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The ambient conditions surrounding liquid droplets determine their growth or shrinkage.
However, the precise fate of a liquid droplet expelled from a respiratory puff as dictated
by its surroundings and the puff itself has not yet been fully quantified. From the view of
airborne disease transmission, such as SARS-CoV-2, knowledge of such dependencies is
critical. Here, we employ direct numerical simulations (DNS) of a turbulent respiratory
vapor puff and account for the mass and temperature exchange with respiratory droplets
and aerosols. In particular, we investigate how droplets respond to different ambient
temperatures and relative humidity (RH) by tracking their Lagrangian statistics. We reveal
and quantify that in cold and humid environments, as there the respiratory puff is supersaturated, expelled droplets can first experience significant growth, and only later followed by
shrinkage, in contrast to the monotonic shrinkage of droplets as expected from the classical
view by Wells in 1934. Indeed, cold and humid environments diminish the ability of air to
hold water vapor, thus causing the respiratory vapor puff to supersaturate. Consequently,
the supersaturated vapor field drives the growth of droplets that are caught and transported
within the humid puff. To analytically predict the likelihood for droplet growth, we propose
a model for the axial RH based on the assumption of a quasistationary jet. Our model
correctly predicts supersaturated RH conditions and is in good quantitative agreement with
our DNS. Our results culminate in a temperature-RH map that can be employed as an
indicator for droplet growth or shrinkage.
DOI: 10.1103/PhysRevFluids.6.054303

I. INTRODUCTION

The flow physics of a respiratory droplet is crucial to understand the airborne transmission of
respiratory diseases [1,2], and recently due to the pandemic of COVID-19, the interest in this subject
has been renewed [3–12]. Tiny saliva and mucus droplets, mostly of the size of tens to hundreds
of micrometers [13,14], are expelled from the mouth at speaking, screaming, shouting, singing,
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coughing, sneezing, or even breathing. The expelled microsized droplets have long been recognized
to be the carriers for viruses which are responsible for the viral transmission from one host to others
[15].
Airborne disease transmission is a difficult subject because many intricate factors simultaneously
affect the transmission and a complete understanding requires a multidisciplinary collaboration
[16,17]. In addition to the understanding from epidemiology [18–20] and virology [21], fluid
mechanics also offers essential insight into the mechanisms of airborne disease transmission [2].
However, surprisingly little is known on the transport and fate of the respiratory droplets, once
they have been expelled from the mouth. For example, how the air temperature and the relative
humidity influences the actual fate of the droplets remains an open question. It is a complicated
process involving interactions between turbulent eddies, a vapor field, and a temperature field with
the respiratory droplets. Therefore, accurate quantification of these effects is necessary.
On the fate of respiratory droplets in fluid flow, classical work was done by Wells in the 1930s
[22,23]. The picture that Wells developed, at that time in connection with the transmission of
tuberculosis, considers only the settling and evaporation of the droplets. After droplets are expelled
from the mouth, they settle to the ground by gravity, and, in this simple model, they evaporate with
their surface area decreasing linearly with time, the so-called d 2 law [24]. Then for a given ambient
temperature and relative humidity, one can estimate the lifetime of the respiratory droplet based on
the d 2 law.
However, in an actual respiratory event, the assumptions of settling and evaporation are insufficient to describe the full physical process. In reality, more complicated flows are possible: Abkarian
et al. [25] demonstrated that speech can produce jetlike flow transport, and Bhagat et al. [11]
illustrated that body or breathing plumes from a person can also spread droplet nuclei in enclosed
spaces. Recently, a new paradigm has been suggested by Bourouiba et al. [1,3,26], which states that
instead of the isolated droplet being considered, one should also take into account the importance
of turbulent vapor puffs. Inspired by this paradigm, using direct numerical simulations, Chong
et al. [27] showed that droplets have O(100) longer lifetimes in a turbulent vapor puff at high
ambient relative humidity than that predicted by the d 2 law. Past numerical studies that consider
different ambient conditions typically adopt mean flow modeling approaches [28–30]. The role of
ambient conditions requires large-scale parametrizations [31–33], but run the risk of obscuring the
underlying physics. Newer higher-fidelity direct numerical simulations (DNS) with fully coupled
turbulence are emerging [34–36], but full quantification of the Lagrangian statistics is still limited.
In this paper, we aim at quantifying the effect of ambient temperature (θamb ) and relative humidity
(RHamb ) on respiratory droplets using direct numerical simulations of a turbulent puff. Normal
coughing with an actual injection profile has been simulated with 5000 droplets being tracked by the
Euler-Lagrangian approach. We reveal a regime in which the respiratory droplets considerably grow
before their shrinkage due to evaporation. The droplet growth happens under specific combinations
of ambient conditions, preferentially in a cold and humid environment. To predict the criteria of
having droplet growth, we further propose a theoretical model to estimate the local relative humidity
experienced by the droplets, which agrees excellently with our simulation results. While our model
can help to formulate public health guidelines or indoor ventilation strategies in order to mitigate
the spreading of respiratory droplets, the infectivity of virus-containing droplets and droplet nuclei,
which remain after evaporation, still requires further investigation, in particular on the virus dose
required for infections and whether dried-out droplet nuclei may also be infectious. This issue
remains controversial [15] and cannot be answered within a fluid dynamical study.
The paper is organized as follows: In Sec. II we give the governing equations, followed by the
simulations details in Sec. III. Our main numerical results—the effect of ambient temperature on a
turbulent vapor puff and on the droplets—are given in Sec. IV. Section V supplies the Lagrangian
statistics of the droplets, including the relative humidity around them. This relative humidity around
the droplet can also be derived within a theoretical model, which is derived in Sec. VI and then
compared with the numerical data and applied to predict the local relative humidity as a function
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of the control parameter ambient temperature and ambient relative humidity. The paper ends with
conclusions (Sec. VII).
II. GOVERNING EQUATIONS

We consider an incompressible flow (∂ui /∂xi = 0) of a gas phase, with both temperature and
vapor concentrations coupled to the velocity field by employing the Boussinesq approximation. The
governing equations read
∂ui
∂ 2 ui
∂ui
∂p
+ uj
=−
+ νair 2 + g(βθ θ + βc c)êy ,
(1)
∂t
∂x j
∂xi
∂x j


N
N
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∂ 2 θg 
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c p,gθg,n
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= kg 2 −
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(3)

The gas phase is solved using DNS by a staggered second-order accurate finite-difference scheme
and marched in time using a fractional-step third-order Runge-Kutta approach [37,38]. For droplets,
we apply the spherical point-particle model, and consider the conservation of momentum (MaxeyRiley equation [39]), energy, and mass as follows:
Dui,g,n
3νair (ui,g,n − ui,n )
dui,n
= (β + 1)
+ (β + 1)
fd + gβ êy ,
dt
Dt
rn2
dθn
drn
ρl c p,l Vn
= ρl An L
+ hm An (θg,n − θn ),
dt
dt


Dvap Shdrop ρg
1 − cfluid
drn
.
=−
ln
dt
2rn
ρl
1 − cdrop

(4)
(5)
(6)

The time integration of Eqs. (4)–(6) is done by a second-order Adams-Bashforth scheme. The
droplets are coupled to the vapor and temperature field by the source terms in Eqs. (2) and (3) (see
the last terms on the right-hand side). The notations we used in equations are as follows: ui , ui,n , and
ui,g,n are the velocities of gas, droplets, and gas at the location of the droplets, respectively. θg, θn ,
and θg,n are in degrees Kelvin and used to represent the temperature of gas, droplets, and gas at the
location of the droplets, respectively. As the thermal diffusive timescale for the microsized water
droplet is (10×10−6 )2 m2 /10−7 m2 s−1 ∼ O(ms), it is reasonable to assume that the temperature
inside the droplets is uniform for this problem. c is the vapor mass fraction, rn the droplet radius, An
the surface area of the droplets, Vn the volume of the droplets, and mn the mass of the droplets. Also,
p denotes the reduced pressure. hm is the heat transfer coefficient. L is the latent heat of vaporization
of the liquid. ρl and c p,l are the density and specific heat capacity of the droplets assumed to consist
of water. νair is the kinematic viscosity of air. kg is the thermal conductivity of gas which relates to the
thermal diffusivity of gas Dg by kg ≡ Dgρgc p,g. ρg and c p,g are the density and specific heat capacity
of gas. Note that ρgc p,g = (ρa c p,a + ρv c p,v ), with ρa and ρv being the densities of air and vapor and
c p,a and c p,v being the specific heat capacities of air and vapor. cdrop and cfluid denote the vapor mass
fractions of the droplet and the fluid at the location of the droplet. β is a dimensionless measure of
the droplet density relative to the fluid density, and is defined as β ≡ 3ρg/(ρg + 2ρl ) − 1. fd is the
prefactor for the drag corrections defined as fd = 1 + 0.169 Re2/3
drop [40].
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The estimations of hm and Shdrop for a single spherical droplet are given by the Ranz-Marshall
correlations [41],
1/3
,
Shdrop = 2 + 0.6 Re1/2
drop (νair /Dvap )

(7)

1/3
,
hm r/(Dgc p,gρg ) = 2 + 0.6 Re1/2
drop (νair /Dg )

(8)

where we have a droplet Reynolds number, Redrop = |ui,g,n − ui,n |(2r)/νair .
To calculate the local relative humidity, the saturated vapor mass fraction csat,vap is determined by the ideal gas law csat,vap = Psat /(ρgRθg ), where R is the specific gas constant of
water vapor and Psat is the saturated vapor pressure, determined through Antoine’s relation
as Psat (θg ) = 105 exp [11.6834 − 3816.44/(226.87 + θg/K − 273.15)]. In principle, the ClausiusClapeyron formula could also be used in our simulations. The Antoine equation is derived from the
Clausius-Clapeyron formula and applies a small correction in order to obtain a more reliable result
for larger temperature intervals.
III. SIMULATION DETAILS

The computational domain size is 0.37 m (spanwise length)×0.37 m (height)×1.11 m
(streamwise length) with corresponding grid points chosen as 512×512×1536. The streamwise
length is set as 48 mouth diameters such that it is sufficient to capture the droplet condensation
in the puff and the Lagrangian statistics of the droplets. In a real cough, emissions can indeed
reach further as shown in the work by Ref. [26]. However, at long distances many other issues
play a role, such as ventilation, the presence of other people, etc. Moreover, covering even larger
volumes will make our numerical simulations even more expensive. This, together with the many
extra flow parameters we would have to consider, prevents us from doing so. Finally, obviously
we cannot answer any questions about the infectivity of virus-laden droplets, viral loads at long
distances, all of which are out of the scope of fluid mechanics. We model the mouth as a circular
inlet centered at midheight of the domain and the cough temporal profile we apply is a gamma
distribution as Ũcough (t ) = Ucough αt exp(−αt/4), where α = 60.9 s−1 , such that the entire cough
process lasts for about 0.6 s. Based on the experimental measurement of Ref. [13], we seeded
the respiratory event with droplets with initial diameters ranging between 10 μm and roughly
1000 μm. We employ a similar droplet size distribution as Refs. [13,26] with 5000 droplets
(see Fig. 1). The droplets are randomly positioned at the inlet area and evenly injected in time with
the velocity matching the local inlet velocity. Droplets are assumed not to collide or coalesce since
the estimates of the droplet volume fractions give O(10−6 ). Because the volume fraction considered
is dilute, we chose not to couple the droplets to the momentum field, as such a coupling would
have a negligible effect. Given that the droplet distribution is dilute and, as we will also show later,
that the droplet condensation depends on the supersatured puff, we can infer that our results are
insensitive to the exact droplets’ spatial density and to the exact probability distribution of their
sizes. These droplets also do not set the relative humidity of the puff, which at inflow is assumed
to be 100%, corresponding to saturated conditions from the lungs [44]. A detailed list of cough
parameters and material properties of the gas and liquid phases is shown in Table I.
To interpolate gas quantities to the droplet locations, we employ the tricubic Hermitian interpolation scheme, which is sufficiently accurate for turbulent flows and comparable to B-spline
interpolations [45,46]. The backwards forcing of the droplets onto the gas phase uses the trilinear
projection onto the eight nearest nodes to the droplet location [47].
IV. EFFECT OF AMBIENT TEMPERATURE ON TURBULENT VAPOR PUFF
AND DROPLET COUNTS

First, we highlight the differences in the local RH values for two different θamb (10 and 30 ◦ C)
at RHamb = 90%. Note that θamb and RHamb both constitute the control parameters of our study.
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FIG. 1. Comparison of our employed initial droplet size distribution to that from Ref. [13]. Here, 5000
droplets are included in total. Note that a one-to-one comparison is not possible because the experimental
measurements are taken after some time after expulsion, whereas our droplet distributions are prescribed as
initial conditions for our DNS.

The local RH field is shown in Fig. 2 together with the instantaneous droplet distributions and
instantaneous count histogram. At θamb = 30 ◦ C, the local RH field is almost indistinguishable
from RHamb , as shown in Fig. 2(a). In contrast, at θamb = 10 ◦ C [Fig. 2(b)], the local RH field
reaches supersaturation values larger than 100% (whitish color shading). In the count histograms in
Fig. 2(b), most of the droplet diameters remain at least around 20 μm throughout the spread distance,
TABLE I. List of cough parameters and the material properties of the surrounding gas and the droplet
liquid. We in particular give the values of these parameters and material properties which we employed in
the numerical simulations of this study. Droplets are assumed to contain pure water. The selected values are
representative of a cough from experiments [26,42,43].
Cough properties

Symbols

Temperature of vapor puff
Mean velocity of cough
Diameter of mouth

θcough
Ucough
Dmouth

34◦ C
11.2 m/s
2.3 cm

Properties for gas phase
Diffusivity of water vapor in the gas phase
Thermal diffusivity of gas
Air kinematic viscosity
Density of the gas
Thermal expansion coefficient
Expansion coefficient for vapor mass fraction
Specific heat capacity of gas
Specific gas constant of water vapor

Dvap
Dg
νair
ρg
βθ
βc
c p,g
R

2.5×10−5 m2 /s
2.0×10−5 m2 /s for air at 25◦ C
1.562×10−5 m2 /s
1.204 kg/m3
3.5×10−3 /K
0.5 m3 /kg×1.204 kg/m3 ≈ 0.6
1 kJ/(kg · K)
461.5 J/(kg · K)

Properties for droplets
Droplet density
Particle density parameter
Specific heat capacity of droplet
Latent heat of water

ρl
β
c p,l
L
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993 kg/m3
−0.9982
4.186 kJ/(kg · K)
2256 kJ/kg
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FIG. 2. Flow visualization snapshots from our direct numerical simulations of water droplets in a warm
humid puff in ambient air at (a) θamb = 30 ◦ C and (b) θamb = 10 ◦ C, both at RHamb = 90%. Corresponding
movies can be seen in Movies S1 and S2 [48]. The snapshots show (i) vertical 2D planes of the local RH
fields, (ii) the instantaneous droplets spatial distribution, (iii) the heavy large droplets which already fell on
the ground, and (iv) the instantaneous droplet size histograms vs distance. The local RH planes are taken from
the vertical midplane of the puff and are plotted on the background for clarity. Droplets are color coded by
their instantaneous sizes. Initial droplet sizes are prescribed with a distribution similar to Ref. [13] (plotted
in Fig. 1) and are injected evenly in time with the same local inflow velocity. The initial temperature of the
droplets and puff is 34 ◦ C. Both snapshots are taken at 0.6 s corresponding to the cutoff time of the puff. In the
colder conditions of (b), the expelled humid puff oversaturates (seen as the lighter colored RH field and visible
in Movie S2), which in turn dictates the growth of smaller droplets caught within the puff. Correspondingly,
the droplet counts are confined within a narrower range of sizes in (b) as compared to (a) [see Fig. 3(a)].

whereas in Fig. 2(a), droplet diameters can go below 20 μm. This means that droplets expelled into
colder ambient surroundings shrink slower because of the supersaturated local RH field. On the
other hand, droplets expelled into hotter ambient surroundings shrink much more rapidly because
the local RH rapidly undersaturates.
To illustrate the temperature sensitivity of the droplet size distributions, in Fig. 3, the distributions
across three θamb , 10, 20, and 30 ◦ C are shown at t = 0.6 s [Fig. 3(a)] and 1.2 s [Fig. 3(b)]. In the
figure, the initial droplet size distribution (solid line) is also included for comparison. In Fig. 3(a),
which corresponds to the end, or cutoff time, of the simulated puff, many smaller droplets 15 μm
already exist at θamb = 20 and 30 ◦ C as compared to θamb = 10 ◦ C. Interestingly, the histogram
distribution of droplet diameters for θamb = 10 ◦ C is slightly higher and shifted to the right from the
initial droplet size histogram, reflecting that a portion of the smaller droplets in fact grew. The reason
for this increase is that due to the cold surrounding air, which can take up less vapor than the warm
one, the puff gets supersaturated. This effect will be quantified in detail in Sec. V. Note that in Fig. 3,
only the instantaneous droplet distribution (a subset of the 5000 droplets) is shown, corresponding
to the associated time instant. The total number of droplets over the entire simulation is constant. At
the later time of t = 1.2 s [Fig. 3(b)], most of the droplet sizes for θamb = 20 and 30 ◦ C are shifted
to the left towards much smaller sizes. Remarkably, the size distribution for θamb = 10 ◦ C remains
roughly similar to the initially prescribed size distribution, with some lower counts at sizes 15 μm.
After having shown the distinct droplet shrinkage behavior under different ambient conditions,
in the following section, we will further and in more detail quantify how the local fluid properties
affect the shrinkage rate of the droplets.
V. LAGRANGIAN STATISTICS OF THE DROPLETS

For the following Lagrangian statistics, we focus on the droplets with an initial diameter around
15 μm, given that for those we observe the most pronounced temperature effect [see the count
054303-6
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FIG. 3. Histogram of droplet sizes at (a) t = 0.6 s and (b) 1.2 s for θamb = 10, 20, 30 ◦ C. As a point of
reference, the solid lines denote the initial droplet size distributions based on the experimental measurement by
Ref. [13] (see Appendix). The bin size of the histogram is 2 μm. At t = 0.6 s (a), the peak of the histogram for
θamb = 30 ◦ C marginally shifts down, whereas the overall histogram for θamb = 10 ◦ C remains roughly similar
to the initial distribution. The gap is more pronounced at t = 1.2 s (b): For θamb = 30 ◦ C, the peak of the
histogram is halved from the initial peak, whereas in contrast, for θamb = 10 ◦ C, the histogram still remains
roughly unchanged. The relative invariance of the histogram for θamb = 10 ◦ C is due to the droplet growth
dictated by the supersaturated vapor puff, which is in turn determined by cold and humid ambient conditions,
as described in the main text.

histogram in Fig. 3(b)]. First, we track the droplet surface area ∝d 2 versus time as shown in
Figs. 4(a) and 4(b). Note that droplets are expelled from the mouth at different time instants until
the respiratory event stops (0.6 s for the coughing event considered here). In order to compare the
droplet statistics, we have shifted the time frame by their respective ejecting times.
2
For θamb = 30 ◦ C [Fig. 4(a)], the normalized surface area of the droplets d 2 /dinit
decreases
monotonically with time (the ensemble average of the value is depicted by the solid curve), which
indicates pure evaporation of the expelled droplets. The surface area decreases linearly with time
with the averaged droplet surface area being halved after 1 s. Although a linear decline of the surface
area is consistent with the classical d 2 law [24], one should note that the magnitude of the droplet
shrinkage rate is still much smaller than that predicted by Wells [22]. Such a discrepancy is caused
by the fact that the turbulent vapor puff engulfs small droplets and the puff contains higher RH than
the ambient fluid [3,27].
Surprisingly, for the low θamb of 10 ◦ C [Fig. 4(b)], the respiratory droplets evolve in a very
different and distinct way: Instead of the pure evaporation during the time evolution of the droplets,
there exists an initial stage (from the expelled time to about 0.4 s) during which the droplets can
grow with the averaged d 2 increasing by 10%. This nonmonotonic trend of the shrinkage markedly
differs from the classical d 2 law. At longer times, an effective d 2 decay will still prevail, though with
a much slower decay (about 17 times slower here) than suggested by the Langmuir [24] d 2 decay.
The departure from the d 2 decay is also clearly seen in Fig. 8 where we show the size evolution
of 15-μm droplets at various combinations of ambient temperatures and RH. One can presumably
parametrize these departures, for example by application of mixing concepts on the humid puff
as has been worked out for dense sprays [49–51]. It also clearly contradicts the well-accepted view
that the respiratory droplets should simply evaporate, such as in Refs. [22,28,52,53], after expulsion.
While the time over which the growth of 10% occurs only for approximately 0.3 s, this time duration
is half of the imposed puff duration. Therefore, it is argued that a majority of the droplets that are
caught within the puff will in fact grow (at this θamb and RH value) for a substantial duration of
puff. Such a phenomenon of droplet condensation during the respiratory event is quantified owing
to the Lagrangian statistics obtained from DNS, which has been neglected in the hitherto studies of
droplet transmission exhaled into ambient surroundings. The focus of existing literature on droplet
054303-7
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FIG. 4. Lagrangian statistics of droplets with initial droplet diameters dinit ≈ 15 μm for θamb = 30 and
2
vs time. (c), (d) Temperature difference between droplets
10 ◦ C. (a), (b) Change in droplet surface area d 2 /dinit
and surrounding fluid, θdrop − θfluid , vs time. (e), (f) Local RH vs time experienced by droplets. The time is
shifted to the initial expelled time of each droplet. The ensemble average value is shown by the solid curve.
The droplet counts are indicated by the colors (see inset color bars). For θamb = 30 ◦ C (a), droplets undergo
pure evaporation after being expelled. Conversely, for θamb = 10 ◦ C (b), most droplets undergo growth in
the initial stages and then evaporate. This growth in (b) is dictated by the supersaturated local RH values
[see (f) and visible in Movie S2], which exceed 100%.

condensation is typically in different setups, such as a pattern or dew formation on cold surfaces
[54,55], or employed as a noninvasive medical procedure for the retrieval of biomarkers from the
lungs [56].
Another indicator that for 10 ◦ C the droplet size first increases is that the droplet temperature θdrop
increases relative to the fluid temperature at the location of the droplet θfluid [Fig. 4(d)]. As latent heat
is released during droplet condensation for 10 ◦ C [Fig. 4(d)], the difference θdrop − θfluid increases
during the early time. In contrast, θdrop − θfluid remains less than zero for θamb = 30 ◦ C [Fig. 4(c)],
due to the latent heat needed for evaporation. Eventually, the droplet temperature saturates at a value
lower than the fluid temperature. This is reasonable because the Jakob number, which is the ratio of
054303-8
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the sensible heat to the latent heat due to the phase change, is much smaller than one (0.04 and 0.007
for θamb = 10 and 30 ◦ C, respectively). Therefore, the evaporation cooling effect plays a significant
role here.
To understand why the droplets can grow during the early time, a key quantity to examine is
the local RH experienced by the droplet. In Figs. 4(e) and 4(f), we compare the time evolution of
the local RH at the droplet location for the two different θamb , showing quite different behaviors:
For 30 ◦ C, the local RH decreases monotonically to RHamb which is 90% in this case. However, for
10 ◦ C, the droplets first experience supersaturation within 0.4 s after expelling and the maximum
RH reaches almost 115%. This duration of having supersaturation is consistent with the duration of
droplet growth, which reflects that it is the local supersaturation of the surrounding air which makes
the droplets grow.
In fact, our daily life experience gives us intuition about this intriguing droplet condensation
phenomenon. In cold and humid weather, one may observe the “white mist” coming out from
the mouth while breathing or speaking. The physical explanation is that warm air can contain
more moisture than cold air. Therefore, the exhaled warm vapor puff becomes supersaturated
when it enters the cold ambient fluid, and the existing droplets and dust particles in air favor
vapor condensation, both acting as nucleation sites. In our simulations, we only take the former
into consideration and ignore the role of possible air impurities such as dust particles, in order to
have well-defined conditions. Indeed, the importance of nucleation at the early stage of emission is
very much unexplored. Studies on this effect are necessary and may give insight on the role of air
quality to the dispersion of droplets. Such supersaturated conditions become more prominent if the
temperature difference between the exhaled vapor and ambient fluid is larger. Here, we have clearly
demonstrated the significance of supersaturation in the respiratory event that leads to the possibility
of vastly different droplet dynamics.
VI. THEORETICAL MODEL PREDICTING RELATIVE HUMIDITY PROFILES
AND SUPERSATURATION CRITERIA

Motivated by the strong effect of the local RH field on the droplets, here we propose a simple
model to calculate the local RH. Several assumptions first need to be made to justify this model.
First, the axial scalar quantities (vapor mass fraction and temperature) are the dominant fluid
properties that determine droplet growth/evaporation, and second, the exhaled puff at the time of
t = 0.2 s exhibits jetlike properties such that the quasistationary mean properties of the puff admit
self-similarity. Here, we employ the Antoine equation in order to compute the saturated vapor mass
fraction for a given temperature field [57]. In short, given the local values of vapor mass fraction
and temperature along the jet centerline, the axial RH can be directly computed.
Following the theory for axisymmetric turbulent jets [58–60], the axial scalar concentration
distribution (say axial ) can be approximated by the relation
axial
inlet

=

5
,
1 + x/dinlet

(9)

where inlet is the inlet scalar concentration value, and x/dinlet is the axial distance normalized by
the inlet diameter. Since this model diverges as x/dinlet → 0, we further impose the requirement that
max[ axial / inlet ] = 1. Both the exhaled vapor mass fraction and temperature are modeled using
Eq. (9) along the axis normal to the inlet.
To assess the validity of our assumptions, we plot the resulting model of the axial RH profiles at
t = 0.2 s for different θamb in Fig. 5. The agreement with our DNS (lighter curves) is quite promising, which is consistent with our assumption that the puff retains self-similar jetlike characteristics.
This agreement lends some confidence to our ability to model the axial RH of our flow at a specific
time instant, while the cough will approximate a turbulent puff or an interrupted jet at large t after the
injection velocity becomes negligible [61]. We note that the agreement at t = 0.2 s is also sensible
since this corresponds to the peak in the puff signal which we numerically impose. Indeed, as the
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FIG. 5. Comparison of the results from our present DNS results (light curves) with those from the model
for axial RH derived from Eq. (9) (smoother darker curves) at t = 0.2 s and RHamb = 90%. The data are
plotted vs distance normalized by the mouth diameter, x/dmouth . The different colored curves represent data
for θamb of 10 ◦ C (red), 20 ◦ C (green), and 30 ◦ C (blue), respectively. The model RH curves all extend beyond
x/dmouth ≈ 25 since the model assumes a fully developed jet, which is not the case for the present simulated case
of a puff. However, the near-field axial model accurately captures the puff, implying quasistationary self-similar
jet characteristics.

FIG. 6. θamb vs distance map for the RH model at t = 0.2 s. The contours are computed for RHamb = 90%
with the color coded by the local RH. The boundary for RH oversaturation (local RH > 100%) is shown
by the dashed line. With decreasing θamb , the range with local RH > 100% (width of the reddish area under
the dashed curve) increases, which promotes growth of the smaller droplets because of the longer exposure
to supersaturated regions. The most serious supersaturation conditions in this plot are for θamb = 5 ◦ C and
x/dmouth ≈ 10–15, namely beyond a local RH of 130%. For a given θamb , the location of the maximum is
marked by a dashed red line.
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FIG. 7. Map of maximum local RH supersaturation values (see Fig. 6) for different θamb and RHamb based
on the RH model. For the case of RHamb = 90% these are the values of the maximal local RH in Fig. 6
(red dashed curve). The values can be used as a gauge to indicate the tendency of droplets to experience
supersaturation, given that the droplets are caught within the turbulent puff. The color is coded by the upper
bounds for supersaturation. The plot indicates that in cool and humid environments, small droplets within a
coughing puff will tend to grow once expelled. To assess the performance of our model, we also plot our DNS
results for droplets with an initial size of ≈15 μm and indicate growth or shrinkage using circle and cross
symbols, respectively. (The detailed breakdown is plotted in Fig. 8.) A good agreement between our DNS and
the RH model is seen.

imposed inlet velocity decays at t > 0.2 s, the agreement will slightly degrade, but nevertheless, it
does not influence our conclusion to employ Eq. (9) to compute the maximum local RH in the puff.
Based on the robustness of this model, we further propose the use of the maximum local RH
as a metric to indicate the likelihood of the growth for small droplets. To illustrate this point, in
Fig. 6, we plot the axial RH map for various θamb versus distance at the fixed RHamb of 90%. The
dashed line shows the crossover between supersaturated and undersaturated axial RH values. One
interesting observation from this model is that with decreasing θamb , the overall axial distance that
experiences supersaturation increases. In other words, it is more likely that with decreasing θamb (at
RHamb = 90%) small droplets will encounter longer supersaturated distances and grow in size. This
likelihood to grow is important in understanding how far the droplets can be advected by the puff in
the initial stages of the cough, before evaporating and dispersing.
Finally, we extend our idea of modeling the axial RH to map out the maximum local RH values
for a range of RHamb and θamb . This map is shown in Fig. 7. From the figure, we find that the
maximum local RH values are dependent on both RHamb and θamb . Several interesting observations
can also be made from the figure. For instance, at given indoor ambient conditions of RHamb
= 40%–50% (within acceptable occupancy comfort levels), the maximum local RH is at most
100% as long as θamb > 20 ◦ C. However, once θamb < 20 ◦ C, the local RH tends to supersaturate
(RH > 100%), implying that in cooler environments, smaller droplets within the humid puff will
first undergo supersaturation-driven growth in the early stages of the cough before evaporating upon
fall-out. Such conditions become particularly exacerbated in outdoor environments, for example, in
stadiums or sports fields during autumn or winter, when the temperatures tend to be colder. Similar
conditions can also occur in crowded bus and train stations. Supersaturated conditions are more
easily attainable (easily seen in exhaled mists) and therefore alter the respiratory droplet dynamics.
To substantiate our proposed model, in Fig. 7, we indicate on the plot 12 different control
parameter combinations (RHamb and θamb ) for which droplets with an initial size of ≈15 μm grow
(indicated by a circle symbol) or shrink (indicated by a cross symbol) in our DNS and compare
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2
FIG. 8. Change of droplet surface area d 2 /dinit
vs time for different RHamb and θamb for initial droplet
diameters dinit ≈ 15 μm. The ensemble average value is shown by the solid curve. For humid and cold ambient
conditions, droplets tend to grow in the initial stages.

with the predictions of the model. (The profiles of d 2 versus time are provided in Fig. 8.) By
comparing the symbols from the DNS and the map from the model, a clear correlation between
growth and supersaturated local RH fields can be seen. Thus we propose that this map can be used
as an indicator to determine the droplet size distributions of a similar cough.
It is also worth noting that we did not consider the influence of background wind, which is an
important aspect both in ventilated indoor and outdoor environments. We also stress that we make
no claims to correlate the growth or shrinkage of droplets with virus transmissions or infectivity.
The subject of the viability of droplet sizes for viral media is still the topic of ongoing investigations
in other communities and is not the focus of this work.
VII. CONCLUSIONS

Through the Lagrangian statistics of the respiratory droplets, we have identified that when
droplets are expelled from the mouth to the cold environment with high enough relative humidity,
the droplet will first grow instead of immediately shrink, because the turbulent vapor puff becomes
supersaturated. Crucially, we highlight the significance of this expelled turbulent puff on delaying
the evaporation of respiratory droplets, and that the coherence of the puff is intimately dictated by
both the ambient conditions and turbulent mixing. More importantly, we have provided a theoretical
framework to accurately predict (i) how the relative humidity varies with distance in a respiratory
puff, and (ii) the threshold of ambient temperature (θamb ) and relative humidity (RHamb ) for which
the supersaturated vapor field can result. Our theoretical model can also be applied to other respiratory events whenever there is jetlike transport, such as speaking [25], which is extremely relevant
for asymptomatic and presymptomatic spreading of the coronavirus. In the situation of continuous
speaking, when the hot vapor is continuously injected into the cold environment, we expect that
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the supersaturation zone may remain in front of the mouth for a long period of time. Other open
questions remain, such as how much does the residence time of droplets of various sizes change
over time and distance as a result of the evaporation/condensation processes. The result of the very
distinct fate of respiratory droplets under different RHamb and θamb may be instructive for developing
timely strategies in mitigating the COVID-19 pandemic in different seasons. For example, during the
winter time, where the maritime climates for many coastline European countries have a much higher
RHamb , the transmission in outdoor environments can presumably not be overlooked. However,
we note that obviously also non-fluid-dynamical aspects affect the transmission and infectivity of
viruses, such as from virology, epidemiology, and sociology, to name a few. These are not covered
within our study and presumably interfere with our fluid dynamical results.
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