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Study of SARS Transmission Via
Liquid Droplets in Air
Microscale liquid droplets could act as the SARS carriers in air when released from
infected person through breathing, coughing, or sneezing. In this study, a dynamic m
has been built to quantitatively investigate the effect of the relative humidity on
transport of liquid droplets in air using coupled mass transfer and momentum equat
Under higher relative humidity, the exhaled liquid droplets evaporate slowly. La
droplets fall faster, which could reduce the probability of the droplets inhalation. This
be one of the most important factors that influence the SARS transmission in
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Introduction
Since the Winter of 2002, severe acute respiratory syndro

~SARS! had affected nearly forty countries in all the continen
resulting in 812 deaths by July 1, 2003 as reported by the W
Health Organization~WHO!. The WHO suggested guidelines o
prevention were executed in all the areas affected by SARS.
the outcome results were quite different. Vietnam became the
country that had successfully controlled the spread of SARS
April 28, 2003, and promising results were also emerged
Guangdong and Hong Kong of China, that suffered big outbre
of SARS in February and March, 2003, respectively. On the ot
hand, at the same time, the situation was severe in Beijing
Shanxi while there were only a few cases reported elsewher
China, such as Shanghai, Nanjing, Chongqing, and Hunan, e

The SARS infected travelers from the Guangdong provin
where the initial outbreak took place, were the sources of n
cases in other areas in China. Before the official announceme
the SARS outbreak in Beijing on April 26, 2003, there was n
any control measure of travelers in most of the cities in Chi
The probability of the infected persons traveling to large cit
like Beijing, Shanghai, and Nanjing, etc. was expected to be s
lar. Nevertheless, there existed significant difference in the n
ber of the people infected in these cities. Besides other factors
environmental factor could play an important role.

It is well known that three key factors are involved in th
spread of infectious diseases: the source, the susceptible po
tion, and the environment, based on epidemiology. According
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the latest reports from WHO, some respiratory illnesses oc
much less frequently when the temperature and the relative
midity are high. There are three facets in virus spreading in
that could be impacted by the relative humidity: transmissi
viability, and susceptibility.

By analyzing the climate records of all the above mention
areas, it was found that the relative humidity appeared to af
the transmission of the SARS virus. Higher relative humid
could have helped prevent the spread of the virus since in mo
the large cities higher relative humidity~e.g., 70%–80%! during
the period the infected population was found lower in mainla
China. On the other hand, in Hong Kong and Singapore, des
the high relative humidity, the incidence of SARS was also hi
This might be due to the fact that inside the air conditioned bu
ings the environment was well controlled and independent of
outdoor climate.

The major means through which the SARS spread was pro
to be via person-to-person close contact. Transport of the virus
liquid droplets released from an infected person through bre
ing, coughing, or sneezing could be the source, especially
closed and not-well-ventilated environment. The droplets relea
from the human body range from 0.5 to 200mm in diameter@1#.
The spread can happen as the outcoming droplets drift ov
short distance~generally up to 3 feet! in air and inhaled by healthy
persons. Small droplets up to 100mm are highly probable of
depositing throughout the respiratory tract, especially at phar
and larynx@2#, resulting in the next generation of infectors. If n
inhaled, as the droplet evaporates in air and reduces to about
mm in diameter, the carried virus starts to break from it@3#.

Like SARS, several other human infectious diseases sprea
similar ways, such as Chickenpox, Influenza, Meningitis, Meas
Diphtheria, Pneumonia, Mumps, Tuberculosis, and Smallpox,
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All these diseases threaten the human life. It is worthwhile
study how the major environmental factors, e.g., the relative
midity, influence, the transport and the lifetime of airborne liqu
droplets as virus carriers. This will help further our understand
of the disease transmission from the thermophysical point of v
and provide effective environmental measures in the air con
tioned hospitals, offices, etc. in the future. The main objective
the present work is to demonstrate how significantly the relat
humidity can affect the transmission of SARS in air.

Physical Modeling
Of normal breath, cough, and sneeze, the outflow from

mouth or the nose may be treated as a jet flow with veloc
ranging from several meters to tens of meters per second@1,4#.
The diameter of the mouth is about several centimeters, and
corresponding Reynolds number is more than 30, at which A
drade @5# confirmed that the jet became turbulent. This critic
Reynolds number depends on the shape of the exit jet pro
disturbance amplitude, and dimensionality. The instability mec
nism involving nonlinear interaction of vortex sheets in the
causes the transition of laminar to turbulent flow. The turbulent
model is used in this study.

The modeled system consists of the liquid droplets relea
from a patient, water vapor, and the air. To simulate the drop
transport in air, the following assumptions are made:

1. the vapor–air flow from either the mouth or the nose
approximated as a 2D axisymmetric jet flow;

2. the flow is horizontal and its velocity distribution is uniform
at the exit;

3. liquid droplets are uniformly distributed and transported
the flow. There are no interactions among the droplets;

4. the flow field is independent of the evaporation of liqu
droplets;

5. the influences of the wall, ceiling, and any obstruction on
flow are neglected;

6. the exit flow is assumed to immediately equilibrate with t
surrounding air, and a uniform temperature of 293 K is used
the surrounding air flow;

7. the relative humidity is about 70%–80% in the lung at t
body temperature. It increases to unity as the jet flow tempera
suddenly drops to the room temperature at the mouth exit.

Two-Dimensional Axisymmetric Turbulent Jet Model. Fig-
ure 1 shows the jet flow into still air used to mimic breathin
coughing, or sneezing of the human being. It is an axisymme
jet and surrounded by the outer air flow. The radial axis isR and
the axial coordinate isx. When investigating the droplet dynamic
only the vertical plane is considered, e.g., thex-z plane wherez is
the vertical coordinate. Since the flow is essentially at const
pressure and no obstruction assumed, it has constant mome
flux in any cross section:

M5E
0

`

rU22prdr 5rU0
2pR0

2, (1)

Fig. 1 Schematic of the jet flow field
Journal of Biomechanical Engineering
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where U0 is the jet velocity at the mouth exit andR0 is the
approximated mouth radius.

A general turbulent jet model has three regions:~1! Zone 1,x
,L0 , R,bc , a conical region where the flow velocity is equal
the outlet velocity,uUu5U0 , L0 is the length of the region. The
radiusbc linearly changes withx from R0 to zero;~2! Zone 2,x
,L0 , bc,R,bc1bm , boundary layer region~or mixing region!;
~3! Zone 3, x.L0 , the developed region where the transver
velocity profiles are similar at differentx and the velocity decay is
assumed to be proportional tox21 @6#.

In the fully developed flow region, the axial mean veloci
profiles are similar in each cross section. It has been demonstr
that the Gauss function profile fits well to the experimental d
obtained in the studies of nozzle jet flows as@7,8#:

U5Um expF2S R

be
D 2G . (2)

The centerline velocityUm in Zone 3 is calculated based on th
momentum conservation along the jet as:

Um

U0
5

1

A2«
S 2R0

x D5
A2R0

«x
. (3)

From the experimental results by Albertson et al.@7#, « is a non-
dimensional number and takes the value of 0.114.

For the 2D problem, the velocity component in thex-z plane is:

uU~x,z!u5Um expF2S z

«xD 2G5U0

A2R0

«x
expF2S z

«xD 2G . (4)

At the end point of the jet core~Zone 1!, one has the following
relationUm5U0 , e.g.,A2R0 /«x51. The corresponding position
is L05A2R0 /« and the radius isbc(x)5(12x/L0)R05R0
2«x/A2. In Zone 2, the velocity distribution is also described
the Gaussian function:

uUu5U0 expF2S R2bc

bm
D 2G , bc<R<bc1bm , (5)

wherebc is the radius of Zone 1 andbm of Zone 2bm is

bm~x!5A2R0

x

L0
5«x. (6)

The boundary of Zone 2 isbe5bc1bm5R01«x(12A2/2).
Similarly, the vapor concentration~or the relative humidity!

distribution in the jet region is obtained. It follows the Gau
distribution law but with a correction coefficientf 51.12,
e.g., c5cm exp@2R2/(f•be)

2# in the jet region ~Zone 3! and
c5c0 exp@2(R2bc)

2/(f•bm)2# in the boundary layer~Zone 2! @9#.
In a uniform temperature field, the relative humidity~RH! distri-
bution obeys the same rule as the species concentration. The q
tity c0 is the vapor concentration at the mouth exit. The quan
cm is the vapor concentration at the center line~x axis! of the jet.
In the jet region, the value ofcm can be obtained using the flu
conservation law as:

E
0

`

cuUu2prdr 5c0U0pR0
2. (7)

The influence of the jet flow on the environmental RH value
negligible. For the area outside the jet flow region, the relat
humidity is assumed to bec` , the environmental value.

Liquid Droplet Dynamics. The trajectory of a droplet is pre
dicted by applying the force balance on the droplet, which
FEBRUARY 2005, Vol. 127 Õ 33
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written in a Lagrangian reference frame in the vertical plane. T
droplet inertia is equated with the forces acting on the droplet,
could be written in the Cartesian coordinates as

d~mvx!

dt
52~vx2U!Fd,x /uvx2Uu, (8)

d~mvz!

dt
52mg2vz•Fd,z /uvzu, (9)

wherevx , vz are the horizontal and vertical velocity componen
respectively.g is the gravitational acceleration constant. The dro
let is assumed to be spherical and its mass ism5rw(4/3pr 3).
Due to evaporation, the droplet mass is a time variable. The m
nitudes of the drag forcesFd,x and Fd,z are calculated from the
following equations:

uFd,xu5
1
2rauvx2Uu2Cd,sphere,xpr 2, (10)

uFd,zu5
1
2rauvzu2Cd,sphere,zpr 2. (11)

The drag force coefficientCd,sphereis calculated according to@6#:

Cd,sphere,x5
24

Rex
1

6

11ARex

10.4 0<Rex<23105, (12)

Cd,sphere,z5
24

Rey
1

6

11ARez

10.4 0<Rez<23105. (13)

The relative Reynolds number for the flow around the drople
defined as:

Rex5
radpuvx2Uu

ma
, (14)

Rez5
radpuvzu

ma
, (15)

wherera is the air density,ma the air viscosity. The characteristi
length takes the value of the diameter of the droplet, e.g.,dp
52r .

When the particle size becomes comparable to the gas m
free path, the Cunningham correction should be applied to
Stokes drag force. Under the normal atmosphere pressure
temperature, the gas mean free path is 0.07mm. Comparisons on
the velocities of particles of different sizes under various fo
conditions can be found in@10#. It is shown that the Brownian
forces become important for particles of 0.1–0.5mm diameters.
Thus for most droplets released from the human body, the C
ningham correction and Brownian forces can be neglected.
other forces contributing to the balance on the droplet such as
added mass force, the Basset history force and the pressure
dients are also neglected because of the large water/air dr
density ratio@11#.

The position of the droplet (Sx ,Sz) is calculated from:

dSx

dt
5uvxu, (16)

dSz

dt
5uvzu. (17)

Due to evaporation, the droplet radius decreases in the fa
process, and the dynamics of the droplet is coupled with its m
reduction. Turbulent dispersion model is not implemented in
present jet flow model due to the lack of the velocity fluctuati
details. Berlemont et al.@12# claimed that the influence of th
turbulence or the velocity fluctuations on the mean droplet dia
eter and trajectories appeared to be very small, especially o
34 Õ Vol. 127, FEBRUARY 2005
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droplets with large radius, e.g., 100mm, the initial diameter of the
droplets modeled in this study. As the droplet evaporates, the
fluence may become significant.

Droplet Evaporation. The relation describing the evapora
tion rate of a stagnant pure water droplet is used@13#:

r
dr

dt
5F~T,p!x, (18)

wherex5pv /pv,sat21 is the ambient vapor fraction,pv(T) and
pv,sat(T) the water vapor pressure in air and the vapor press
under the saturation condition. For a rapid mixing model, the te
F(T,p) in Eq. ~18! is given by:

F~T,p!5FrwS RwT

Dvpv,sat~T!
1

L2

kaRwT2D G21

(19)

whereDv is the diffusivity of water vapor,ka the thermal conduc-
tivity of air, L the latent heat,rw the water density, andRw the gas
constant of water vapor. For the saturation water vapor pressu
a physiological liquid droplet,pv,sat(T) can be determined using
the ideal solution assumption:

pv,sat~T!5pv,sat,w~T!3x, (20)

wherepv,sat,w(T) is the saturation vapor pressure for pure watex
is the water mole fraction of the droplet:

x5
V

V1nsvw
, (21)

where V is the volume of the droplet,ns and vw are the mole
numbers of the salt ions and the water molar volume, respectiv

The droplet temperature is calculated with respect to time ba
on heat transfer through convection and evaporation:

mCp,d

dT

dt
5hA~T`2T!1

dm

dt
L, (22)

whereCp,d is the droplet specific heat,h the heat transfer coeffi-
cient,T` the air temperature andA the surface area of the drople
The heat transfer coefficienth is evaluated using the correlatio
by Ranz and Marshall@14#:

Nu5
hdp

ka
5210.6 Red

1/2 Pr1/3, (23)

where, the Reynolds number is based on the particle diameter
the relative velocity as:

Red5
raAuvx2Uu21uvzu2~2r !

ma
. (24)

The Prandt1 number of the air is defined as Pr5Cp,ama /ka .
When the relative Reynolds number is large, the flow eff

needs to be taken into consideration. The correlation used for
correction of the relative velocity influence on the evaporation
@14#:

c f m5110.3 Red
1/2 Sc1/3, (25)

where the Schmidt number Sc5ma /(raDv). Considering the flow
effect, the right-hand side of Eq.~18! is multiplied by the factor of
c f m. The modified evaporation model can then be rewritten a

F~T,p!5FrwS RwT

Dvpv,sat~T!
1

L2

kaRwT2D G21

c f m. (26)
Transactions of the ASME
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For coughing and sneezing, it is necessary to apply this correc
as shown in the next section. To solve the equations, the in
conditions are given as:

uvxu t505Vi , (27)

uvzu t5050, (28)

Tu t505310 K, (29)

r u t505r i , (30)

Sxu t5050, (31)

Szu t505ManHeight, (32)

ManHeight takes the value of 1.7 m in all the calculations.

Results and Discussion

Model Validation. Equations~8!, ~9!, ~16!–~18!, and~22! are
solved using the fourth order Runge-Kutta method@15#. The
mathematical model and the solution procedure are validated
ing the following two cases without any ambient flow:~1! free
falling of a droplet without evaporation. The radius of the drop
is assumed to be small enough and the traditional Stokes
force coefficient isCd,sphere524/Red . The velocity is expressed as
uvz(t)u522grvr i

2/9ma@12exp(29ma/2rvr i
2t)#. The result is

shown in Fig. 2;~2! propagation of a droplet in the horizonta
direction considering evaporation only. When the gravitatio
force is considered, an analytical solution can be obtained f
the horizontal force balance as follows:

dvx

dt
52

9

2

vxma

rwr 2
52

9

2

vxma

rw@r i
212tF~T,p!x#

, (33)

where the droplet radius is calculated from the evaporation mo
with the constant temperature assumption of the dropletT
5293 K). The exact solution is found by solving the ordina
differential equations as:

uvx~ t !u5ViS r i
2

r i
212F~T,p!tx

D 9ma/4F~T,P!xrw

. (34)

Shown in Figs. 2 and 3, the numerical simulations give alm
identical results to those from the analytical solutions.

Justification of the Rapid Mixing Model. The rapid mixing
model is used in this study, assuming the evaporation of drop
with uniform property and concentration. The concentration g
dient may exist within the droplet due to rapid evaporation. It

Fig. 2 Vertical velocity profile of the droplet in test case 1: r i
Ä25 mm, ViÄ0 mÕs, without evaporation
Journal of Biomechanical Engineering
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necessary to justify whether the rapid mixing model is approp
ate. The influence of the diffusion resistance on evaporation
be examined using the liquid Peclet number

Pe5
dm/dt

2pDdDvrw

@16#, wheredm/dt is the mass change due to evaporation,Dd is
the droplet diameter,Dv is the diffusion coefficient andrw the
water density. As Pe→0, the diffusion process is much faster tha
the evaporation. The concentration gradient in the droplet is n
ligible, which is the rapid mixing case.

After simplification, the expression of the Peclet number
5r /Dvdr/dt. The lifetime of the droplet is the key parameter.
this study, the evaporation lasts for about several seconds of s
droplets~radius around 10–20mm! and 10 s of droplets with 50
mm radius. The Pe number is on the order of 1026. Thus, the
rapid mixing model can be used to describe the evapora
process.

Breathing. In this part of the study, ideal solution droplets a
used to mimic the virus carriers from the human being via brea
ing. An ideal solution obeys the Raoult’s law. The salt concen
tion in droplets is assumed to be 0.9% as the physiological va
Calculations of the trajectory are performed until the droplet
dius is less than a half micron. In normal breath, the airfl
through the nose and trachea is about several meters per se
@1,4#. The flow is approximated by a jet flow of 3 cm radius. Sin
the maximum relative Reynolds number for normal breath is l
than 0.3, and if the initial size and velocity of the droplet arer i
515mm andVi55 m/s, respectively, then the steady state eva
ration model can be used with good approximation. Trajectorie
the droplets with initial radius of 10mm and the jet flow velocities
of 1, 2.5, and 5 m/s are shown in Fig. 4.

From the results, one can find that both the falling and horiz
tal flying distances increase with the relative humidity. The falli
distance is less than 2 cm of the droplets with 10mm radius, and
5 cm of those with 15mm ~results not shown!. Droplets of this
size can suspend in air after evaporation and follow the Brown
motion, which is temperature dependent. While carrying vir
these droplets can be dangerous since the probability of t
being inhaled by people is high. As the initial jet flow veloci
increases, droplets can travel several meters in the horizonta
rection under the same relative humidity condition. The evapo
tion time is mostly within a couple of seconds mainly depend
on the initial velocity and the relative humidity.

The relationship between the droplet size, and its falling d
tance and relative humidity is shown in Fig. 5. The gravity effe

Fig. 3 Horizontal velocity profile of the droplet in test case 2:
r iÄ50 mm, RHÄ0.6, ViÄ50 mÕs, with evaporation
FEBRUARY 2005, Vol. 127 Õ 35
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is almost negligible when the RH is less than 60% since the d
lets evaporate rapidly in air. The effect becomes much more
nificant as the RH increases to 80%. The longer falling distanc
the vertical direction helps decrease the probability of the vi
being inhaled by a person of similar height nearby. If such
person is walking by, and the air column inhaled is assumed to
1 cm diameter, the possible reduction in the number of drop
inhaled by the person at the distance of 1.5 m is estimated u
different relative humidity conditions, as shown in Table 1.

The results show that the relative humidity can significan
affect the inhalation of the droplets, e.g., the SARS carriers, in
It suggests that higher relative humidity~around 80%! in Shang-
hai during April and May, could be one of the key factors f
much less SARS transmission in the area. It should be noted
the solution of the droplets is assumed to be 0.9% NaCl as
physiological solution in the above simulation. Similar resu
have also been obtained using the intracellular fluid composit

Fig. 4 Trajectories of the droplets with initial radius of 10 mm
and the jet flow rates of 1.0, 2.5, and 5.0 m Õs under different
relative humidity conditions „RH…

Fig. 5 Variation of the droplet radius versus the falling dis-
tance under different relative humidity conditions „RH… when
the initial jet flow rate is 2.5 m Õs

Table 1 Effect of the relative humidity „RH… and initial velocity
on the number of droplets inhaled by a healthy person of
the same height at the distance of 1.5 m from the infected
individual

InitialVelocity ~m/s!\RH 20% 40% 60% 80%

5.0 49% 45% 30% 0%
2.5 33% 32% 19% 0%
1.0 0% 0% 0% 0%
36 Õ Vol. 127, FEBRUARY 2005
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Coughing or Sneezing. When people cough or sneeze, th
outgoing liquid droplets are much larger and at much higher ini
velocities. In sneezing, millions of tiny droplets of water and m
cus are expelled at up to 40 m per second@17#. The initial droplet
radius is in the range of 10–100mm, and it decreases rapidly in
air because of evaporation. Due to the lack of the detailed sta
tical data, velocities of 10–50 m/s and radius of 20–100mm are
used in this study for simulation of liquid droplets from the hum
being via coughing or sneezing.

To examine the co-current jet flow assumption, the relat
Reynolds numbers associated with different initial droplet si
(r i) and velocities (Vi) are calculated and given in Fig. 6. It i
clear that the correction of the evaporation model@Eqs.~23! and
~25!# is necessary in these cases since the Reynolds numbe
the value ofc f m are both much larger than 1. Figure 7 shows t
trajectories of droplets with initial radius of 20mm. The trends are
similar to those presented in Fig. 4 while the relative humidity h
much greater effect on the final distance traveled in both dir
tions. Of large droplets, the falling distance is almost the sa
which is independent of the initial jet velocity. The relationship
the droplet size, the falling distance, and the relative humidity
shown in Fig. 8. The influence of the relative humidity on the fin
falling distance is much greater than that of the initial velocity.
the initial droplet size increases, this influence becomes gre
Figure 9 shows the trajectories of a droplet with initial radiusr i
550mm and velocity of 50 m/s under various relative humidi

Fig. 6 Reynolds number of droplets with different initial sizes
and velocity as they travel in air under the relative humidity
condition RH Ä0.8

Fig. 7 Trajectories of the droplet with initial radius of 20 mm
and the jet flow rates of 10, 20, and 50 m Õs under different rela-
tive humidity conditions „RH…
Transactions of the ASME
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conditions. Under the conditions of RH540% to RH580%, the
curves become vertical at the end because the droplets have
out of the jet flow region. The droplet lands on the ground bef
it becomes tiny enough to suspend in air, as shown in Fig. 10.
likelihood of these droplets to be inhaled by other people nea
is rare.

In comparison, the transmission of the droplet is recalcula
without considering the influence of the temperature change
to evaporation~i.e., T5T`5293 K). The falling distance is
shorter. In the case of breathing, the final falling distance is 1
and 7% less under the conditions of the RH50.1 and 0.8, respec
tively. In the case of coughing, the difference increases to ab
20% and 10% less under RH50.1 and 0.8, respectively, while it i
30% less under the RH50.1 in the case of sneezing. These resu
indicate that it is necessary to take the temperature change
account in the transmission model, especially when the dro
size is large and the relative humidity is low. In the cases stud
the temperature reduces to about 285 K under the RH50.1, while
it almost keeps at the same value under the RH50.8. The influ-
ence of the temperature change due to evaporation on the dr
transmission is more obvious in the environment with lower R
values, since significant heat transfer takes place during the r
evaporation process.

Fig. 8 Variation of the droplet radius versus the falling dis-
tance under different relative humidity conditions „RH… when
the jet flow is 20 m Õs

Fig. 9 Trajectories of the droplet with initial radius of 50 mm
and the jet flow rate of 50 m Õs under different relative humidity
conditions „RH…
Journal of Biomechanical Engineering
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Conclusions
A two-dimensional model is built to predict the transmission

physiological liquid droplets in air. Normal breathing, coughing
sneezing have been simulated using turbulent jet flows at diffe
initial velocities. With the evaporation model accounting for t
dynamics of an isolated droplet in air, the influence of the relat
humidity on the transmission distance and time is studied.

Small droplets~about 5–20mm in radius! rapidly evaporate and
the gravity effect is minimum. The contained viruses, if there
any, would then either suspend in air or attach to solid surfa
Under the high relative humidity condition, the evaporation ra
reduces which allows for a longer falling distance, especially
large droplets, which may help decrease the probability of
virus inhalation by other human beings in the vicinity. On t
other hand, the longer transmission distance can also increas
possibility of virus attachment to the surrounding surfaces a
thus decrease their suspension time in air. Large droplets~.50
mm in radius! land on the ground quickly under the high relativ
humidity ~.40%! condition, while in dry air the droplets rapidly
evaporate and suspend, which is more dangerous if contai
viruses.

From the numerical results aforementioned, high relative
midity may help reduce the spread of viruses carried by liq
droplets in air. The steady jet flow assumption is used in
present work, and the horizontal transmission distance may
overestimated. In practice, deceleration of the jet flow can af
the transmission of droplets in air, especially in the horizon
direction. Nevertheless, the influence of the relative humidity
expected to be similar. In subsequent study, it is desirable to
vestigate the effect of the relative humidity on the viability
virus and the susceptibility of the human being, both playing i
portant roles in the SARS transmission.
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Nomenclature

Cd,sphere5 drag force coefficient
f 5 correction coefficient

Fd,x , Fd,z 5 drag forces, N
ns 5 mole number of the salt ions

pv(T) 5 water vapor pressure in air, Pa

Fig. 10 Variation of the droplet radius versus the falling dis-
tance under different relative humidity conditions „RH… when
the jet flow is 50 m Õs
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pv,sat(T) 5 vapor pressure of the droplet under saturation
condition, Pa

pv,sat,w(T) 5 saturation vapor pressure for pure water, Pa
r i 5 initial size of the droplet, m

R0 5 approximated mouth radius, m
Re 5 Reynolds number

RH 5 relative humidity
Sx , Sz 5 position of the droplet

Sc 5 Schmidt number
U 5 outlet velocity, m/s

U0 5 jet velocity at the exit, m/s
Um 5 centerline velocity, m/s

V 5 volume of the droplet, m3

Vi 5 initial velocity of the droplet, m/s
vw 5 water molar volume, m3

vx 5 horizontal velocity components, m/s
vz 5 vertical velocity components, m/s
x 5 water mole fraction in the droplet
x 5 ambient fractional of super-saturation vapor
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