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A B S T R A C T   

Accurate predictions of the droplet transport, evolution, and deposition in human airways are 
critical for the quantitative analysis of the health risks due to the exposure to the airborne 
pollutant or virus transmission. The droplet/particle-vapor interaction, i.e., the evaporation or 
condensation of the multi-component droplet/particle, is one of the key mechanisms that need to 
be precisely modeled. Using a validated computational model, the transport, evaporation, hy-
groscopic growth, and deposition of multi-component droplets were simulated in a simplified 
airway geometry. A mucus-tissue layer is explicitly modeled in the airway geometry to describe 
mucus evaporation and heat transfer. Pulmonary flow and aerosol dynamics patterns associated 
with different inhalation flow rates are visualized and compared. Investigated variables include 
temperature distributions, relative humidity (RH) distributions, deposition efficiencies, droplet/ 
particle distributions, and droplet growth ratio distributions. Numerical results indicate that the 
droplet/particle-vapor interaction and the heat and mass transfer of the mucus-tissue layer must 
be considered in the computational lung aerosol dynamics study, since they can significantly 
influence the precise predictions of the aerosol transport and deposition. Furthermore, the 
modeling framework in this study is ready to be expanded to predict transport dynamics of 
cough/sneeze droplets starting from their generation and transmission in the indoor environment 
to the deposition in the human respiratory system.   

1. Introduction 

The recent outbreak of coronavirus disease 2019 (COVID-19) raises public health concern internationally. It has been confirmed 
that SARS-CoV-2 can spread between humans via contacting droplets expelled from coughing or sneezing. Details on the transmission 
routes remain unknown, i.e., how SARS-CoV-2 can transmit within the embedded droplets/particles in the air and human respiratory 
systems? To answer the question, one of the key mechanisms that need to be addressed is the droplet/particle-vapor interaction. 

The droplet/particle-vapor interaction, i.e., the evaporation and condensation, is critical for predicting the behavior of the droplet/ 
particle in air. The water content of the atmospheric droplets is strongly dependent on the droplet composition and environmental 
relative humidity (RH) (Pilinis et al., 1989). The primary chemical components in the PM2.5 and PM10 contain sea salt, ammonium, 
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sulfate, nitrate (Ho et al., 2003; X.; Wang et al., 2006). These components are hydrophilic and can absorb water vapor under high 
ambient relative humidity (RH). 

For the indoor environment, such droplet/particle-vapor interaction has attracted attention when researchers attempted to model 
the droplets/particles transport dynamics generated from different sources. For example, Wang et al. (2019) recently simulated the 
evaporation of large droplets (20–80 μm) in a simplified 2D industrial building with different ambient temperature and RH conditions. 
Water droplets were employed to represent the industrial airborne pollutants in the form of droplets. Furthermore, Yang et al. (2019) 
modeled the evaporation of two types of droplets, i.e., hydrochloric and sulfuric droplets under the free-fall condition. The vapor 
pressure of the evaporable component on the droplet surface was modeled using a correlation generated based on experimental 
measurements. Similar models were also applied in the studies on the conventional cigarette smoke and electronic cigarette aerosol 
simulations (Y Feng et al., 2015; Longest & Xi, 2008). 

The interaction between the bio-aerosol and water vapor also has been investigated. Li et al. (2018) modeled the evaporation of 
droplets composed of water and non-volatile solid with different cough conditions. Pure water droplets were used to investigate the 
effect of RH on the evaporation and dispersion of exhaled droplets (Ji et al., 2018). Using pure water droplet to represent exhaled 
droplets is a simplification, since experiments suggest that the composition of exhaled droplets should consist of salt, protein, and 
surfactant (Vejerano & Marr, 2018). Realistic composition is critical since it wills influence the evaporation dynamics of the droplets 
released from coughing, sneezing, and talking (Vejerano & Marr, 2018). Liu et al. (2017) considered the droplet hygroscopicity when 
simulating the evaporation and dispersion of the droplets emitted by coughs. Based on the Lagrangian method for the hygroscopic 
saline droplet (Z. Zhang, Kleinstreuer, & Kim, 2006), we developed and validated a multi-component droplet/particle-vapor inter-
action model (Chen et al., 2017). The difference between our predictions and the experimental results (W. Li et al., 1992) for the 
hygroscopic growth of NaCl particle is only ±0.2% RH (or ± 0.4 in growth ratio) (Chen et al., 2017). 

To quantitatively measure the bio-aerosol transmission, accurate prediction for the deposition of inhaled droplets/particles is 
essential. Deposition of inhalable droplets/particles is commonly dominated by three mechanisms, i.e., inertial impaction (Kim & 
Fisher, 1999), sedimentation (Chen, Feng, et al., 2018; Kleinstreuer et al., 2007), and diffusion (Zamankhan et al., 2006). Diffusion, i. 
e., Brownian motion, has a limited effect on micron droplets/particles (Clement Kleinstreuer, Zhang, & Li, 2008). The hygroscopic 
growth of the droplet/particle increases the diameter and mass of the droplet/particle. Therefore, it may further affect the dro-
plet/particle deposition via these three deposition mechanisms. 

The hygroscopic growth of the droplet/particle is determined by the water vapor concentration distribution in the airway. 
However, the water vapor concentration distribution is not only determined by RHs in the ambient air, but also influenced by the 
evaporation rate of the mucus layer that covers the airway. Wu et al. (2014) proposed a numerical method using two domains, i.e., a 
mucus-tissue layer and an airway lumen domain, to predict the temperature and RH distributions in the airway. We recently developed 
a similar method for predicting the deposition of hygroscopic droplets in a mouth-throat (MT) airway geometry with an inhalation flow 
rate equal to 15 L/min (Chen, Kleinstreuer, et al., 2018). The numerical predictions suggested that inhaled thermal airflow and 
mucus-layer interaction could significantly reduce hygroscopic growth, and thereby decrease the deposition efficiency (DE) of 
multi-component droplets up to 10% compared to the DE, using the constant 37 ◦C and 99.5% RH as the airway wall boundary 
conditions (Chen et al., 2017). Asgari et al. (2019) developed an experiment, which can maintain the airway surface temperature at 37 
◦C using 3D printed casing with a circulated water bath, for exposure studies of hygroscopic particulate matters. However, the system 
mentioned above still cannot represent the physiologically realistic non-uniform temperature distributions in airways (McFadden Jr 
et al., 1985). The inhalation flow rate affects the deposition of the hygroscopic droplet/particle. More specifically, higher inhalation 
flow rate increases the deposition of the hygroscopic droplets/particles due to inertial impaction. However, higher inhalation flow rate 
decreases the average RH-value in the airway when using a boundary condition with constant temperature and RH (Chen et al., 2017), 
which enhances the evaporation of the droplet. If the more realistic thermal boundary (Chen, Kleinstreuer, et al., 2018; Wu et al., 
2014) and indoor air conditions (McFadden Jr et al., 1985) are considered, higher inhalation flow rate also has a stronger cooling effect 
on the mucus-tissue layer, which further affects the mucus evaporation. Therefore, the transport, hygroscopic growth, and deposition 
of multi-component droplets have not been investigated under different inhalation flow rate conditions, when employing the more 
realistic thermal boundary conditions. 

To address the knowledge gap mentioned above, this study investigates the evaporation, hygroscopic growth, and transport of a 
representative multi-component hygroscopic droplet under complex airflow with the non-uniform temperature at the airway wall. The 
purpose of this work is to evaluate the central hypothesis, i.e., the physiologically realistic thermal boundary and inhalation flow rate 
conditions will significantly affect the deposition predictions of hygroscopic droplets in airways, and must be employed for all 
computational lung aerosol dynamics studies. The aerosol flow contains two phases, i.e., air as the continuous phase and droplets/ 
particles as the discrete phase. Thus, the simulations are based on the Eulerian-Lagrangian method. In light of the hygroscopicity of the 
droplets, the droplets could evaporate in the environment with low relative humidity or absorb water vapor from the humid air. 
Clearly, the aerosol flow would have mass and heat transfer with the mucus layer and the airway tissue. 

As the testbed to understand the fundamentals, a simplified mouth-throat (MT) airway geometry was employed in this study, and 
simulations were performed with validated droplet/particle transport and hygroscopic growth models at three inhalation flow rates 
(Qin), i.e., 15 L/min (rest condition), 30 L/min (light activity) and 60 L/min (moderate activity). Specifically, a multi-layer structure 
including the airway tissue and mucus layer was constructed to reproduce the heat transfer phenomenon occurred in the MT airway 
walls, i.e., the conduction in the airway tissue and mucus layer, latent heat loss due to mucus evaporation, and the convection of the 
airflow over the mucus layer. Considering the possible evaporation and hygroscopicity of the real aerosolized droplets, four com-
ponents were considered, i.e., water, ethanol, sodium chloride (NaCl), and fluorescein. Water and ethanol are the most common 
evaporable solvents that existed in the environmental and pharmaceutical droplets/particles. NaCl stands for the sea salt and other 
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soluble compositions. Fluorescein represents the non-evaporable and non-soluble composition, e.g., crustal matter. The validated 
transition shear stress transport (SST) model and discrete phase model (DPM) were employed for the prediction of the airflow and 
inhaled droplet/particle transport, respectively. Temperature and RH distributions in the MT airway, as well as the deposition of the 
hygroscopic multi-component droplets are visualized and analyzed. 

2. Methodology 

2.1. The simplified mouth-throat (MT) airway geometry 

The simplified mouth-throat (MT) airway geometry (see Fig. 1) consists of two parts, i.e., an MT cavity and a mucus-tissue layer 
surrounding the cavity. The geometry of the MT cavity was proposed by Zhang et al. (2004). Y. Zhang, Kleinstreuer, and Kim (2006) 
concluded that the simplified MT models with outlet diameters of 7.5 and 8.5 mm were better in accordance to in vivo experimental 
data comparing to the models with other outlet diameters and the USP model. Therefore, the simplified MT cavity with a diameter of 
8.5 mm was used as the fluid region in our study. Furthermore, the fluid region was covered by a 1.0 mm thick mucus-tissue layer. 

The mucus-tissue layer (the blue cells shown in Fig. 1) contains two sublayers, i.e., a mucus layer with a thickness of 10 μm and a 
tissue layer with a thickness of 990 μm. This setup ensures an accurate prediction of the temperature distribution in the mucus-tissue 
layer (Chen, Kleinstreuer, et al., 2018; Wu et al., 2014). The structured hexahedral mesh was generated for both the fluid region and 
the mucus-tissue layer. The mesh was refined in the fluid region and the mucus-tissue layer near the air-mucus interface. The mesh 
refinement ensured that the non-dimensional distance y+ was smaller than 1.0 for the first layer of the fluid mesh cells. Mesh inde-
pendence test was carried out following the same procedure that is documented in our previous study (Chen et al., 2017). The final 
mesh contained 2,287,197 cells for the fluid region, and 605,880 cells for the mucus-tissue region. 

Fig. 2 visualizes the coupling mechanisms of the heat and mass transfer between air and mucus. Specifically, the airflow over the 
air-mucus interface affects the convective heat transfer, and the resultant water vapor flux evaporated from the mucus layer. Assuming 
RH = 99.5% at the air-mucus interface (Finlay, 2001), the latent heat loss due to evaporation contribute to the variations of mucus 
temperature. 

The temperature at the air-mucus interface was calculated by the iterations between the MT cavity and the mucus-tissue layer. If 
the temperature of a given mucus cell tm1 is known, the airflow simulation determines the heat flux due to convection and the mass flux 
of the water vapor, which determines the latent heat loss of the mucus layer. Note that the calculations for the airflow and the heat 
transfer in the mucus-tissue layer are separated. tm1 is used as the boundary surface temperature for the airflow calculation. In the 
mucus-tissue layer, the temperature of the same cell tm2 is obtained by solving the energy balance equation based on the conduction in 
the mucus-tissue layer, as well as the convection and latent heat loss due to the evaporation effect. The latter two are obtained from the 
calculation in the domain of the MT domain. The iteration continues until tm1 is equal to tm2. 

2.2. Governing equations for the air-vapor flow 

To predict the RH distribution in the airway, the transport both the dry air and water vapor were simulated. The transition SST 
model was employed to simulate the laminar-to-turbulent airflow (Chen et al., 2017; Chen, Kleinstreuer, et al., 2018) with flow 
separation in the pharynx (Heenan et al., 2003). Specifically, the governing equations are listed as follows (Menter, Langtry, Likki, 
et al., 2006; Menter, Langtry, & Völker, 2006): 

∂
∂t
(ρk) +

∂
∂xj

(
ρujk

)
= P̃k − D̃k +

∂
∂xj

((

μ+
μt

σk

)
∂k
∂xj

)

(1) 

Fig. 1. Geometry and mesh of the simplified mouth-throat (MT) airway.  
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∂
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(
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= α Pk
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∂
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μ+
μt

σω

)
∂ω
∂xj

)

(2)  

∂(ργ)
∂t

+
∂
(
ρujγ

)

∂xj
=Pγ1 − Eγ1 +Pγ2 − Eγ2 +

∂
∂xj

[(

μ+
μt

σγ

)
∂γ
∂xj

]

(3)  

∂(ρR̃eθt)

∂t
+

∂
(
ρujR̃eθt

)

∂xj
=Pθt +

∂
∂xj

[

σθt(μ+ μt)
∂R̃eθt

∂xj

]

(4) 

Equations (1) and (2), i.e., the k and ω equations, are modified based on the SST model (Menter, 1994) using the production term ̃Pk 

and destruction term D̃k of turbulence kinetic energy (TKE). P̃k and D̃k are determined by the intermittency γ (see Eq. (3)) and the 
transition momentum thickness in terms of the Reynolds number R̃eθt , (see Eq. (4)). 

The scalar transport equation for both the dry air and water vapor is given by (Zhang & Kleinstreuer, 2003): 

∂
∂t
(ρYs)+

∂
∂xj

(
ρujYs

)
=

∂
∂xj

((

ρDs,m +
μt

Sct

)
∂Ys

∂xj

)

(5)  

where Ys and Ds,m are the mass fraction and mass diffusion coefficient for species s. μt and Sct are the turbulent viscosity and turbulent 
Schmidt number, respectively. 

In order to predict the temperature of the air-vapor flow, which affects the evaporation of the droplet or hygroscopic growth of the 
droplet/particle, the energy equation of the air-vapor flow is given by (Yu Feng et al., 2016): 

∂
∂t
(ρH)+

∂
∂xj

(
ρujH

)
=

∂
∂xj

(
kc + ktc

cp

∂H
∂xj

−
∑

s
Hs

(

ρDs,m +
μt

Sct

)
∂Ys

∂xj

)

(6)  

where H is the enthalpy of the mixture, kc and ktc are the thermal conductivity and turbulent thermal conductivity, respectively. 

2.3. Governing equations for the droplets and particles 

A Lagrangian method was employed in this study to predict the transport, size change, and deposition of the droplets. All governing 
equations listed in this section were solved using in-house C codes, implemented as user-defined functions (UDFs). The droplets and 
particles are assumed to be spherical in our simulations. The primary deposition mechanisms are inertial impaction, sedimentation, 
and diffusion. The diffusion could be ignored due to the negligible Brownian motion effect on the micron-sized droplets/particles. 
Therefore, the main forces considered are the drag force and gravity. The Saffman’s lift force is ignored due to limited droplet/particle 
rotation. The virtual mass force is ignored, considering the large droplet/particle-to-air density ratio. Accordingly, the droplet/particle 
trajectories are determined by the translation equation (Chen et al., 2012; Matida et al., 2004; Zhang et al., 2002(Kleinstreuer et al., 
2008)), i.e., 

md
dud,i

dt
=

1
8

πρd2
dCDd

(
ui − ud,i

)⃒
⃒ui − ud,i

⃒
⃒+ mdgi (7) 

Fig. 2. Schematics for the coupling mechanisms of the heat and mass transfer at the air-mucus interface.  
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where CDd is the drag coefficient determined by the droplet/particle Reynolds number, the md, ud and dd are the mass, velocity, and 
diameter of the droplet/particle, respectively. The eddy-droplet/particle interaction, also known as the random walk model (Matida 
et al., 2004), the near-wall correction for the anisotropic eddy in the regions with y+ <80 (Y. Wang & James, 1999), and the velocity 
correlation for the cells in the bottom layer are also considered. 

Evaporation and hygroscopic growth of the droplet/particle are determined by the mass and energy balance equations of the 
evaporable/condensable vapor at the air-droplet/particle interface (Chen et al., 2017; Y; Feng et al., 2015; Longest & Kleinstreuer, 
2005), which can be given by: 

dmd

dt
= −

∑

s

∫

surf
nsdA≈ −

∑

s
(ns ·A) (8)  

Where A is the surface areas of the droplet/particle, ns is the surface averaged mass flux ns of the evaporable/condensable component s 
of the droplet/particle. ns is determined by (Chen et al., 2017; Chen, Kleinstreuer, et al., 2018; Longest & Kleinstreuer, 2005): 

ns =
ρShDs,m

dd
ln

1 − Ys

1 − Ys,surf
(9)  

where Ys,surf is the mass fraction of component s on the droplet/particle surface, Ys is the mass fraction of component s in the ambient 
air, dd is the diameter of the droplet/particle, Sh is the Sherwood number, Ds,m is the mass diffusivity of component s. Therefore, the 
mass flux of the evaporable/condensable component changes the mass and volume of the droplet/particle. Thus, the density of the 
droplet/particle may change during the simulation. 

In addition, the energy balance of the droplet/particle is given by (Chen et al., 2017; Chen, Kleinstreuer, et al., 2018; Longest & 
Kleinstreuer, 2005): 

mdcp,d
dTd

dt
= πddkcNu(T − Td) −

(
∑

s
LsJs

)

A (10)  

where Nu is the Nusselt number, Ls is the latent heat of species s, kc is the thermal conductivity of the fluid, Js is the average mass flux of 
species s, cp,d and Td are the specific heat and temperature of the droplet/particle, respectively. 

2.4. Governing equations for the mucus-tissue layer 

Based on the fact that the velocity of the mucus transport is lower than that of the inhaled air-droplet mixture by several orders of 
magnitude, the mucus movement over the tissue layer is neglected (Foster et al., 1982). The energy change of the tissue layer is mainly 
influenced by heat conduction. Accordingly, the energy balance equation of the mucus-tissue layer can be given by (Chen, Klein-
streuer, et al., 2018): 

∂
∂t
(ρh)=

∂
∂xj

(

km,t
∂Tm− t

∂xj

)

+ Sm (11)  

where h, km,t and Tm− t are the enthalpy, thermal conductivity and temperature of the mucus-tissue layer, respectively. Sm is the source 
term representing the convective heat transfer and latent heat loss due to the evaporation, which only exists in the mucus layer. Airway 
tissue and mucus consist of water primarily. Thus, the heat transfer related properties of mucus-tissue layer are assumed as same as 
water (Chen, Kleinstreuer, et al., 2018; Wu et al., 2014). 

Details for the governing equations are included in the Supporting Information. 

2.5. Model validations 

The numerical models affecting particle deposition have been validated in our previous study (Chen et al., 2017). The largest 
deposition efficiency discrepancy between our predictions and experimental results (Yu Zhang, Chia, & Finlay, 2006) in the simplified 
MT airway is less than 12% with Qin from 30 to 90 L/min. Furthermore, injecting 10, 000 particles could ensure that the deposition 
efficiency is independent of the particle number. 

The droplet/particle-vapor interaction model was also validated (Chen et al., 2017). With constant RHs, the hygroscopic growths of 
NaCl particles were compared with benchmark experimental data (W. Li et al., 1992). The RH error for the droplet diameter at 
equilibrium status was approximately 0.2% (or ± 0.4 in growth ratio). In addition, the hygroscopic growths of glycerol droplets with 
different initial diameters were simulated with transient increasing RH conditions. Compared with most of the experimental data 
points of droplet diameters, the discrepancies between the numerical simulation and the experiments are less than 2% in RH. Very 
recently, Rajaraman et al. (2020) duplicated this model, and used the properties and conditions we proposed to validate the model. 
Similar model accuracy was achieved. 

Heat transfer between the mucus-tissue layer and the airflow was examined in our recent study (Chen, Kleinstreuer, et al., 2018). 
The latent heat transfer occupied 84.7% of the total heat transfer at the air-mucus interface. This is similar to the percentage suggested 
by Tse et al. (Tsu et al., 1988). 
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2.6. Numerical setup 

In light of the dilute suspension of the pollutant inhaled into the airway, the one-way coupling method was applied, which 
neglected the influence of droplet existence on the airflow field. Typical indoor temperature and RH were 26.7 ◦C and 34% (McFadden 
Jr et al., 1985) for the inlet of the simplified MT airway geometry. The temperature of the tissue boundary is assumed to be 37 ◦C. 
Steady simulations for the fluid phase including the boundary heat transfer in the mucus-tissue layer were performed till equilibrium 
thermal states were reached. Then simulations with various initial droplet diameters ranging from 2 to 20 μm were conducted to obtain 
the correlation between the droplet deposition efficiency and the Stokes number with three Qin, i.e., 15 L/min, 30 L/min and 60 L/min. 
Transient breathing brings the heat and water vapor from the deeper lung to the upper airway, and therefore, the steady simulation 
may underestimate the temperature and water vapor concentration in the MT airway. 

Usually, the droplets released from coughing, sneezing, and talking contains water, sodium and potassium cations, chloride anion, 
and other organic substances (Effros et al., 2002). Therefore, the components in the droplet could be categorized into three types: 1) 
evaporable components, such as water and ethanol; 2) non-evaporable but soluble components, such as sodium chloride and potassium 
chloride; and 3) non-evaporable and insoluble components. Similar assumptions were also adopted by Liu et al. (2017) and X. Li et al. 
(2018). The droplets containing water, ethanol, sodium chloride, and fluorescein were modeled as an example to investigate the 
evaporation, hygroscopic growth, and transport behaviors of the multi-component droplets. The mass ratios of the four components 
were fixed as water: ethanol: NaCl: fluorescein = 400:100:100:2.5. Tang et al. (1977) indicated that the RH for the NaCl particle to 
deliquesce was approximately 76% at 25 ◦C. This suggests that the given multi-component droplet would evaporate in the T = 26.7 ◦C, 
RH = 34% environment. If the droplet evaporates completely, the diameter of the solid particle containing NaCl and fluorescein only 
would be 44.3% of its initial droplet. Parameter values for setting up the simulations are provided in the Supporting Information. 

3. Results and discussion 

The airflow velocity distributions in the simplified MT airway has been discussed in previous studies. Yu Zhang, Kleinstreuer, and 
Kim (2006) simulated the velocity distributions in the simplified MT airway for the flow rates of 30 L/min and 90 L/min. The velocity 

Fig. 3. Temperature distributions in the simplified MT airway with different inhalation flow rate conditions.  
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distributions were also provided for different flow rate conditions from 15 L/min to 90 L/min with a constant airway wall temperature 
at 37 ◦C (Chen et al., 2017). We compared the velocity distributions under different thermal boundary conditions, including 1) airway 
wall had a constant temperature at 37 ◦C, 2) ignoring the latent heat due to water vapor phase change, but including convective heat 
transfer, and 3) the more realistic thermal boundary condition, which is the same condition we used in this study. The simulated 
velocity distributions were highly similar due to the negligible effects of the temperature and RH on the fluid density (Chen et al., 
2017). Therefore, the velocity field results and discussion were not provided in this study to avoid duplicated analysis. 

Distributions of the temperature and RH, as well as the deposition characteristics of the multi-component hygroscopic droplets are 
discussed in the following sections. 

3.1. Temperature distributions 

Fig. 3 illustrates the temperature distributions at the mid-plane and the trachea outlet of the simplified MT airway under the 15 L/ 
min, 30L/min, and 60 L/min flow rate conditions. Besides, the area directly impacted by the flow near the oropharynx was enlarged to 
visualize the temperature gradient near the air-mucus interface (see the thin black line in the enlarged window) to the far end of the 
tissue layer. 

It can be observed that the temperature distributions at the mid-plane are similar among the cases with different Qin. The relatively 
cold air from the inlet travels through the MT airway; meanwhile, temperature gradient forms near the warm airway boundary. The 
skewed velocity profile creates two symmetric vortices in the curved pipe region (Zhang & Kleinstreuer, 2002), i.e., the oropharynx. 
The vortices also entrain the warm air near the boundary towards the airway center. Thus, the temperature in the throat increases 
faster than that in the mouth cavity. 

As shown in Fig. 3 (a), more than half of the area of the fluid region at the outlet is green, indicating T > 31 ◦C. This area rapidly 

Fig. 4. RH distributions in the simplified MT airway for different flow rate conditions.  
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decreases to less than semicircle in Fig. 3 (b) when the flow rate increases to 30 L/min. If the flow rate continues to increase, low- 
temperature air (T < 28 ◦C) covers most areas of the outlet. 

The stronger convection induced cooling effect of the higher flow rate is also noticeable in the oropharynx region. Specifically, the 
temperature of the air-mucus interface is approximately 34 ◦C for 15 L/min case. In contrast, it decreases to lower than 31 ◦C when Qin 
increases to 60 L/min. 

3.2. RH distributions 

Fig. 4 shows the RH distributions in the simplified MT airway, including the contours at the mid-plane and the outlet. According to 
the previous studies (Cruz & Pandis, 2000; Robinson & Stokes, 1970; Tang et al., 1977), the threshold RH for NaCl particles to absorb 
water vapor is approximately 76%. Therefore, the area of the high RH regions in the airway determines the possibility of whether the 
droplet/particle could grow bigger by absorbing water vapor from the air. The region with high RH (>80%) is relatively large in Fig. 4 
(a). Such a high RH region (RH > 80%) shrinks sharply in size with the increase of Qin. As shown in Fig. 4 (b), more than 1/3 area at the 
outlet has a localized RH higher than 80%,. However, its size reduces when the flow rate increases to 30 L/min. Furthermore, the 
region with RH > 80% almost disappears and shrinks into a thin layer near the air-mucus interface, when the flow rate continues to 
increase to 60 L/min (see Fig. 4 (c)). This suggests that hygroscopic growth of the droplet/particle can barely occur under high Qin 
condition. 

3.3. Deposition efficiencies (DEs) 

Fig. 5 presents the relationship between the deposition efficiency (DE) of hygroscopic multi-component droplets and the Stokes 
number (Stk) under different Qin and thermal boundary conditions. DE is defined as the ratio of the number of droplets deposited on the 
airway surface to the total droplets number entered the inlet. The Stokes number, a dimensionless parameter indicating the capability 
of the discrete phase element to follow the surrounding flow, is defined as (Chen, Kleinstreuer, et al., 2018): 

Stk=
ρd,id2

d,iUin

18μDout
(12)  

where ρd,i is the initial droplet density, dd,i is the initial droplet diameter, Uin is the average air velocity at the inlet and Dout is the outlet 
diameter. Cheng et al. (2014) concluded that using the minimum diameter of the cross-section in the mouth-throat replica for the Stk 
calculation could better correlate the DE curve. Therefore, the outlet diameter Dout of the airway was used for the characteristic length 
here. Solid lines with different markers shown in Fig. 5 are the predictions with the more realistic thermal boundary, while dash lines 
with hollowed markers are simulation results with a constant mucus temperature 37 ◦C, which has been widely applied for hygroscopic 
droplet/particle simulations (Y Feng et al., 2015; Golshahi et al., 2013; Longest & Kleinstreuer, 2005). The DEs are also correlated with 
the initial droplet diameter shown in Fig. S1 in the Supporting Information. 

In general, using the more realistic thermal boundary condition, predicted DEs are lower than those with the constant 37 ◦C 
boundary condition. However, the overestimation of DE using the constant temperature boundary condition decreases with the in-
crease of Qin. Simulated results with the constant 37 ◦C boundary condition overestimate the DE more than 10% for 0.018 < Stk < 
0.043 at Qin = 15 L/min. When Qin increases to 30 L/min, the difference in DEs between the two different boundary conditions remains 
approximately 6% for 0.018 < Stk < 0.034. When Qin further increases to 60 L/min, the difference in DEs remains 5% for 0.012 < Stk 
< 0.025. 

It is well known that the deposition of the micron particle in the airway may occur via impaction, including secondary airflow 

Fig. 5. Deposition efficiencies of the hygroscopic multi-component droplets in the simplified MT airway under different flow rate and thermal 
boundary conditions. 
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convecting particles to the airway walls, diffusion, and/or sedimentation, i.e., gravitational effect (C Kleinstreuer, Zhang, & Li, 2008). 
Deposition of particles larger than 1.0 μm in the extrathoracic and upper bronchial airways through which the inhaled air passes at 
high speed is governed by impaction (Heyder, 2004). It is interesting to note that the DE difference between the two different boundary 
conditions gradually disappears when the Stk is larger than 0.04 for the 60 L/min flow rate condition. Especially, the hygroscopic 
growths of the droplets and particles were limited (see Fig. 7(a)) in the low RH condition (see Fig. 4 (c)). Therefore, the contribution of 
the hygroscopic growth to the deposition of the droplets would be limited. This observation indicates that the inertial impaction 
becomes more dominant on the droplet deposition when Stk increases. 

The intensity of indoor human activity is commonly low. The inhalation flow rate for possible medical applications, e.g., inhaler, 
nebulizer, is even lower. Therefore, the focus on the inhalation flow rate should be smaller than 30 L/min, representing the light 
activity. Neglecting the droplet hygroscopicity could underestimate the DE up to 20% for NaCl-water droplet at 37 ◦C (Chen et al., 
2019). Besides, a more realistic airway boundary could increase the intensity of secondary flow that enhances the heat and water vapor 
mass transfer around the mucus-tissue layer. Therefore, it can be projected that the differences in DE predictions may also increase 
accordingly. Thus, in order to accurately predict the fate of the inhaled hygroscopic droplet/particle, the droplet/particle-vapor 
interaction and the realistic thermal boundary should be considered when estimating the health risks of the indoor airborne 
pollutant or the effective dose of the inhaled therapeutic aerosols. 

Fig. 6. Final diameters and locations of the multi-component hygroscopic droplets and particles with Stk = 0.036.  
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3.4. Final droplet and particle distributions 

Fig. 6 illustrates diameters and locations for the deposited droplets and escaped droplets and particles with the same initial Stk =
0.036, which means initial droplet diameters should be set as 16 μm, 11.31 μm, and 8 μm for the 15 L/min, 30 L/min, and 60 L/min 
conditions, respectively. The droplets would evaporate rapidly into droplet nuclei containing only NaCl and fluorescein after injecting 
into the airway due to low RH in the mainstream, which shrink to 44.3% of their original diameters. Sizes of the droplets and particles 
shown in Fig. 6 are proportionally enlarged, and a size reference is plotted on the bottom left for each figure. 

In light of the same initial Stk, the deposition patterns under three Qin conditions are similar. Besides the direct impaction on the 
curved pipe (oropharynx region) towards the negatie z direction, many droplets were entrained by the secondary flow and deposited 
on the lateral side of the tube towards the ± x directions. The secondary flow also has a substantial effect on the spatial distribution of 
the escaped droplets and particles. The droplets and particles escaped from the outlet surface moved circumferentially along the 
boundary from the –z end to the +z end, and then entrained into the tube center by the vortices. A red circle with a diameter of 2.0 mm 
is plotted on Fig. 6 (a). The hygroscopic growths of the droplets and particles within the circle are analyzed in Section 3.5. The majority 
of the droplets and particles escaped the outlet from the region close to the –z side due to the centrifugal force when traveling through 
the bent pipe. 

The increase in the flow rate decreases the size of the regions with RH higher than the hygroscopic growth threshold for NaCl, i.e., 
approximately 76% (see Fig. 4). Thus, it has a significant effect on the diameters of the deposited droplets and escaped droplets and 
particles. The hygroscopic growth of the deposited droplets under 30 L/min condition shown in Fig. 6 (b) is weaker than that under 15 
L/min condition (see Fig. 6 (a)). When the flow rate increases to 60 L/min, only a few droplets have noticeable growth in diameter. 
Such observations are different from our previous results when simulating the hygroscopic droplet/particle deposition with a constant 
37 ◦C boundary condition (Chen et al., 2017). In that case (Chen et al., 2017), a large number of droplets are with noticeable hy-
groscopic growth with Qin = 60 L/min. The difference demonstrates the importance of using realistic thermal boundary conditions for 
the predictions for the hygroscopic droplet/particle deposition in the human respiratory systems. 

3.5. Growth ratio distributions 

Growth ratio distributions of the deposited droplets and escaped droplets and particles with the Stk = 0.036 are shown in Fig. 7. The 
growth ratio is defined as the ratio of the final diameter of droplet/particle to the diameter of its dry components, containing only NaCl 
and fluorescein. The average diameter of the deposited or escaped hygroscopic droplets/particles decreases with the increase of Qin. 
This is in accordance with the RH distributions discussed above. Higher Qin decreases the size of the region with RH > 80%, where 
hygroscopic droplet/particle can absorb water and grow larger. Notably, there is only a thin layer of air above the mucus layer, having 
an RH value higher than 80% at the 60 L/min condition. Thus, the droplets/particles can barely absorb water before deposition when 
penetrating this thin layer of high RH air. Besides, the lower flow rate also leads to a longer time for droplet/particle-vapor interaction. 
Therefore, the simulation has more large droplets at Qin = 15 L/min. 

Also, it can be found that the average diameter of the deposited droplets is smaller than that of the escaped ones under the same 
condition. This observation is related to the droplet/particle trajectory in the airway. The airway mucus gradually humidifies the 
inhaled air, and result in a higher average RH at the outlet. Due to a similar mechanism, the maximum diameter for the deposited 
droplets is larger than that of escaped ones. There is an interesting increase in the number of droplets having a growth ratio 
approximately equal to 2.2 in Fig. 7 (b) under 15 L/min condition. This is related to the droplets and particles entrained into the tube 
center at the outlet (see the red circle in Fig. 6 (a) and green squares in Fig. 7 (b)). The growth ratio distribution of the droplets and 
particles within the circle indicates that these droplets are relatively large. 57% of these droplets and particles are within the growth 
ratio range from 1.9 to 2.3. Their average growth ratio value is 1.773, which is also higher than that of the droplets and particles at the 

Fig. 7. Growth ratio distributions of hygroscopic multi-component droplets and particles with the Stk = 0.036.  
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whole outlet. Besides, the droplets and particles can only absorb water vapor in the high RH (>80%) region. Therefore, these large 
droplets are drawn into the tube center by the vortices from the airway boundary, considering their spatial distribution (see Fig. 6 (a)). 

4. Summary 

This study investigates the evaporation, hygroscopic growth, transport, and deposition of multi-component droplets in a simplified 
MT airway geometry with different inhalation flow rates (15, 30, and 60 L/min). Validated droplet/particle transport model, droplet/ 
particle-vapor interaction model, and boundary heat transfer model were implemented in this study to accurately describe the laminar- 
to-turbulence pulmonary multiphase flow. The multi-component droplet contained two evaporable components, i.e., water and 
ethanol, one soluble component, i.e., sodium chloride, and one insoluble component, i.e., fluorescein. A mucus-tissue layer was created 
to simulate physiologically realistic heat transfer phenomena near the airway boundary, i.e., heat conduction in the airway tissue and 
mucus layer, the latent heat loss of mucus evaporation, and heat convection induced by the airflow over the mucus layer. Temperature 
distributions, RH distributions, droplet deposition efficiencies, deposition patterns, and droplet/particle diameter changes are visu-
alized and discussed. Major conclusions are as follows:  

(1) High inhalation flow rate can substantially decrease the mucus temperature with noticeable temperature gradients in the 
mucus-tissue layer. 

(2) High inhalation flow rate can decrease the RH in the airway, which limits the hygroscopic droplet growth. No obvious hy-
groscopic growth of the NaCl nuclei was observed at the flow rate of 60 L/min.  

(3) Considering the fixed initial mass ratios of the four components (water: ethanol: NaCl: fluorescein = 400:100:100:2.5) in the 
droplets, ignoring the heat and water vapor mass transfer in the mucus-tissue layer can introduce approximately a 5% difference 
in deposition efficiency predictions for Stk < 0.04 in the simplified MT airway. More realistic airway geometry or lower 
inhalation flow rate would increase this difference. Therefore, it is necessary to model the mucus-tissue layer to obtain more 
realistic droplet deposition patterns in airways. 

Numerical models employed in this study, especially the droplet/particle-vapor interaction model and the boundary heat transfer 
model, may help to predict better the deposition or the effective dose of inhaled aerosols, e.g., airborne pollutant, drug droplets and 
particles emitted from nebulizers and dry powder inhalers. These models are ready to be extended to investigate the transmission of 
airborne viruses. For example, it is confirmed that SARS-CoV-2 can spread via airborne droplet transmissions from human to human. 
With a proper model describing the change in virus concentration carried by airborne droplets/particles, quantitative virus trans-
mission could be determined. For given number and initial size distributions of droplets generated from coughing or sneezing, 
evaporation, and transport of these droplets and droplet nuclei, could be easily predicted using our models for indoor environment. For 
the individual who is exposed to the airborne virus-laden droplets, the number of viruses transmitted to his/her pulmonary airway 
could also be determined by simulating the hygroscopic growth, transport and deposition of the virus-laden droplets using the same 
models. 

5. Limitations of the study 

The present numerical study is subjected to the following simplifications and assumptions:  

(1) A small region of the airway system, i.e., the mouth-to throat airway, is selected and simplified;  
(2) The mucus-tissue layer is assumed to have a uniform thickness, and heat transfer related properties are assumed to be the same 

as water; and  
(3) The initial droplet components only include water, ethanol, NaCl and fluorescein. 

In light of the limitations of this study, future work will:  

(1) Use larger and more realistic airway geometry to model the airflow, heat transfer and water vapor mass transfer in the airway;  
(2) Consider actual drug particle/droplet components and their hygroscopicity to evaluate the deposition efficiency of the drug 

particle/droplet in lung; and  
(3) Perform transient simulation to include the breathing waveform, and investigate the effect of the aerosol release time on the 

deposition efficiencies of the hygroscopic droplets/particles. 
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Nomenclature 

A surface area of the droplet/particle 
cp specific heat capacity of the fluid 
cp,d specific heat capacity of the drop/particle 
CDd drag force coefficient for droplet/particle 
Cdω cross-diffusion term in the transport equation of specific dissipation rate 
dd droplet/particle diameter 
dd,i initial droplet diameter 
Dout diameter of the airway outlet 
Ds,m mass diffusion coefficient for species s 
D̃k modified term of destruction of turbulence kinetic energy 
Dω dissipation of ω 
Eγ1, Eγ2 transition source and destruction source terms 
gi gravitational acceleration, i = x, y, z 
h enthalpy of the mucus-tissue layer 
H enthalpy of the fluid 
Js average mass flux of species s 
k turbulence kinetic energy 
kc thermal conductivity of the fluid 
km,t thermal conductivity of the mucus-tissue layer 
ktc turbulent thermal conductivity 
Ls latent heat of evaporable component s 
md mass of the droplet/particle 
ns average mass flux of evaporable component s on the droplet/particle surface 
ns mass flux of evaporable component s 
Nu Nusselt number of the droplet/particle 
Pk production of turbulence kinetic energy 
P̃k modified term of Pk with intermittency 
Pγ1, Pγ2 transition source and destruction source terms 
Pθt source term for the transition momentum thickness Reynolds numbers 
R̃eθt transport scalar for momentum thickness Reynolds number 
RH relative humidity 
Sm source term to calculate heat transfer in the mucus layer 
Sct turbulent Schmidt number 
Sh Sherwood number of the droplet 
Stk Stokes number 
T fluid temperature 
Td droplet/particle temperature 
Tm− t temperature of the mucus-tissue layer 
t time 
u fluid velocity 
ud,i velocity of the droplet/particle, i = x, y, z 
ui instantaneous velocity of the fluid, i = x, y, z 
Uin average air velocity at the inlet 
Ys mass fraction of the component s 
Ys,surf mass fraction of the component s on the interface of the droplet/particle  

Greek 
α coefficient for the production term of ω 
γ intermittency 
μ dynamic viscosity of the fluid 
μt turbulent viscosity 

X. Chen et al.                                                                                                                                                                                                           

https://doi.org/10.1016/j.jaerosci.2020.105626


Journal of Aerosol Science 151 (2021) 105626

13

νt turbulent eddy viscosity 
ρ fluid density 
σk turbulent Prandtl number for k 
σω turbulent Prandtl number for ω 
σγ constant for the intermittency equation 
σθt constant for the R̃eθt equation 
ω specific dissipation rate 
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