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ARTICLE INFO ABSTRACT

A one-dimensional droplet evaporation model is used to estimate the droplet lifetime from evaporation in air.
The mathematical model invokes assumptions of spherical symmetry, ideal gas mixture, binary diffusion, no re-
condensation on droplet surface, and constant properties. Four initial droplet diameters (0.001, 0.01, 0.1, and
1 mm), two ambient temperatures (20 and 30 °C) and a range of ambient relative humidity are considered. For
the conditions studied, the results show that the ambient relative humidity plays an important role in the droplet
lifetime calculation. Increasing the ambient temperature does not necessarily decrease the droplet lifetime; it
occurs only when the ambient relative humidity is set below 37%. When the ambient relative humidity is higher
than 37%, the higher ambient temperature (30 °C) results in a longer droplet lifetime for the same initial droplet
diameter considered. The results also suggest that there may exist a critical ambient relative humidity; beyond
which, the droplet lifetime will increase exponentially. For ambient temperature at 30 °C, the critical ambient
relative humidity is around 55.7%. It must be mentioned that the results of this study do not imply that the
COVID-19 virus will be deactivated at the end of the droplet lifetime. The study simply shows the potential
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effects resulting from the ambient temperature and ambient relative humidity on virus carrying drops.

1. Introduction

The COVID-19 virus pandemic has gravely impacted the world and
is changing the way we live. The U.S. CDC reported, as of April 7, 2020,
there were 374,329 confirmed cases and 12,064 deaths in the U.S. The
numbers appeared to continue to increase. The WHO (World Health
Organization) Scientific Brief (WHO, 2020) reviewed available data of
COVID-19 virus transmission (Liu et al., 2020; Chan et al., 2020; Li
et al.,, 2020; Huang et al., 2020; Burke et al., 2020; World Health
Organization, 2020) and concluded that the transmission was primarily
through respiratory droplets (e.g., from exhalation sneeze) and contact
routes. There were no reports of transmission through the droplet nu-
clei (defined to be the drops smaller than 5pum). As given in national
and international guidelines, personal protective equipment and social
distancing are important measures to contain the spread of COVID-19
virus. A better understanding on how exhalation sneeze drops transport
in air may provide insight that contributes to effective measures to
contain the virus spread.

Bourouiba (2020) showed that droplets from human exhalation
sneeze could travel up to 7-8 m when the peak exhalation speed was in
the range 10-30 ms ~'. It further pointed out that COVID-19 virus was
found in hospital ventilation systems in hospital rooms of patients in-
fected with COVID-19 in China (Ong et al., 2020). Bourouiba suggested
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(Bourouiba, 2020) that the interactions of virus particles/droplets from
a human sneeze with ambient flow turbulence (e.g., the turbulent
transport of, and interaction with, virus droplets) may play an im-
portant role in the virus spread. One of the transport phenomena is the
mass transport between the droplets and the surrounding air — a topic of
current study.

The objective of current study is to examine the droplet lifetime in
different ambient conditions, namely, the ambient temperature and the
ambient relative humidity.

1.1. Theoretical condensation

Formulation of evaporating drops are well documented in science
and engineering literature (Spalding, 1953; Faeth, 1977, 1983; Law,
1982, Kuo, 2005). The mathematical model of the gas-phase transport
of mass and species of an evaporating drop shown in Fig. 1 can be
written as follows:
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Nomenclature v mixture radial velocity
X mole fraction of species k
B mass transfer number, Equation (6) Yi mass fraction of species k
d, initial droplet diameter
D binary diffusion coefficient, water vapor diffusion into Greek
ambient air
ms mass of liquid drop p density
M evaporation mass flux at droplet surface
M molecular weight of species k Subscript
D pressure
Dw,sat saturation vapor pressure of water da dry air
r radial direction f liquid water
RH relative humidity s droplet surface condition
T initial droplet radius w water
Ts droplet radius w,s water at droplet surface
t time w, o ambient water
T temperature oo ambient condition
t droplet lifetime
. In(1 + B)
| X do, 2~ AT ®)
- where B is the Spalding mass transfer number,
—'___,a-" r'f" — Yw,s - Yw,oo
X W éﬂ;ﬁ" 1- Yw,s (6)
—" The mass fraction of water vapor at the droplet surface,Y, , is
—— = > I calculated from the mole fractions, X; and molecular weights, My, by
0 r e

Water Drop

Fig. 1. Schematic of the coordinate system and illustration of water vapor
(mole faction, X, ) diffusion away from the droplet surface(r;) and ambient dry
air (mole fraction, X4,) and ambient moisture (water vapor, X, ..) diffusion
toward the droplet surface.
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Assumptions invoked in deriving the above transport equations are
(a) one-dimensional transport in r-direction (i.e., spherical symmetry),
(b) ideal gas mixture of the gas phase, (c) binary diffusion of water
vapor from the droplet surface into surrounding air, (d) no re-con-
densation on droplet surface, and (e) pD = constant.

Solution of Equation (1) states that pvr? = constant. Integrating
Equation (2) and applying the solution of Equation (1) along with the

Y - XSMU + (1 - XS))(W,OOMW
T XMy + (1 = X)((A = Xu,0)Muta + Xuv,00Miv) %)

where subscript w, .= denotes the ambient water vapor and subscript da
denotes the dry air.
The droplet lifetime can be obtained by solving the mass balance

equation of the droplet:
dmf
—L = —Anr?m;

dt s ®
where subscript f denotes the liquid-phase (water droplet) property.
Assuming constant liquid water density, the droplet lifetime, t*, can be
obtained from solving Equation (8) with an initial condition, d;(0) = d,.
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2. Results

To calculate the droplet lifetime, the needed thermodynamic and
transport properties are summarized in Table 1. The ambient pressure
was set to 1 atm. The initial droplet size (d,) was set to 0.001, 0.01, 0.1
and 1 mm, which was based on the droplet size distribution from ex-
halation sneeze reported in (Han et al., 2013). Two ambient tempera-
tures, T.. = 20°C and T.. = 30°C were considered. For T.. = 20°C,
RH.. was set to vary from 0 to 100% and for T.. = 30 °C, 0-55.7%. The

boundary conditions, one obtains the mass flux at the droplet surface 55.7% relative humidity corresponds to the condition that
Table 1
Summary of property values used in computation.
T (°C) pr (kg m~%) (Moran and Shapiro, 2004) pw (kg m~%) Dw,sar (atm) D (m?s™YH (Engineering ToolBox, 2018) My Mqa
20 9.982 x 10° 1.730 x 1072 231 x 1072 2.42 x 107° 18.01 28.97
30 419 x 1072 2.42 x 107° 18.01 28.97
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Fig. 2. Summary of droplet lifetime (t*) versus ambient relative humidity
(RH..); results of 4 droplet initial diameters (d,) and two ambient temperatures
(T..) are considered.

Yoo = 0.95Y, at T.. = 30°C. When Y, ,, approaches Y, s, B approaches
zero, cf., Equation (6), and t* approaches infinity, cf., Equation (9).

The calculated droplet lifetime (t*) in hours (h) versus ambient re-
lative humidity (RH..) in percentage (%) is summarized in Fig. 2. Four
sets of results are presented; representing four different initial droplet
diameters, d, = 1, 10, 100, and 1000 pm, respectively. Two ambient
temperatures are considered for each initial droplet diameters, T.. = 20
and 30 °C. As expected, the droplet lifetime increases with increasing
ambient relative humidity and it increases with increasing initial dro-
plet size, e.g., t* « d2, cf., Equation (9). The results also show that a
higher ambient temperature does not necessarily decrease the droplet
lifetime. It decreases the droplet lifetime only for RH.. < 40% (or
37.1% for the condition considered). Conversely, a higher ambient
temperature with low relative humidity can decrease the droplet life-
time but it depends on the ambient relative humidity.

To illustrate the importance of ambient humidity, Fig. 3 summarizes
the ratio of droplet lifetime with T.. set to 30 °C to that with T.. set to
20°C. For an ambient relative humidity below 37.1%, the droplet
lifetime is shorter when the ambient temperature is set to 30 °C. Spe-
cifically, the ratio is 0.56 for RH.. = 0%; 1 for RH.. = 37.1%; 5.13 for
RH.. = 55.7%.

3. Discussion

The computation shows that the droplet size has the major effect on
the droplet lifetime. For an initial droplet diameter of 100 um and the
droplet surface temperature T, s of 20 °C, the calculated droplet lifetime
ranges from 0.056 h (at RH.. = 0%) to 0.887 h (at RH.. = 100%) when
T., is set to 20 °C. For T.. set to 30 °C and T,, s set to 20 °C, the droplet
lifetime ranges from 0.032h (at RH..=0%) to 0.606h (at
RH.. = 55.7%). However, for an initial droplet diameter of 1000 um,
the droplet lifetime can be in hours for both ambient temperatures and
ambient relative humidity examined in the study.
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Fig. 3. Summary of the ratio of droplet lifetime with T.. set at 30 °C (t; 730%]
o=

to that with T.. set at 20 °C (t;f 200 C] as a function of ambient relative humidity
o=

(RH..).

When the ambient relative humidity is high, it can lead to drastic
increases of droplet lifetime. An example is that when T.. is set to 30 °C
and RH.. to 55.7%, an exponential increase of droplet lifetime is shown
in Fig. 3, which can be seen from Equation (9). When B approaches 0,
the droplet lifetime approaches infinity. A higher ambient temperature
can lead to a shorter droplet lifetime provided a low ambient relative
humidity is maintained; as shown by Fig. 3, RH.. < 37.1% is needed for
the conditions examined in this paper.

Uncertainty in estimating the droplet lifetime reported in this paper
includes the assumptions and the properties used in the analysis. The
binary diffusion and constant property assumption can be relaxed when
a multi-component system is adopted. The temperature effects on es-
timated droplet lifetime due to the assumption of constant binary dif-
fusion coefficient will result in an overestimate of the droplet lifetime at
a level of 2.5-5.1% as D is proportional to T”/# based on Chapman-
Enskog equation of binary diffusion coefficient (Reid et al., 1987). The
coupling of droplet and flow turbulence can be accounted for by the
well-established Lagrangian-Eulerian formulation such as that reported
in (Faeth, 1983; Shuen et al., 1983). These are the topics for further
studies.

4. Conclusion

A one-dimensional droplet evaporation model was used to estimate
the droplet lifetime from evaporation in air. The mathematical model
invokes assumptions of spherical symmetry, ideal gas mixture, binary
diffusion, no re-condensation on droplet surface, and constant proper-
ties. Four initial droplet diameters (1, 10, 100, and 1000 um), two
ambient temperatures (T,, .. = 20 and 30°C) and a range of ambient
relative humidity were considered. The results show that the ambient
relative humidity plays an important role in the droplet lifetime cal-
culation. Increasing the ambient temperature does not necessarily de-
crease the droplet lifetime; it occurs only when the ambient relative
humidity is set below 37%. When the ambient relative humidity is
above 37%, the higher ambient temperature results in a longer droplet
lifetime for the same initial droplet diameter considered. The results
also suggest that there may exist a critical ambient relative humidity;
beyond which, the droplet lifetime will increase exponentially. For
T.. = 30°C, the critical ambient relative humidity is around 55.7%.

It must be mentioned that the results of this study do not imply that
the COVID-19 virus will be deactivated at the end of the droplet life-
time. The results simply show the potential effects resulting from the
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ambient temperature and ambient relative humidity on virus carrying
drops. The findings of this paper might be helpful when considering the
indoor air quality and setting the dehumidifier operating conditions of
the HVAC systems of hospitals, schools, apartment buildings, and
shopping malls alike places, as we are combating to contain the COVID-
19 virus transmission.

References

Bourouiba, L., 2020. Turbulent gas clouds and respiratory pathogen emissions: potential
implications for reducing transmission of COVID-19. J. Am. Med. Assoc. 26https://
doi.org/10.1001/jama.2020.4756. Published online March.

Burke, RM, Midgley, CM, Dratch, A, Fenstersheib, M, Haupt, T, Holshue, M, et al., 6
March 2020. Active monitoring of persons exposed to patients with confirmed
COVID-19 — United States, January—-February 2020. MMWR Morb Mortal Wkly Rep.
69 (9), 245-246. http://dx.doi.org/10.15585/mmwr.mm6909e1.

Chan, J., Yuan, S., Kok, K., et al., 2020. A familial cluster of pneumonia associated with
the 2019 novel coronavirus indicating person-to-person transmission: a study of a
family cluster. Lancet. https://doi.org/10.1016/50140-6736(20)30154-9.

Engineering ToolBox, 2018. Air - diffusion coefficients of gases in excess of air. [online]
Available at: https://www.engineeringtoolbox.com/air-diffusion-coefficient-gas-
mixture-temperature-d_2010.html, Accessed date: 4 April 2020.

Faeth, G.M., 1977. Current status of droplet and liquid combustion. Prog. Energy
Combust. Sci. 3 (4), 191-224. https://doi.org/10.1016/0360-1285(77)90012-0.
Faeth, G.M., 1983. Evaporation and combustion of sprays. Prog. Energy Combust. Sci. 9

(1-2), 1-76. https://doi.org/10.1016,/0360-1285(83)90005-9.

Han, ZY, Weng, WG, Huang, QY, 2013. Characterizations of particle size distribution of

the droplets exhales by sneeze. J. R. Soc. Interface 10https://doi.org/10.1098/rsif.

International Journal of Hygiene and Environmental Health 229 (2020) 113568

2013.0560. 20130560.

Huang, C., Wang, Y., Li, X, et al., 2020. Clinical features of patients infected with 2019
novel coronavirus in Wuhan, China. Lancet 395, 497-506.

Kuo, K.K., 2005. Combustion Theory, second ed. Wiley.

Law, C.K., 1982. Prog. Energy Combust. Sci. 8 (171).

Li, Q., Guan, X., Wu, P., et al., 2020. Early transmission dynamics in Wuhan, China, of
novel coronavirus-infected pneumonia. N. Engl. J. Med. https://doi.org/10.1056/
NEJMoa2001316.

Liu, J., Liao, X., Qian, S., et al., 2020. Community transmission of severe acute respiratory
syndrome coronavirus 2, Shenzhen, China. Emerg. Infect. Dis. https://doi.org/10.
3201/eid2606.200239. 2020.

Moran, M.J., Shapiro, H.N., 2004. Fundamentals of Engineering Thermodynamics, fifth
ed. Wiley, pp. 592-760.

Ong, S.W.X., Tan, Y.K., Chia, P.Y,, et al., 2020. Air, surface environmental, and personal
protective equipment contamination by severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) from a symptomatic patient. JAMA. https://doi.org/10.
1001/jama.2020.3227. Published online March 4.

Reid, R.C., Paruznitz, J.M., Polling, B.E., 1987. The Properties of Gases and Liquids,
fourth ed. McGraw-Hill, pp. 582.

Shuen, J.-S., Chen, L.-D., Faeth, G.M., 1983. Evaluation of a stochastic model of particle
dispersion in a turbulent round jet. AIChE J. 29, 167-170.

Spalding, D.B., 1953. The 4th Symp on Combust (Int), vol. 847.

World Health Organization, 2020. Report of the WHO-China Joint Mission on
Coronavirus Disease 2019 (COVID-19) 16-24 February 2020. World Health
Organization, Geneva Available from: https://www.who.int/docs/default- source/
coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf.

WHO Modes of transmission of virus causing COVID-19: implications for IPC precaution
recommendations. Scientific Brief. https://www.who.int/publications-detail/modes-
of-transmission-of-virus-causing-covid-19-implications-for-ipc-precaution-
recommendations.


https://doi.org/10.1001/jama.2020.4756
https://doi.org/10.1001/jama.2020.4756
http://dx.doi.org/10.15585/mmwr.mm6909e1
https://doi.org/10.1016/S0140-6736(20)30154-9
https://www.engineeringtoolbox.com/air-diffusion-coefficient-gas-mixture-temperature-d_2010.html
https://www.engineeringtoolbox.com/air-diffusion-coefficient-gas-mixture-temperature-d_2010.html
https://doi.org/10.1016/0360-1285(77)90012-0
https://doi.org/10.1016/0360-1285(83)90005-9
https://doi.org/10.1098/rsif.2013.0560
https://doi.org/10.1098/rsif.2013.0560
http://refhub.elsevier.com/S1438-4639(20)30514-9/sref8
http://refhub.elsevier.com/S1438-4639(20)30514-9/sref8
http://refhub.elsevier.com/S1438-4639(20)30514-9/sref9
http://refhub.elsevier.com/S1438-4639(20)30514-9/sref10
https://doi.org/10.1056/NEJMoa2001316
https://doi.org/10.1056/NEJMoa2001316
https://doi.org/10.3201/eid2606.200239
https://doi.org/10.3201/eid2606.200239
http://refhub.elsevier.com/S1438-4639(20)30514-9/sref13
http://refhub.elsevier.com/S1438-4639(20)30514-9/sref13
https://doi.org/10.1001/jama.2020.3227
https://doi.org/10.1001/jama.2020.3227
http://refhub.elsevier.com/S1438-4639(20)30514-9/sref16
http://refhub.elsevier.com/S1438-4639(20)30514-9/sref16
http://refhub.elsevier.com/S1438-4639(20)30514-9/sref17
http://refhub.elsevier.com/S1438-4639(20)30514-9/sref17
http://refhub.elsevier.com/S1438-4639(20)30514-9/sref18
https://www.who.int/docs/default-%20source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf
https://www.who.int/docs/default-%20source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf
https://www.who.int/publications-detail/modes-of-transmission-of-virus-causing-covid-19-implications-for-ipc-precaution-recommendations
https://www.who.int/publications-detail/modes-of-transmission-of-virus-causing-covid-19-implications-for-ipc-precaution-recommendations
https://www.who.int/publications-detail/modes-of-transmission-of-virus-causing-covid-19-implications-for-ipc-precaution-recommendations

	Effects of ambient temperature and humidity on droplet lifetime &#x02013; A perspective of exhalation sneeze droplets with COVID-19 virus transmission
	Introduction
	Theoretical condensation

	Results
	Discussion
	Conclusion
	References




