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ABSTRACT
Droplets generated in industrial buildings may do harm to the workers, the construction and the environment.
Ventilation is often used to control this kind of air-borne contaminants. In order to provide a basis and reference for the
efficient ventilation on droplets control, a numerical simulation method is adopted to reveal the evaporation and movement
of fine water droplet populations released from a tank in industrial buildings. The variations of diameter and velocity of
water droplets with identical initial diameter and velocity were studied. The results showed the evaporation and movement
of the droplet populations presented obviously nonuniform distributions, due to vapor concentration and velocity
distribution of the air around the droplets. When the droplets were closer to the centerline of the tank, they showed a lower
evaporation rate, a larger velocity and a bigger velocity difference between droplets and its surrounding air. The effects of
initial diameter and the relative humidity of the ambient air on droplet evaporation and movement were discussed.
Compared to the relative humidity of the ambient air, the initial diameter had a more significant effect on the droplet
evaporation and movement. The effects of the initial diameter variation (1 µm–50 µm) on the evaporation time variation
and the terminal height variation were almost 17 times and 10 times larger than the effects by the relative humidity
variation of the ambient air (20%–80%), respectively.
Keywords: Aerosol; Droplet evaporation; Droplet movement; Numerical simulation; Lagrangian-Eulerian approach.

INTRODUCTION
Water or acidic droplets are substantially generated in
many production processes in industrial buildings, such as
water cooling, electrolysis, and pickling. After the droplets
escape into the operating environment, they may endanger
the health of industrial workers (Hyunhee, 2013; Li and Zhou,
2015). The high humidity or acidic environments created by
the droplets may cause equipment corrosion, construction
damage, structural heat transfer coefficient increasement,
etc. (Achenbach and Trechsel, 1982). Meanwhile, the mist
generated by droplets may impede normal production and
worker operations.
Ventilation, using airflow to transport and capture air-borne
contaminants, is a common and useful control method.
However, the current ventilation design handbooks on
droplet control do not take the characteristics of the droplet
movement into consideration (Sun, 1997; ASHRAE, 2007).
Revealing the movement of droplets in air could contribute
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to finding a reasonable and effective ventilation control
method, which plays an important role in protecting workers’
health, prolonging the life of equipment and buildings, and
ensuring normal production and operating conditions.
The movement of droplets is different from that of gas
contaminants and solid particles because evaporation causes
the forces acting on the droplets to change constantly;
therefore, evaporation and these forces should be well
understood. Many evaporation models are proposed based
on different assumptions and influencing factors. They are
mainly divided into the infinite thermal conductivity model
(Sazhin, 2006), the finite thermal conductivity model (Miller
et al., 1998) and the vortex model (Sirignano, 2000), according
to the assumption of droplet temperature uniformity. Droplet
size is usually small (less than 1000 µm) in an indoor air
environment, and the infinite thermal conductivity model is
typically used to describe the evaporation of these tiny
droplets. The evaporation prediction suitable for fine droplets
was further developed by Kukkonen (1989) who considered
Stefan flow and the temperature dependence of the diffusion
coefficient to improve a widely adopted model to predict
the evaporation. When a droplet is a solution such as an
acid or salt solution, the evaporation rate of the droplet is
affected because of the solute to water effect (Dufour and
Defay, 1963; Pruppacher and Klett, 2004). Zhao et al. (2004)
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found that the pressure gradient force, visual mass force
and the Basset force could be negligible. The drag force
acting on a droplet can be described by the Stokes correction
form considering the slip effect and the Reynolds number
(Allen and Raabe, 1982).These studies deepened the
understanding of the movement of fine droplets in an indoor
air environment.
With the development of the computer, numerical
simulation technology has become an important means of
studying the evaporation and motion characteristics of
droplets (Varghese and Gangamma, 2007; Xie et al., 2007;
Shanthanu et al., 2013; Zhou et al., 2013). The evaporation
of droplets with solid particles was researched based on a
numerical simulation; and the process could be divided
into two stages with the former stage being similar to pure
water droplet evaporation (Cheong, 1986; Kadja and
Bergeles, 2003). The motion characteristic of evaporating
droplets in a three-dimensional incompressible fluid was
presented, based on the volume-of-fluid (VOF) multiphase
flow approach with direct numerical simulation (Schlottkea
and Weigand, 2008). Furthermore, numerical simulation
technology is also adopted to study the evaporation and
motion of droplets in different practical engineering situations.
The effects of the channel geometry on the droplet
dynamics in fuel cells had been numerically investigated
(Zhu et al., 2010; Kim et al., 2014). Montazeri et al.
(2015a) found that a numerical simulation by a LagrangianEulerian approach could accurately predict droplet
evaporation in evaporative cooling by water spray systems
in outdoor and indoor urban environments, and the impact
of physical parameters on evaporative cooling by a mist
spray system were researched with CFD analysis (Montazeri
et al., 2015b). A Lagrangian-Eulerian approach was employed
to research the motion of evaporating droplets exhaled by
human beings in a ventilated room, and the results were
intended to provide effective measures to reduce the infection
risk of others by droplets exhaled by patients (Sun and Ji,
2007; Liu, 2011).
Obviously, plenty of researches have been completed to
examine the evaporation and movement of droplets. For
droplets in industrial buildings, however, their evaporation
and motion are more influenced by nonuniform relative
humidity, velocity and temperature distribution of air and
other environmental parameters that are related to
production processes. Meanwhile, the droplet composition,
initial diameter and flow mode in this environment are also
different from those in existing studies. It is very important
to reveal the movement of evaporating droplets in typical
production processes.
This paper focuses on the evaporation and movement of
fine water droplet populations in nonuniform relative
humidity, velocity distribution of indoor air. The droplets and
the nonuniform environment are generated by a water
cooling tank. Both the diameter evolution and velocity
distribution of droplets were analysed when the initial
droplet diameters and the relative humidity of the ambient
air changed. The results are intended to provide a reference
for reasonable and efficient ventilation methods of droplet
control.

METHODOLOGY
A Lagrangian-Eulerian approach was employed to
investigate the evaporation and movement of water droplets
populations generated from a tank, based on numerical
simulation.
Geometry, Boundary Conditions and Grid
The geometric model used in this paper is one part of a
industrial building and shown in Fig. 1(a) and the size of
the computational domain is 10 m × 10 m × 10 m. Actually,
the space of the industrial buildings are usually very large,
the air from other parts of the industrial building (i.e., the
ambient air), could have an effect on the computational
domain. In order to research the evaporation and movement
difference of the droplets in the dry and wet the ambient
air, both sides along the X-axis are set as pressure outlet
boundary conditions and the air from the pressure outlet
boundaries presents the ambient air. Thus the relative
humidity of the ambient air (ARH) is presented by the
relative humidity of air from pressure outlet boundaries.
The other two sides along the Y-axis are the adiabatic wall
boundary conditions. The top and bottom are the adiabatic
wall boundary conditions. A tank in the bottom center of
the room has a rectangular opening. The opening size is 1 m
× 1 m, and the distance between the opening and the ground
is 1 m. The tank opening is assumed to be the source surface
releasing the pure water droplets and saturated moist air,
and the reason for this assumption is mentioned in the
Section Airflow and droplet. The coordinate origin, O, is at
the midpoint of the tank opening. The DPM boundary
condition type for the walls is trap, and the type for the
sides along the X-axis and the tank opening is escape.
Geometry and grid generation is executed with a grid of
the tetrahedral cells, based on the Gambit 2.4.6. The grid
adopted in this paper is with 1352986 cells, based on the
the grid sensitivity analysis. The minimum and maximum
cell volumes in the domain are 4.448 × 10–6 m3 and 2.342
× 10–3 m3, respectively. The worst element is with a quality
value of 0.76.
To analyse the droplet movement at different locations,
the section above the opening is divided into 14 regions
along the X-axis, and each interval width is 0.1 m, as
shown in Fig. 1(b). The Z-axis is the centerline of the tank.
The letters represent different region codes, and the numbers
represent the coordinate values along the X-axis. The
regions from A/A’ to G/G’ are increasing in distance from
the centerline.
Airflow and Droplet
The droplet generation process from a tank can be
described as follows: at the beginning, only water vapor is
generated from the tank and comes into the ambient air in
industrial production process. Then, the water vapor mixes
with the ambient air and condenses to the droplets
immediately due to heat transfer with the ambient air. After
this phase transformation, a saturated airflow with many
droplets is formed above the tank. When moving upward, the
saturated moist airflow and droplets keep mixing with the
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(a)

(b)
Fig. 1. Geometric schematic of droplets releasing from a tank in an industrial building (a) Geometric model; (b) The
region schematic above the opening.
ambient air. The droplets begin to evaporate because the
mix effect decreases the vapor concentration around the
droplets. The objective of this paper is to investigate the
evaporation and movement of the droplets after the droplet
condensation, thus the simulation of the water
condensation process is not discussed and the tank opening
is simplified to be a boundary which releases the saturated
moist air and droplets. The parameters influenced by water
condensation, such as the initial diameter of droplets and
the velocity of the saturated moist air, are based on
previous researches (Xu, 2007; Zhang, 2010).

Air density is assumed to be constant for the reason that
the density change of indoor air caused by the difference of
water vapor content is less than 1% as there is no
temperature difference. Governing equations for the gas
phase are based on the continuity equation, N-S equations,
energy equation and water vapor diffusion equation. It has
been proved that k-ε turbulence models are suitable for
predicting indoor air distribution (Chen, 1995; Round and
Havet, 2002). Here, a realizable k-ε model is chosen, as
turbulent viscosity and turbulent dissipation have been
corrected in this model.
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The initial droplet diameter adopted in this paper ranges
from 1 µm to 50 µm based on a similar acidic droplet
generation process from a pickling tank, in which the initial
diameter of acidic droplets ranges from 0.1 µm to 50 µm
(Zhang, 2010). A droplet population in one case corresponds
to an identical initial diameter, Di. The temperature
distribution of a droplet can be treated as uniform when the
Biot number of the droplet is less than 0.1 (Farid, 2003). Bi
= hDd/λ < 0.1, where h is the air heat transfer coefficient, λ
is the thermal conductivity of the droplet, and Dd is the
droplet diameter. Considering that the initial diameter has a
range of 1 µm to 50 µm and λ is much larger than h, the
droplet temperature Td is assumed to be uniform. The Kelvin
effect is neglected as the diameter is larger than 0.1 µm
(Tang, 2000), so the water vapor partial pressure at the
droplet surface is approximately equal to the water vapor
pressure of the saturated air corresponding to the droplet
temperature (Lian, 2006). Eq. (1) is used to calculate the
water vapor partial pressure at the surface of a droplet,
Pvap,d (Kukkonen, 1989). A randomly walking model is used
to describe the effect of airflow turbulence on the droplet
trajectory.
Pvap,d = exp[77.34 – (7235/Td) – 8.2lnTd + 0.005711Td] (1)
The evaporation rate of a droplet is calculated by Eq. (2)
as follows:
 Pvap , d Pvap ,  
N i  kc 


RT 
 RTd

(2)

where Ni is mole flux of water vapor, kgmol m–2 s–1; kc is
the mass transfer coefficient, m s–1; the first term in brackets
represents the water vapor concentration at the droplet
surface, kgmol m–3; the second term in brackets represents
the water vapor concentration of the ambient air, kgmol m–3.
Because of evaporation, the droplet mass in the energy and
momentum equations dynamically changes.
Heat exchange between droplets and air mainly includes
convection heat transfer and evaporation, ignoring the
radiation heat transfer. The energy equation of droplets is
as follows:

md cd

dTd
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Solution Methods
A commercial software Fluent 6.3 is employed. A
Lagrangian-Eulerian approach is adopted to solve the
airflow (the continuous phase) and the droplets (the discrete
phase). The droplets are injected into the domain after the
continuous phase is converged.

The Continuous Phase
The SIMPLE algorithm is adopted to solve the pressure
and velocity coupling (Montazeri et al., 2015b). The pressure
discretization scheme is PRESTO! while the discretization
schemes for the convection terms and the viscous terms are
the second-order upwind.
The Discrete Phase
Considering the interaction with the airflow, the droplet
momentum, heat and mass transfer equations are solved in
a two-way coupling method. The droplets time step tracks
with the air flow time step. Trapezoidal and implicit schemes
are used for high order scheme and the low order scheme in
solving the equations of droplet motion, respectively (Fluent,
2006). A randomly walking model is used to describe the
effect of airflow turbulence on the droplet trajectory.
Parameters
Three parameters are used to evaluate the evaporation
and movement of the droplets, named D dt (the mean
diameter corresponding to the number of initial droplets),
D d (the mean diameter corresponding to the number of
existing droplets), and Vz (the mean velocity along Zaxis corresponding to the number of existing droplets):
n

Ddt 

Dj

j 1

(5)

N di

where Dj represents the droplet diameter marked as j; Ndi
represents the initial droplet number, which is constant and
equal to 808 in this paper.
n

where the left term represents the total enthalpy change of
a droplet; the first term on the right represents the heat
transfer by heat convection; the second term on the right
represents the latent heat of vaporization.
The motion equation is represented as follows, according to
Newton's second law:

md

force; the third term represents other external forces. The
Brownian force and Saffman lift force are taken into
consideration, ignoring the pressure gradient force, visual
mass force and Basset force (Zhao et al., 2004).

Dd 

Dj

j 1

(6)

Nd

where Nd represents the number of droplets actually
existing at that moment, which is relevant to the case, time
and selected region. The region which a droplet belongs to
is determined by its coordinate value.

(4)

where the first term on the right represents the gravity and
buoyancy; the second term on the right represents the drag

n

VZ 

Vz j

j 1
Nd

(7)

Wang et al., Aerosol and Air Quality Research, 16: 301–313, 2016

where Vzj represents the droplet velocity component in
the positive direction of Z-axis.
When released in stagnant air, a particle will quickly reach
its terminal settling velocity, Vter. Vter can be determined by
the following equation (John and Spyros, 2006). It is an
important parameter to present the droplet movement. For
a evaporating droplet, Vter decreases with the droplet diameter
decreasing. This parameter is used to check the movement
of droplet in the validation part.
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maximum deviations are 4.7% and 3.6% when Di is 115
µm and 110 µm, respectively. The comparison of Vter at
the same droplet diameter is shown in Figs. 2(c) and 2(d).
Both of the maximum deviations are 10.3% when Di is 115
µm and 110 µm. The deviations may be caused by the
boundary condition difference between the simulation and
the experimental measurement, and the theoretical equation
overlooks some forces acting on the droplet, such as
Brownian force and the buoyancy.
RESULTS AND DISCUSSION

1/ 2

 4 gDd Cc  d 
Vter  

 3CD  

(8)

where Cc and CD are the drag coefficients.
In fact, when a droplet is in airflow, Vter could be used to
present the velocity component difference along the gravity
between the droplet and its surrounding air. This velocity
difference is often called as the drift velocity (Sun, 2007).
The mean terminal settling velocity Vter of the droplets in
this paper can be defined as the difference between Vz
and the corresponding air velocity Vgz.
Cases
The cases in the numerical simulation are shown in Table 1.
The initial number of the droplets is 808. The saturated
moist air and the droplets from the opening is with an
initial velocity of 0.3 m s–1 (Xu, 2007), and the direction is
along the positive Z-axis. The initial temperature of the
droplets and the saturated moist air flow is 30°C, which is
identical to the indoor air. The droplets are released from
the tank at t = 0 s in each case.
Simulation Validation
Inappropriate choices of governing equations and solvers
may cause significant deviation in the simulation results (Li
and Nielsen, 2011). The experimental study of the movement
of free-fall evaporating droplets (Td = 289 K, T∞ = 293 K, RH
= 70%) in humid, stagnant air by Hamey (1982) is used to
verify the accuracy of the simulation results. Meanwhile, the
terminal settling velocity Vter is used to verify the accuracy
of droplet movement. Solver settings in validation part are
almost the same as the research cases. The differences
between the validation study and research cases are the
domain, grid, the boundary conditions and the injection type
of the droplets. The comparison of the droplet diameters at the
same drop height is shown in Figs. 2(a) and 2(b). The

The Continuous Phase Characteristics
Fig. 3 shows the velocity component along Z-axis and
relative humidity distribution of the continuous phase when
the initial velocity of the saturated moist air is 0.3 m s–1 and
the relative humidity of the ambient air is 50%. It presents
that the saturated moist air generated from the tank forms a
typical flow of a jet. After the saturated moist airflow releases
from the tank opening, its fringe air begins to entrain and mix
with the ambient air, and the air velocity and the vapor
concentration of the fringe air decreases. With the continuous
entrainment and mix effect, air velocity and the vapor
concentration of the main air flow area decrease as well. In
summary, after the saturated moist air comes into the
ambient environment, it forms a nonuniform velocity and
vapor concentration distribution. The vapor concentration
and velocity in the regions close to the centerline of the
tank are larger than those far away from the centerline.
It should be noted that although the droplets and the
airflow are solved in a two-way coupling way method, the
continuous phase change influenced by the evaporation and
movement of droplets could be neglected according to the
simulation results. That is because the droplets are released
only once in a case, and the effect of their evaporation and
movement on the continuous phase is limited. Thus, the
continuous phase is considered to be constant in this paper.
Droplets Visualization
A droplet population with identical initial diameter forms
a different diameter distribution after entering the indoor
environment. Fig. 4 shows the droplet diameter changes in
Case 3 and Case 4 after released from the tank (t = 0).
Obviously, the droplet diameters decrease as time progresses
because of evaporation. The diameters of the droplets far
from the centerline of the tank change more quickly, and
the droplets disappear earlier than the others. The droplet

Table 1. The simulation cases.

Case name
Case1
Case2
Case3
Case4
Case5
Case6
Case7

Initial diameter
(µm) Di
1
10
25
50
25
25
25

ARH and
temperature
50%/30°C
50%/30°C
50%/30°C
50%/30°C
0%/30°C
20%/30°C
80%/30°C

Initial velocity and temperature
of the vapor moist air (m s–1)

Initial velocity and temperature
of the droplets (m s–1)

0.3 m s–1
30°C

0.3 m s–1
30°C
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Fig. 2. Comparison of the experimental data and the simulation result (a) Comparison of Dd at the same drop height when
Di = 115 µm; (b) Comparison of Dd at the same drop height when Di = 110 µm; (c) Comparison of vter at the same Dd when
Di = 115 µm; (d) Comparison of vter at the same Dd when Di = 110 µm.

evaporation is relevant to the distance between the droplets
and the centerline. Obviously, the droplets with an initial
diameter of 25 µm change and disappear faster than those
with an initial diameter of 50 µm.
Droplet Diameter Changes
The diameter evolution is strongly relevant to the
distance between the droplets and the centerline. Fig. 5
quantitatively shows the mean diameter of the droplets,
D d , in different regions along the X-axis in Case 4. The
initial diameter is 50 µm, and the relative humidity of the
ambient air is 50%. It only presents the D d in the regions
where the droplets exist. When t = 1 s, the size distribution
is substantially uniform compared to the initial diameter.
When t = 3 s, D d decreases in all regions. D d of the

regions near the centerline are uniform, while D d of the
regions far from the centerline decrease sharply. When t =
8 s, the size continues to decease, and the mean diameter of
the two regions nearest to the centerline is largest. When t
= 12 s, the droplets in the regions far from the centerline
disappear due to evaporation, and the existing droplets are
mainly in the vicinity of the centerline. The symbol
number shows a first increase and then decrease trend over
time. The increase implies that the mix of air from the tank
and the ambient environment makes the droplets diffuse to
the regions far from the centerline. The decrease implies
the evaporation makes the droplets far from the centerline
totally evaporate quickly.
These results indicate that droplets in the regions near
the centerline evaporate more slowly compared to droplets
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(b)

Fig. 3. The continuous phase parameter distribution when the ambient relative humidity is 50% (a) velocity component
distribution along Z-axis; (b) relative humidity distribution.
farther from the centerline. This is mainly caused by the
concentration difference of the vapor in the continuous
phase. Although the air flow released with the droplets is
saturated moist air, the vapor concentration of the air near
the opening edge decreases sharply due to its entraining
and mixing with the indoor air. Thus, the evaporation rate
of droplets near the opening edge is fast because the vapor
concentration difference increases between the droplet surface
and the surrounding air, see Eq. (2). As time progresses, the
entrainment and mix effect make the vapor concentration
of the air near the centreline descend. The diameters of the
droplets near the centerline begin to decrease as well.
Meanwhile, it can be seen that the droplet size distribution
is similar in the symmetric regions.
The number variation history of the droplets in different
regions in Case 4 is shown in Fig. 6. The symmetric regions
are merged for similar evaporation rates. For example,
Region A and A’ get merged into a large region. Due to the
turbulent airflow, the number of droplets in each large
region fluctuates, but the tendency of the number variation
is quite obvious. Three typical variation tendencies are
discussed. The droplets in Region A,A’ are near the
centerline, and the number decreases slowly because the vapor
in Region A,A’ keeps higher concentration. It seems that the
saturated moist in Region A,A’ protects the droplets from
fast evaporation. The droplets in Region E,E’ are near the
opening edge, and the vapor concentration in these regions
sharply decreases. Therefore, the droplets evaporate quickly,
and their number almost decreases sharply with almost a
linear variation. The number in Region F,F’ first increases
and then decreases. The increasing tendency occurs because
the entrainment and mix effect of the air flow from the tank
brings some droplets into the ambient air; the decreasing
tendency is caused by evaporation.
Fig. 7 shows the dimensionless diameter D dt / D i
change history of the droplets when the relative humidity
of the ambient air is 50%. D dt is the mean diameter of the

entire droplet population, which represents the evaporation
rate of the entire population. The evaporation time of all of
the droplets increases when the initial diameter increases.
When Di = 1 µm, D dt / D i becomes 0 in no more than 0.5
s with a very fast decrease in size. When Di = 10 µm, 25
µm and 50 µm, the evaporation time is 2.8 s, 6.9 s and 17.2
s, respectively.
The variation tendency of D dt / D i could be divided
into three stages when the initial diameter is larger than 10
µm. When the droplets initially leave the tank, the
variation of D dt / D i slightly decreases. Then, D dt / D i
decreases linearly. When nearly all of the droplets have
evaporated, the decrease rate of D dt / D i slows down.
The third diameter variation tendency is because the
droplets far from the centerline are totally evaporated and the
droplet evaporation near the centerline is restrained by the
higher vapor concentration. This diameter evolution is quite
different from that when a droplet is in a uniform airflow
(Sun and Ji, 2007; Xie et al., 2007). In their researches, a
droplet diameter change rate when it nearly totally evaporates
could be very fast.
Movement of the Droplets
Fig. 8 shows Vz changes over time in Case 4, where
Vz represents the mean velocity component in the Z-axis of
the droplets in different regions. As time passes, Vz in
each region increases. Vz in the regions near the centerline
is larger than that farther from the centerline. Fig. 8 also
shows the air velocity in Plane XOY, Vgz, corresponding to a
Z-axis value equal to the mean height of all of the droplets at
different times. Vgz near the centerline decreases, but it
increases far from the centerline over time. Vz approaches
to Vgz over time.
The distribution of Vz over time in Fig. 8 is because
Vter turns small. When the mean droplet diameter D d
turns small, Vter decreases. Thus, Vz in each region
increases over time. Likewise, Vz far from the centerline
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(a)

Lateral view

Top view
1s

3s

(b)
Fig. 4. Schematic diagram of the droplet diameter change history (a) Di = 25 µm in Case 3; (b) Di = 50 µm in Case 4.
is closer to the corresponding Vgz over time because the
droplets far from the centerline evaporate faster, and Vter
turns more small. These results reveal that the droplets
with identical initial velocity formed uniform velocity
distributions over time.
Vz of the entire droplet population over time after the

droplets injected to the domain 0.1 s are shown in Fig. 9,
where the relative humidity of the ambient air is 50%. Vz
at 0.1 s is lower than the initial droplet velocity 0.3 m s–1 in
all three cases because the droplets quickly reaches their
drift velocity. When Di are 25 µm and 50 µm, the curves
present a first decrease and then increase tendency. After
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Fig. 5 .The distribution of D d in different regions at Di = 50 µm.

Fig. 6. The number variation history of the droplets in different regions in Case 4.
the droplets come into the domain, the mix and entrainment of
airflow make some droplets gradually move into the regions
where the airflow velocity is smaller, as seen the droplet
number variation in Region F,F’ of Fig. 6. The lower airflow
speed makes the velocity of the droplets coming into these
regions get small. Thus at the beginning, Vz shows a
decreasing tendency. With the time progressing, Vz
increases in all three cases. The reason for this is that the
evaporation makes the droplet diameters decrease, resulting
in the terminal settling velocity decreasing. The minimum
Vz appears at t = 1 s and t = 2.6 s when Di = 25 µm and
50 µm, respectively. However, when Di is 10 µm, the
curve only shows an increase trend over time. The reason
why the decrease trend do not appear may be that the

droplets with Di = 10 µm totally evaporate quickly, and the
droplets in low velocity regions hardly exist.
The three curves from Fig. 9 indicates Vz with a larger
initial diameter is apparently smaller than that with a smaller
initial diameter. That is because a larger initial diameter
results in a larger terminal settling velocity, which makes the
velocity difference between a droplet and its surrounding
air larger.
The Influence of ARH
The relative humidity of the ambient air (ARH) has a
significant effect on droplet evaporation, according to Sun
and Ji's (Sun and Ji, 2007) and Xie's study (Xie et al.,
2007). For the droplets generated from the tank, surprisedly,
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Fig. 7. The dimensionless diameter D dt / D i change history of the droplets when ARH is 50%.

Fig. 8. Vz of droplets in different regions and Vgz changes over time in Case 4.
ARH has a rather limited effect on the evaporation and
movement of the droplet population.
Fig. 10 shows the effect of ARH on Ddt when Di = 25
µm. Ddt change decreases and the evaporation time is
prolonged as ARH increases. The evaporation time shows
a range of 6.3 s to7.2 s when ARH changes from 20% to
80%, but the difference is no more than 1 s. Furthermore,
the Ddt difference is no more than 5 µm at the same time
in these cases. The small differences can be explained that
although the relative humidity of the ambient air changes
from 20% to 80%, the relative humidity of the air where
the main droplets stay does not vary greatly as the air flow
released from the tank is saturated. The difference of the
evaporation time caused by ARH variation is almost 1/17
of that caused by the initial diameter variation. The small
difference in the evaporation time and Ddt at different
ARH values reveals that droplet evaporation is not very

sensitive to ARH.
Evaporation causes the droplet population to reach a
different maximum height H in different conditions. Fig. 11
shows the maximum attainable height of the droplet
population at different initial diameters (on the left Y-axis)
and ambient relative humilities (on the right Y-axis). The
difference of H caused by ARH variation is almost 1/10 of
that caused by the initial diameter variation. When the
initial diameter changes from 1 µm to 50 µm at ARH is
equal to 50%, the maximum height shows an approximately
linear variation, and H ranges from 0.15 m to 4 m. When
ARH varies from 0 to 80% at Di = 25 µm, H ranges from
1.75 m to 2.15 m. The small differences could be explained
that the droplet change is not large with ARH changing.
The results from Figs. 10 and 11 reveal that the
evaporation and motion of the droplets from the tank are
not very sensitive to the relative humidity of the ambient
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Fig. 10. D dt evolution at different ARH.

air from the pressure outlet boundaries. Its effect on the
droplet movement could be neglected in ventilation design.
CONCLUSIONS

A droplet-air two phase flow was studied in this paper. The
droplets were with a uniform initial diameter distribution, and
the airflow was with a nonuniform distribution. The
evaporation and movement of the droplets were discussed
and the scientific reasons were analyzed. The results are
intended to provide a reference for reasonable and effective
ventilation methods of droplet control. The main conclusions
are as follows:
1. Compared to droplet evaporation in a uniform vapor
concentration environment, the evaporation of droplets in a
nonuniform vapor concentration environment depends on
their locations. The droplets closer to the centerline of the

tank show a slower diameter decrease and have a longer
evaporation time. When the relative humidity of the ambient
air is 50%, the evaporation time of the droplet population
less than 1 µm is less than 0.5 s, while the evaporation time
ranges from 2.8 s to 17.2 s when the initial diameter varies
from 10 µm to 50 µm.
2. The combination of droplet diameter distribution and
the air flow velocity distribution around the droplets causes
the velocity difference of the droplets. The droplet diameter
difference makes the velocity difference between the droplets
and their surrounding air near the centerline larger than that
far from the centerline. The air flow makes the velocity of
the droplets closer to the centerline larger as well. Thus, the
velocity difference of droplets in different regions should
be taken into consideration in ventilation on droplet control.
3. Surprisedly, the relative humidity of the ambient air
has a rather limited effect on the evaporation and movement
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of droplets, compared to that of the initial diameter. Its
effects (varying from 20% to 80%) on the evaporation time
variation and the terminal height variation are merely about
1/17 and 1/10 of the effects caused by the initial diameter
variation (1 µm–50 µm), respectively. Thus, the effect of
the relative humidity of the ambient air on droplet control
could be neglected in ventilation.
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