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Abstract

Hygroscaopicgrowth of inhaled aerosols plays an important role in determining particle trajectories
and hence local deposition sites. Accurate predictions of airway temperature and humidity as well
as droplet-vapor interaction are critical for the calculation of hygroscopic growth. Employing a
simple mouth-throat (MT) model as a computer simulation test bed, the effects of interactive heat

transfer between air-droplet flow and mucus-tissue-layer have been analyzed. For a steady
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inhalation flow rate of 15 L/min, air temperature and relative humidity (RH) distributions

affecting droplet growth, deposition efficiency and deposition pattern have been compared for

different thermal airway-wall conditions. The effects considered include: (i) the latent heat of

mucus-layer evaporation and convection heat transfer; (ii) convection heat transfer only; and (iii)

mucus-tissue layer with constant temperature. As the most important outcome, the validated

modeling results show that thermal airflow and mucus-layer interaction can significantly reduce

hygroscopic growth and thereby decrease the deposition efficiency of multicomponent droplets up

to 10%. The modeling framework presented can be readily expanded to other systems.

1. Introduction

Accurate and realistic computer simulation of fluid=particle dynamics and droplet-size

changes in human lung airways has been an_importantytopic for evaluating toxic effects of

pollutants or targeted delivery of drug-aerosols. Hygroscopic droplet growth is determined by the

aerosol-vapor interaction. Li et al. (1992) obtained experimentally the growth ratio of NaCl

particles under constant RH cenditionsy'while Tu and Ray (2005) recorded the dynamic growth of

glycerol droplets for cases of transient RH. Zhang et al. (2004b) studied numerically the

vaporization, transport=and deposition of JP-8 fuel droplets in a human upper airway system.

Furthermorey Zhang et al. (2006b) simulated the saline droplet deposition in an upper airway

model, and Zhang et al. (2012a) analyzed the vapor deposition of acrolein, 1,3-butadiene,

acetaldehyde and CO generated from tobacco smoke in subject-specific lung airways. Feng et al.

(2016) proposed a comprehensive computational fluid-particle dynamics model for the prediction

of transport, phase change and deposition of multicomponent droplet-vapor mixtures in a basic



human lung airway model. Recently, the effects of the aerosol-vapor interaction on aerosol

properties also attracted attention. Ivey et al. (2017) investigated the morphology of particles

emitted from pressurized metered-dose inhalers for different RH conditions. It was suggested that

the beclomethasone dipropionate (BDP) particles could form porous surfaces due to rapid

evaporation of the propellant-cosolvent-BDP droplet.

Different approaches have been applied to manipulate aerosol-size change, e.g., selection of a

specific carrier gas (Javaheri et al. 2013), or heating and adding water-absorbing, (particles

(Javaheri & Finlay, 2013). Concerning drug-carrying droplets, Longest et al. (2010).proposed-the

method of “enhanced condensational growth” to increase the deposition of'submicren hygroscopic

aerosols in the lung airways with very high relative humidity (RH). Eeng et al. (2015) suggested

that the hygroscopic growth is sensitive to small variations in‘the physical and chemical properties

of water; indeed, Chen et al. (2017) showed that.a small'change in saturation pressure of water

vapor can cause a large difference in particle:growth ratio. In human airways, the air temperature

determines saturation pressure of water.vapor, and the air humidity controls local hygroscopic

growth. Therefore, it is of vital“importance to accurately predict the distributions of both air

temperature and humidity..However, the airway temperature is typically set at a uniform value of

37 °C with the RH-value‘above the mucus being 99.5%. In contrast, Wu et al. (2014) proposed the

use of two regions, i.e., a mucus-tissue layer and an airway lumen, to predict the temperature and

RH distributions in human airway models. They validated the results with in vivo experimental

data (McFadden et al. 1985). However, the simulations of Wu et al. (2014) did not include the

transport and deposition of aerosols, let alone that of hygroscopic aerosols. Nevertheless, the

present analysis relies on their model for temperature and RH distributions.



The objective of present study is to numerically investigate the transport and deposition of
hygroscopic multicomponent droplets with more realistic thermal boundary conditions. The
modeling framework can be readily expanded beyond the simple mouth-throat (MT) airway
configuration employed as a computational test bed. Specifically, droplet deposition effects are
compared for different thermal airway-wall conditions, considering: 1) mucus-layer evaporation
and convection heat transfer; 2) convection heat transfer only; and 3) mucus-tissue region with
constant temperature of 37 °C. Conduction in the airway mucus-tissue region is includedsfor all
simulations. The resulting distributions of temperature and RH in the MT airway as. well as

hygroscopic droplet deposition and droplet escape are discussed.

2. Theory

2.1 Background information

In order to analyze realistic effects of thermal, boundary conditions on hygroscopic droplet
transport and deposition, a more detailed composite of the airway wall in terms of tissue and mucus
layer were considered (see Fig. 1). Specifically, the simulations covered three transport phenomena,
i.e., two-phase flow, airway-wall heat transfer, and droplet-vapor interaction. In order to capture the
characteristics of laminar-to-turbulent air-vapor mixture flow, the transition Shear Stress Transport
(SST) model was.applied. Assuming dilute air-droplet flow, the discrete phase model (DPM) was
used to predict the one-way coupled droplet trajectories. After calculating the water-vapor flux at
the air-mucus interface, the latent heat of water vaporization in the mucus layer could be determined.
The airway-wall heat transfer calculation yielded the mucus layer temperature which allowed to

predict realistic RH and temperature distributions in the MT airway (Wu et al., 2014). The



droplet-vapor interaction was embedded into the DPM via user-defined functions (UDFs). As the
airflow conditions, e.g., velocity, temperature and vapor mass fraction, affect the droplet-vapor
dynamics, the droplet-vapor interactions determine the droplet properties, i.e., density and diameter.
Subsequently, the droplet-vapor interactions influence the droplet trajectories and hence deposition

sites and local concentrations.

Figure 1

The droplets containing water, ethanol, sodium chloride and fluorescein were released atthe
mouth inlet. The four constituents represent three typical components which may.exist in.the droplet
(or particle), i.e., soluble and evaporable components (water and‘.ethanol), soluble but
non-evaporable components (sodium chloride), and insoluble and. non-evaporable components
(fluorescein). These categories could reduce the complexity when modeling the aerosols with
complexed components. More details could be foundin our previous study (Chen et al. 2017). The
water and ethanol would evaporate rapidly due‘to the low water and ethanol vapor pressures in air
until a solid particle remained, containing just salt and fluorescein. However, if the particle reached

the high RH-region near the mucus, it could absorb water vapor and hence form a droplet again.

2.2 Governing equations for continuous phase

Assuming,one-way coupling for this dilute particle suspension flow, any impact of the volume

of the aerosols has been neglected.

2.2.1 Continuity equation

op O B
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where o and U are fluid density and velocity, respectively.



2.2.2 Momentum equation

0 0 _op . 0O ou, ou; 2 oy, 0 —
a(pui)'Fg(puin)——&+gj|:ﬂ(aj+§i—§ ij&I +g<—puiu j) (2)

i i i
where p is the fluid pressure, . is the dynamic viscosity of the fluid, J; is the Kronecker delta,

and U'; is the fluctuating component of the fluid velocity.
2.2.3 Transition shear stress transport (SST) model

In order to capture the flow separation in the pharynx (Heenan et al. 2003). and(possible
low-Reynolds-number turbulence, the transition SST model (Menter et al. 2006b) was selected to
predict the airflow and water vapor mixture. The following Equations (3) to (6).are'the modified k
equation, w equation, intermittency y transport equation, and transition momentum thickness in
terms of the Reynolds number Iiem, respectively. Equations (3),and (4) are the same as the
original SST model (Menter, 1994) except for the terms |5k and Dk , Which are the production
and destruction terms of turbulence kinetic energy (TKE), modified with intermittency y (Menter

et al. 2006a; Menter et al. 2006b).
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where K is the TKE, 4, s the turbulent viscosity, and o, is turbulent Prandtl number for k.
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where o is specific dissipation rate, v, is the turbulent eddy viscosity, and cd, is the

cross-diffusion term.

o(py) Olpuyy 0
(at )+ (axj ):PVI_E71+P72_E72+_

i |

[“aﬂ]g} (5)



where P, and E , are transition source terms, P, and E , are destruction source terms.
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where P, is the source term, and o, is the model constant equal to 2.0.
2.2.4 Species transport equation

In order to calculate the humidity variations in the airway for the droplet — vapor interaction,
the air flow is assumed to consist of two species, i.e., dry air and water vapor. The species transport
equation reads:

i i i
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where Y, is the mass fraction of species s, D, is the mass,diffusion coefficient for species s,

4, is the turbulent viscosity and Sc, is the turbulent, Schimidt number (Zhang & Kleinstreuer,

2003).
2.2.5 Energy equation for air — vapor-mixture

The energy of the air — vapormixture affects its temperature, which determines the saturation
pressure of the water vaporat the air — mucus interface. Thus, it is needed for the prediction of the

relative humidity. The'energy equation for the mixture is defined as:
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where k is the thermal conductivity, K, is the turbulent thermal conductivity, C, is the specific

heat of the fluid, and the total enthalpy H is defined as:

H=>Y.H, ©)



where Y, and H, are the mass fraction and enthalpy of species s, respectively.
2.3 Governing equations for discrete phase

The Lagrangian approach is applied to predict the trajectories of the multicomponent droplets.
Because of the droplet — vapor interaction, the droplet mass may change when travelling in the MT
airway. Thus, in addition to solve droplet transport equations, droplet mass and energy balances also

have to be considered.
2.3.1 Droplet / particle transport equation

In light of the small diameter of the inhalable aerosols, the droplets and‘the solid particles
formed after the initial evaporation are assumed to be spherical for,calculating their drag forces.
Considering that the aerosol-to-air density ratio is relatively large, aerosol rotation was neglected.

Thus, the trajectories of the aerosols are determined by drag ferce and gravity alone:

du. .
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where m, is the aerosol mass, U, is the aerosol velocity, d, is the aerosol diameter, Cp, is

the drag coefficient for the aerosoly, and” g is the gravitational acceleration.

The eddy-aerosol_interaction is described using the eddy interaction model, which is also
known as thefrandom®walk model (Gosman & Loannides, 1983; Matida et al. 2004). The
anisotropic .eddies in the near-wall region are described by applying the damping functions in
different directions (Kim et al. 1987; Wang & James, 1999). Matida et al. (2004) suggested that the
near-wall correction for the anisotropic eddy could improve the predicted particle deposition
efficiency (DE) when eddy interaction model was applied. Details of this model could be found in

our previous paper (Chen et al. 2017).



2.3.2 Droplet mass balance with droplet-vapor integration

Droplet mass change can be predicted by calculating the mass fluxes of evaporable
components on the droplet surface (Feng et al. 2016; Longest & Kleinstreuer, 2005; Zhang et al.

2012b):

%?ZL ndA~—3 (0, - A) (11)
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where the average mass flux of component s, ﬁs, can be calculated by the mass fractions of

component s on the droplet surface Y, and in the fluid phase Y;:
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where Sh is the Sherwood number, D, is the mass diffusivity of compenent s and C, is the

Fuchs-Knudsen number correction.
2.3.3 Droplet energy balance

The change in droplet energy, i.e4 temperature, is caused by convection and vapor

condensation / evaporation. Thusgthe'gaverning equation reads:

mdcp,d%dz k('j\'“(T “T,)A, —[ZLSJSjAj (13)

where c,, isthe specific heat of the droplet, T, is the droplet temperature, Nu is the Nusselt
number, "A,~isthe surface area of the droplet, L, is the latent heat of species s, and J_S is the

average mass flux of species s.

2.4 Governing equation for mucus and tissue layers

Since the velocity of mucus movement is much less than the airflow (Foster et al. 1982), the



relative motion of the mucus is neglected. As the airway tissue comprises a high amount of water,
the mucus and tissue layers are assumed to have a uniform thermodynamic property the same as
water, which is suggested by Wu et al. (2014). Thus, the heat conduction within the mucus-tissue
layer can be modeled as in a solid material. However, the temperature of mucus is also affected by
water vapor evaporation / condensation. Therefore, energy equation of the mucus and tissue layers

can be expressed as:

0 0 oT
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where h is the sensible enthalpy, K, is the conductivity of mucus-tissue layer, and S, , which

only exists in the mucus layer, is the heat source term for water vapor @vaporation determined by

the mass flux of water vapor at the air-mucus interface.



3. Numerical simulations

3.1 Geometry and mesh

The simple MT airway model was proposed by Zhang et al. (2004a). The volume of the MT
model was 5.681x10° m®. Further investigation was conducted to examine the effect of geometric
parameter on particle deposition (Zhang et al. 2006a). The air passage shares the same geometry as
our recent study, which investigated the effects of flow rate, RH and wet vs. dry airway walls on
hygroscopic droplet deposition (Chen et al. 2017). Wu et al. (2014) suggested that a®0.51'mm (i.e.,
10um for the mucus layer and 0.5 mm for the tissue layer) could accurately ‘eapture the
temperature distribution in the airway lumen, mucus and tissue region.. - Jo reproduce the heat
transfer phenomenon on the boundary, a 1 mm thick layer was constructed.around the air passage to
represent the mucus and airway tissue region (see Fig. 2). The_hexahedral mesh structure was
applied for meshing both fluid and mucus-tissue regions..\For the mucus-tissue region, 10 layers of
mesh were constructed. The first mesh layer, representing the mucus layer, had a height of 10 pum.
Thickness and shape of the mucus layer.were assumed to remain unchanged during the simulations
(Wu et al., 2014). Evaporation of the liquid (mucus or saliva) is largely due to convection over the
air-liquid interface, while the thickness of the liquid only affects the thermal resistance of the
conduction. Presently, the thickness of the saliva in the oral cavity is not included. However, it could
be readily'included by meshing the geometry of the saliva, sharing the same procedure as that for the
mucus layer. The same mesh independence test was carried out as in our previous investigation for
the same MT airway model (Chen et al. 2017). The resulting mesh contained 2, 893, 077 cells in
total, including 2, 287, 197 cells for the fluid region and 605, 880 cells for the mucus-tissue region.

The mesh densities for both regions were enhanced in the area near the air-mucus interface to



resolve the flow and heat transfer features.

Figure 2

3.2 Numerical setup

To focus on the effect of the boundary heat transfer on the multicomponent droplet transport

and deposition, the one-way coupled method was applied between the continuous phase (i.e., the

air flow) and discrete phase (i.e., the aerosols). This assumption is widely adopted for dilute

droplet / particle flows. However, if the number density of the droplets is relatively high, the.mass

and heat exchange between the air flow and the droplets may affect the hygroscopic growth, or

evaporation, of the droplets. Other methods, e.g., mathematical models, (Asgharian et al. 2018)

and two-way coupling (Feng et al. 2016), may be required for the analysis.

Specifically, the flow field at steady inhalation of 15 "l/min was solved first. The air-inlet

conditions included 26.7 °C and RH = 34.7% (McFadden et al. 1985). The effect of the inlet RH is

discussed elsewhere (Chen et al. 2017).Fhe exterior surface of the tissue layer was assumed at the

core temperature of human body,.i.ey; 37 °C. The RH of the air-mucus interface was set to 99.5%

(Finlay, 2001). The simulation of the fluid phase was continued until the change in the average

temperature of the air atithe outlet was smaller than 0.01 °C. Three types of thermal boundary

conditions atythe air-mucus interface were evaluated: 1) more realistic convection heat transfer

simulations‘at the air-mucus interface and evaporation latent heat loss of water vapor in the mucus;

2) Consideration of only convection heat transfer; and 3) a constant wall temperature of 37 °C for

comparison. It should be noted that the term “convection” used here only involves the heat

transfer phenomenon and does not include the motion of a two-fluid (mucus and air) coupled



system. The mucus transport and pharmaceutical particle absorption related investigations could
be found elsewhere. For example, Rygg and Longest (2016) proposed a computational fluid
dynamics (CFD) model to predict the deposition, dissolution, clearance, and absorption of
pharmaceutical particles in the human nasal cavity. Furthermore, Rygg et al. (2016a) investigated
the effect of the particle size on the drug absorption using their model. Rygg et al. (2016b) further
coupled a compartmental pharmacokinetic model with this CFD model to investigate the transient

pharmacokinetic plasma concentration change.

As conduction heat transfer depends on a temperature gradient existed, no heat flows in'the
tissue under Condition 3 due to the uniform temperature distribution at 37 “C. A'summary of the

parameter values used for the simulations is provided in Table 1.

Table 1

Transport and deposition of hygroscopic multicomponent droplets were simulated for the
airflow fields subject to the three thermal boundary conditions. Each droplet contained four
components, i.e., water, ethanol, NaCl'(sodium chloride) and fluorescein. Their mass ratios were
fixed, i.e., water : ethanol::NaCl : fluorescein = 400 : 100 : 100 : 2.5. The diameter of the particle
containing only NaCl and fluorescein after evaporation would be 44.3% of its original size. In
order tosacquiresa complete DE vs. Stokes number (St) relation, simulations for different initial
droplet diameters were executed. Cheng et al. (2014) suggested that DE correlates best with St
when for its definition the inlet velocity and minimum diameter in the human mouth-throat replica
are used. Thus, the Stokes number is defined as:

2
st = P dgUi, (15)
18.uD,

out



where p, is the initial density of the droplet, U,, is the average air velocity at the inlet and

D

out

is the diameter of the outlet of the MT model. For each case, 10, 000 droplets were released
at the inlet surface. Deposition was assumed to occur, i.e., 100% capture efficiency, when the

droplet contacted with the mucus layer.

The governing equations were solved with ANSYS Fluent15.0 (ANSYSS Inc., Canonsburg,

PA), enhanced by UDFs, executing the following tasks:

1) Generating a parabolic velocity profile for the air inlet;

2) Generating a RH = 99.5% condition at the boundary surface, the temperature of which may

vary with spatial location due to heat transfer;

3) Calculating the mass flux of the water vapor and the evaporation heat at the air-mucus interface;

4) Calculating the y* value for the internal cells;

5) Initializing the droplet properties, e.g., diameter, mass for each component, etc.;

6) Calculating droplet-vapor interactionand the changes of droplet components during the

transport accordingly;

7) Calculating the“.drag force for the droplet, including the fluctuating wvelocity, near-wall
correction for.the fluctuating velocity (based on the y* value of the local cell), because the default

random walk model cannot be used due to customized discrete phase time step; and

8) Recording the information of deposited droplet, e.g., droplet size, location, velocity, etc.

In addition, a C++ program was coded to generate a random droplet distribution that had a

probability density following the profile of the air velocity at the inlet. There are few details worth



noting for calculating the evaporation heat of the water vapor. As shown in Fig. 3, the boundary

cells of the fluid region (highlighted in grey), which contain the data of water vapor flux, and the

cells of the mucus layer (highlighted in blue), which require the data of evaporation heat of water

vapor, are actually separated in different regions. To avoid data mapping, the surface meshes on

the two sides of the air-mucus interface were exactly the same when generating the mesh. The

cells on the two sides, e.g., the cells dotted in red and black, were paired before fluid iteration. At

the end of each iteration, the quantity of the mass flux of water vapor was calculated in the grey

cell, and the value of the vapor mass was transferred to its paired cell. Therefore, the evaporation

heat of the water vapor could be obtained for the source term of Eqn. (13).when calculating the

temperatures of the mucus and tissue regions.

Figure 3

3.3 Model validations

The application of the transition SST:modehin human airways has been discussed by Zhang

and Kleinstreuer (2011). The accuracy.of/particle transport and deposition simulations with the

transition SST model and UDF-enhanced DPM has been examined (Chen et al. 2017). Specifically,

the droplet-eddy interaction model with the near-wall correction for fluctuating velocities was

implemented forthe particle trajectory prediction. Mesh-independence tests for fluid velocity and

particle number independence (> 10 000) concerning DE were performed. The predicted DEs for

non-hygroscopic micron particles with various diameters at flow rates of 30 L/min and 90 L/min

were in accordance with experiment results (Zhang et al. 2006a). The droplet-vapor interaction

model was also validated under different steady and unsteady RH conditions (Chen et al. 2017).



Evaporation cooling and convection heat transfer were also examined (see Section 4.2 for details).

4. Results and discussion

4.1 Airflow

Assuming Condition 1, Fig. 4a depicts the air velocity distribution in the mid-plane of the

airway model without the mucus and tissue regions. Considering Conditions 1 to 3, the almost

identical velocity profiles at the “monitoring section” (see Fig. 4a) are shown in Fig. 4b. Clearly,

the impact air density, dependent on temperature and RH differences, is limited..The velocity

distributions in the present airway configuration at different flow rates (i.e., 15 L/min,to’90 L/min)

have been investigated in previous papers (Chen et al. 2017; Zhang et al,2006a).

Figure 4

4.2 Temperature distributions

The temperature distributions of the /mid-plane and outlet of the MT model, including the

mucus and tissue regions for Condition 1 jto 3, are shown in Figs. 5(a) to 5(c). An area at the

curved lumen is enlarged totgive a clear view of the temperature distribution at the air-mucus

interface. It is evident ‘thatsthe near-mucus heat transfer has no significant impact on the

macroscopic temperature distributions; however, local differences in both temperatures and

gradients appear for the three thermal boundary conditions.

Figure 5

So, the temperature distributions at the air-mucus interface are examined (see Figs. 6a, b),

where for Condition 3 the temperature distribution is uniform at 37 °C. If only convection heat



transfer is considered, the average temperature of the air-mucus interface of the MT model only

decreases by 0.2 °C (see Fig. 6b). However, this temperature would decrease by 1.31 °C when the

loss of latent heat is also included (see Fig. 6a), i.e., 1.11 °C reduction by latent heat alone. Thus,

the latent heat transfer occupies 84.7% of the total heat transfer. This percentage is similar to the

result given by Tsu et al. (1988). They suggested that the latent heat transfer in the oral cavity

comprises 92% and 83% of the total heat transfer during inspiration and expiration, respectively.

Figure 6

A large temperature decrease could be observed in the negative z-directionofthe curved pipe

wall for Condition 1. This region is directly impacted by the airflow. Thusythe high air-velocity

leads to strong convection heat transfer as well as a high transport, rate.of water vapor form the

mucus. This results in a minimum regional temperature of 32.81.°C for Condition 1. In contrast,

the convection only decreases the local temperature by.0.61 °C for Condition 2.

4.3 RH distributions

The RH distributions are shownyin Fig. 7. The air at the inlet has a relative humidity of 34.7%,

while it is 99.5% abovethe-mucus. As the air velocity is relatively high in the center of the oral

cavity, the water wvapor evaporated from the mucus layer cannot humidify the inhaled air

immediately~Therefore, the humidification process continues to the outlet of the MT model.

Figure 7

One of the factors influencing the process of water evaporation from the mucus is the mucus

temperature. From the discussion above, it is known that the temperature difference of the mucus

layer based on Condition 2 and 3 is limited. Thus, the resulting RH distributions do not differ



noticeably for Condition 2 (volume-averaged RH = 58.51%) and Condition 3 (volume-averaged

RH = 58.60%) as shown in Figs. 7b and 7c. In contrast, the volume-average RH of Condition 1 is

57.83%. Furthermore, when considering latent heat transfer, a change in the RH distribution at the

outlet occurs (see Fig. 7a). The average RHs at the outlets for Condition 1 to 3 are 81.34%, 83.22%

and 83.52%, respectively. The evaporation of water vapor actually reduces the mucus temperature,

thereby decreasing the speed of water evaporation.

4.4 Deposition efficiencies

Fig. 8 depicts the deposition efficiencies (DEs) of the multicomponent hygroscopic droplets

for different boundary heat transfer conditions, i.e., Conditions 1 to 3. Two extra sets of simulations

were added to demonstrate the effects of phase-change, i.e., @ir-vapor/interaction and mucus

evaporation, on the hygroscopic droplet deposition. The .set, of data with no droplet-vapor

interaction assumed that the components in the droplet would remain unchanged during the

simulation, which is the same as for the traditional solid particle simulations (Chen et al. 2012,

Zhang et al. 2004a). The other set,of data with no mucus evaporation assumed that the mucus layer

would not evaporate water vapor into the airway, but still transfer the heat via conduction and

convection. This is similar.to the dry boundary condition as discussed in our previous study (Chen et

al. 2017). Theldroplets would evaporate completely until only solid particles remain, containing

only NaCland fluorescein. Further particle transport and deposition would be the same as the

traditional solid particle simulations.

Figure 8

Obviously, ignoring the droplet-vapor interaction (open circles in Fig. 8) causes an



unacceptable error, i.e., overestimating DE by approximately 80% at St = 0.0204, when compared to

the results under Condition 1. In contrast, ignoring the mucus evaporation also causes a large error,

i.e., underestimating DE by approximately 25% at St = 0.0409; again, when compared to the results

under Condition 1. These indicate the importance of including the droplet-vapor interaction and

mucus evaporation for the prediction of the transport and deposition of hygroscopic droplets,

especially in case of nebulized drugs.

In general, the DE increases with higher environmental RH among Condition 1 to 3."The

DE-St curve under Condition 1 has the lowest DE-values corresponding, tolowest

volume-averaged RH value. Chen et al. (2017) concluded that higher inlet air. RH*Could increase

the DEs of hygroscopic droplets. It is surprising that the boundaryyheat transfer condition can

substantially affect the DEs of hygroscopic droplets, even iffitihas limited effect on the airway RH

distribution. Comparing to the constant 37 °C boundary.condition, Condition 1, i.e., the boundary

condition considers convection, conduction and evaporation latent heat, only changes the average

volume RH by less than 1% (see Fig. 7). However, it can reduce the deposition efficiency by up to

9.93% for droplets with an initial diameter equal to 14um. Meanwhile, the average RH difference

between Condition 2 and. 3/is less than 0.1%, but the difference in DE can reach 3.39% when the

initial droplet diameteris 16um.

This phenomenon may relate to the process of hygroscopic growth of the droplet. Feng et al.

(2015) claimed that the hygroscopic growth of the droplet is sensitive to the variations in

properties of the droplet. Furthermore, Chen et al. (2017) indicated that small change in saturation

pressure of water vapor can cause a large difference in droplet / particle growth ratio. In this case,

the local temperature change, i.e., 4.19 °C decrease comparing to the constant 37 °C boundary



condition at the curved pipe region as shown in Fig. 6(a), can lead to the change in saturation

pressure of water vapor. Subsequently, the hygroscopic growth is reduced in the near-wall region

in the case of thermal boundary Condition 1.

4.5 Final droplet distributions

Figs. 9(a) to (c) illustrate the final positions and diameters of droplets deposited on the airway

boundary and escaped from the outlet under Condition 1 to 3. The initial droplet diameter forsthe

simulations shown in Fig. 9 is 14 um. The statistics of the diameter of deposited” and escaped

droplets is shown in Table 2.

Figure 9

Table 2

The spatial distributions of deposited and escaped.droplets are similar to the previous study

(Chen et al. 2017). Due to inertial impact, most droplets deposit on the boundary of curved pipe

towards the -z direction. The air forms a pair of symmetric vortices when flowing through the

curved pipe. Thus, some of the'droplets‘deposit on the lateral side of the tube, which is towards the

+ x direction. Similarly, the’escaped droplets locate intensively on near the tube boundary towards

the —z direction/due tovinertia. There are droplets that move along with the secondary flow close to

the boundary from the —z direction to the +z direction. Some of them are also drawn into the

center of the tube because of the vortices.

The boundary heat transfer of the airway comprises two mechanisms, i.e., convection heat

transfer and latent heat loss due to water evaporation. The difference between the results of

Condition 2 and 3 (see Fig. 9(b) and (c)) shows the effect of the convection on the hygroscopic



growth of the multicomponent droplets. Considering the statistical results given in Table 2, it is

observed that convection has a limited effect on the droplet hygroscopic growth except for

reducing the maximum diameter of escaped droplets by 10.3%. The relative difference (RD)

percentages are based on the notion that Condition 3 (T =¢) is the simplest but most unrealistic

boundary condition in lung-aerosol dynamics.

The impact of including the latent heat of evaporation can be observed by comparing the

simulation results for Condition 1 and Condition 3 (see Fig. 9(a) and (c) as well as_Table,?2).

Specifically, the average diameters of deposited and escaped droplets are reduced by. 32.50% and

13.38%, respectively. This effect also decreases the maximum diameters of deposited and escaped

droplets by over 27%. However, the minimum diameters of depositediand escaped droplets remain

unchanged at 6.2um. This is because the droplet has~already lost almost all evaporable

components so that only NaCl and fluorescein remain.

In conclusion, the boundary heat transfer, including convection and evaporation latent heat, is

of importance for the accurate prediction ofhygroscopic aerosol transport and deposition.

5. Conclusions

The transport| and_ deposition of multicomponent hygroscopic droplets in a simple

mouth-throat moadel.under different heat transfer conditions for airflow and mucus-layer have been

studied at a flow rate of 15 L/min. Configurations of the mucus-tissue region and the air pathway

as well as their hexahedral meshes have been constructed for the mouth-throat model. The effects

of mucus evaporation induced latent heat loss and boundary convection on the air flow,

temperature distribution, RH distribution, droplet deposition efficiencies and final distributions



have been analyzed. The modeling framework presented can be readily expanded to other systems.

Based on the validated modeling and simulation results, the conclusions for the present airway

configuration and inhalation flow rate are as follows:

(1) The latent heat of evaporation can cause a temperature gradient in the mucus-tissue region

and may reduce the average temperature of the mucus layer up to 1.11 °C, while mucus convection

only reduces this temperature by 0.2 °C. However, the combined heat transfer effect can locally

reduce the temperature to 32.81 °C.

(2) The interfacial heat transfer does not cause a major change in RH distribution. It just

decreases the average RH in the airway by 0.77% when compared to the constant 37 °C boundary

condition.

(3) Most importantly, the effects of detailed heat transfer between airflow, mucus-layer and

tissue should be taken into account as it measurably~impacts the transport and deposition of

inhaled hygroscopic aerosols:

(i) The more realistic thermal boundary condition can significantly reduce hygroscopic growth of

deposited and escaped droplets.

(ii) Especially Jatent heat loss due to evaporation, can decrease the deposition efficiency up to

9.93%.

(iii) Compared to the constant 37°C wall condition, imposing the more realistic thermal boundary

condition leads to actual droplet-size changes of 32.50% and 13.38% in terms of average

diameters of the deposited and escaped droplets, respectively.
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Table captions

Table 1. Inlet, boundary and droplet conditions applied for the simulations

Values

Parameters
Condition 1 Condition 2 Condition 3

Flow rate at inlet [L/min] 15 15 15
Air temperature of the environment [°C] 26.7 26.7 26.7
RH of the environment [%] 34.7 34.7 34.7
RH of the air above the mucus [%] 99.5 99.5 99.5
Temperature of outer surface of the tissue [°C] 37 37 37

Determined by )

] ] ] Determined

Temperature of the air-mucus interface [°C] evaporation 37

Initial droplet temperature [°C]
Initial droplet diameters [um]
Initial mass ratios of the droplet components

water : ethanol : NaCl : fluorescein

by convection

and convection

26.7

2.5)5, 7.5{10, 12, 13, 14, 15, 16, 17, 18, 19, 20

400:100:100:2.5

Table 2. Statistics of diameters of deposited and escaped droplets

Diameter of deposited

Diameter of escaped

Conditiohs droplets droplets
Max. Min. Avg. Max. Min. Avg.
Values (um) 18.80 6.20 8.62 16.28 6.20 9.13
Condition'1
Relative difference’ (%) 27.24 0.00 3250  37.09 0.00 13.38
Values (um) 25.98 6.31 12.24  23.19 6.20 10.34
Condition 2
Relative difference (%) 0.54 1.77 4.15 10.39 0.00 1.90
Condition 3 Values (um) 25.84 6.20 12.77  25.88 6.20 10.54

! Relative difference is defined as RD =|di —d3| /d; x100%,i=1, 2
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