um), themaximum
distanceatiocan reaclabout 3 iitial speed=5 m/9. This suggsts that at this initial speed,
adroplet withinitial size of 50um can travel 2 times further horizontailpder very dry
conditions RH = 0%) than that aa RH = 90%. Droplets¢ravel toquite different destiations

underdifferent humidities oequivalently different droplet compositions.
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The dispersion of exhaled droplets diffarith droplet size anthumidity. Droplet dispersion
profiles of 20 um, 60um and 100um droplets in a steady turbulecughjet are shownin
Figure 8 The effect of tubulence on droplet dispersion is significécwmpaed with Figure

6). Smalldroplets (20um) follow the airflow closely andre dispersedimostin the whole

jet region/ (marked by theéop-hat jet half-width, which corresponds tthe visible jet
boundary),whereaslarge droplets(100 um) seem not much affected by the airflow. They
have ballistic_trajectories and deposit not latfigr their release. Magn-sized droplet460
pm) disperse widelyandno deposition occurs befoxe= 2 m

The dispersion:of dpdetswith aninitial diameter o660 umis shown when the observer is
located0.8 42, 4.6m upstrean(Figure9). Thedroplet evaporatesoreslowly and the

droplet nuclesize is larger wheRH is 90%. It takes 0.2 seconds for a droplet to travel 0.8 m
in an exhalation jeih whichthe centerline riselsy less than 0.01 imecauséhe jet initial
momentum is dominant over the buoyancy eff€ébe exhaled droplet still maintaalmost

the same height.dkat atthe initial positionAt 1.2 m, droplets exied into humid air when

RH is 90% start to escape from the jet. Meanwhile the droplets exhaled into dry air have just
approached.the.boundary of the jet at 1.2 m and start to escape from the jet at 1.6 m. In
addition, droplets in higRH are less disperdadue to their larger size anditertia inthe

same spanwiseslocatioh.should be noted that 0% and 90% are two extreme possibilities of
RH and that the actual trajectories would fall somewhere in betweanientair isnot

generally stagnant in practice. Airflows induced by a ventilation system, humae ptum
human mavemertan sometimes change tihestirationsof exhaled droplets, especially the
fine droplet nuclei.

Discussion

In the infection control literature, diameteof 5 pmor 10um is often cited as the threshold
droplet sizgBrankston, et al2007). However,it is not cleawhetherthe droplet size refers
to theinitialsize at the mouth/nose release potheinterimsize at the point of large droplet
exposure (within 1 or 1.1 from the source) or thenal size of the eventually formed droplet
nuclei.Our results clearly show that gethree sizefiavedifferentcharacteristicsDroplets

of both the interim size and fah sizevary according to environmental conditions andrthe

initial size.However the initial size can be considered todm®nsistenparameter, which
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does not change with the environmdriterefore pur suggestion is to use the initial size of
the exlaled droplet in the definition of large droplet transmission.

This study suggesthatdroplet nuclei of less than 1@m are involved irtheairborne
transmissiomoute. Droplet transmission can involve any size of droplet bubstly occus
at close proximityand involves droplets larger than 1fhin terms ofinitial size. The
threshold Size of large droplet fall-out is 6018®. Some ofthe exhaled large dropletisitial
sizes of.less.than §0m) involvedin droplet transmission can sti#main suspended in the
air, but for a.much smaller period tifne than the aichange time scale of one houran

typical room.

The importance, of thimitial salt and solid concentratisrof thedropletis clearly shown in
our analysisWe simplified the composition of exhaled droplets and asstingesame
compositionfor all sizes of droplets and for all people, which may not be realistic. For
example Potter‘et al(1963)reported that the total concentration of sodium cation and
potassium cation in the mucus from a healthy person was 0.38lévwerthan that from
cystic fibrosis patients, véreashe concentration of insoluble solids in the mucus frgstic
fibrosis patients was about 2.64 times higher than that from healthy persons. Wjth toda
chemical analysis capability, it should be possible to carry out a detailed chemical analysis of
the composition,of droplet nuclei and/or respiratory droplets for people of differenaade
health statusduring different stages of a resggory infection and for different diseases.
Presently, such data is not available.

This studyalsoreveals that the residue sizere$piratorydroplets is a function of indoor
humidity. In dry conditions, droplets evaporate quickly eadremainsuspenddin the air
for a long time, thugcreasng the exposure risk.hereis evidence showing that indo&H
influences'the transmission of respiratory disedsesen et al(2007)measured the
transmission efficiencyf influenza virus usinghe guinea pigas a model hostnd foundt to
be close t0:200% at low RH at both 5°C and22@& 2(PC, the transmission efficiency
diminisheds-at:d&rH of about 50% and then roagain at &RH of about 70%. The
transmissioniefficiencthen decreased to zero when Rté was above 80%. fBnsmission
was more efficiengét 5°C than at 20°C, buheinfection ratewvas reduced t60% at aRH of
70% andmaintaired a value above zero aRH of 80%. The importance &H may be
relevant when considering the infection risk in aircraft cabins, whefeHhmnbe as low as
10% (Hunt et al.1999. Thus, dry air could be key to the spread of infedtoaircraft
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Limitations of the present study

There is at least one majshortcoming in the presedtoplet nucleimodelin relaion to the
assumption of thermodynamic equilibrium. The partial pressure at the draéeesis
actually higher than that in ambient air, rather than equal as assumed in our misdel. T
equilibriumis metastable and crystallization magccurany time during droplet evaporation,
especially'with the suspended particlBsis means thatiltimately, the droplet nuclesize

will be the size of the crust. The crust may break up into smaller pieces in themingract
with asurface Further,the hygroscopicity of thglycoproteins might have a significant effect
on dropletevaperatigrandcrystallizationprocesss not considered iaur droplet
evaporation'model; however, this is impossibleredictprecisely due to the complexibyf

the droplet components. Although we used saliva droplets in our validation experiment,
respiratory droplets originating from the trachedherlung might have different
compgsitions In.addition, the cough pui$ simplified to be a&teadyjet with a constant
injection veloeityin the dispersion analysisoweverBourouiba et al(2015) revealed the
existenceofasleading vortex in the dynamic cough puff. The usekid simulationto model

more realistic breathing cyclesdensidered irLiu et al.(submitted for publication)

Conclusions

We analyzedhe process by which an exhaled droplet becanaigsplet nucleus using a

simple physical model. In our model, an existing equilibrium theory was used to eshienate t
residue size of a respiratory droplet, and an evaporation theory andsoti@mmal jet

model were adopteid simulate the evaporationddispersiorof the droplet in the cough
airflow. Thefermation model of the droplet nuatddsely replicatedhe test results of a

simple experiment. Theffectsof initial salt concentration, initial solid volurmatio andRH

on droplet nuclesize, evaoration and dispersion were tested by numerical computations.

Our predictedcsize ofdried-out droplet nuclei is 32% of the original diameter, which agrees
with the maximum residue size the classiduguid (1946)study butis smaller than the 50%
predicted byNicas et al(2005) Thedropletnuclei maintaira larger size in humid air than
that in dry air. The droplet nuclsizewhenRH is 90% could be&0% larger than thah dry

air whentheinitial saltmass fractions 0.9%andtheinitial solid volume ratias 1.8%.

Small droplets can reach their residue sizesb@lansported; thastance traveledand the

ultimate destinations are related to initial size, residueagidehumidity. Turbulence in the
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coughjet promptsthe wide dispersion of droplets. Mediwsizeddroplets (6Qum) aremore
influenced by humidity, wlreadargedropletsquickly settle oubf the jet ancareless

influenced by itAt 0% RHambientconditions, 66um droplets would dry out and become
dropld nuclei with a diameter of 1@m, which follow the cough jet when turbulence is aot
factor However, under turbulent conditions, some of the droplet nuclei fall out of the jet due
to wide dispersionSuch droplet nuclei are able to travel more than 4 m. Feuh®droplets,

the mean travel distance is about 1 m at 0% RH.
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(b)
Figure 6. Trajectories of dropletsf different sizereleasedrom a cough jet without
turbulence. The initial velocitis 10 m/s andthe ambient temperature is°25 Thejet
boundary is indicated by the grey Iméa) The RH in the surroundingnvironmenis 0%.(b)
TheRH in the surrounding environmeist90%.RH, relative humidity.
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Figure 7. Ratio.of the maximum horizontahveldistanceor one droplet wheRH is (% to

the distance wheRH is 90%.RH, relative humidity.
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Figure 9. Dispersion of 1000 individually suspended droplets at 0.8rid2.6 m away

from the openingThe droplet initial diameter 80 um, and the jet boundary is indicated by
the grey linekeft panels RH = 0%); right panelgRH = 90%). The number of remaining
particles is'showim the bottom right corner efach paneRH, relative humidity.
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