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Abstract
The evaporation behavior of a propylene
glycol-water = smoke agent system  was

systematically investigated using computational
fluid dynamics, with emphasis on the mechanisms
governing selective component evaporation. It was
observed that elevating the base plate temperature
and increasing the initial water content markedly
enhance the overall evaporation rate, highlighting
the critical role of thermal conditions and
composition in controlling vaporization. Analysis
of freely evaporating binary droplets revealed that
the component with the lower boiling point
dominates the evaporation process, resulting in
pronounced selectivity in component loss.
Additionally, incorporation of a porous medium
significantly accelerates the evaporation rate, and
further increases in porosity facilitate more
efficient vapor release. These findings provide a
comprehensive theoretical framework for the
controlled modulation of smoke agent evaporation,
offering potential strategies for optimizing smoke
generation efficiency in practical applications.
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1 Introduction

Propylene Glycol (PG) and Glycerine (VG), as smoke
agents, can effectively enhance the aerosol release
rate [1]. Talih et al. [2] pointed out that smoke is
essentially an aerosol, and the main factors
influencing the nicotine content in the smoke are
inhalation habits, nicotine concentration, and
heating voltage. Dai Yujie [3] investigated the effect
of glycerine on the volatile components of tobacco
smoke and found that within a certain working
temperature range, the smoke agent itself almost
does not decompose. The significant premise for
smoke generation is the evaporation process of the
water content inside the tobacco and the smoke
agent. Regarding this evaporation process, Dunk G.]J.
et al. [4] proposed a thermal diffusion model for
droplet evaporation. The study showed that the
heat-mass change in the droplet evaporation process
is closely related to environmental factors.
Convection conditions [5], ambient pressure [6],
droplet surface temperature [7], base material of the
substrate, heating temperature/power [8], and the
composition of the smoke agent[9] all significantly
impact the droplet evaporation process.

Considering the special addition process of smoke
agents present in both the outer and inner layers of
tobacco [10], the inhalation process also involves the
migration and evaporation of smoke agents within
the porous medium. The liquid phase evaporation
process within a porous medium has certain unique
characteristics. Halder A. et al. [11] investigated the
water evaporation mechanism in the water/fatty
liquid mixture inside food. The results indicated that
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the evaporation rate of the mixed liquid inside food
is highest near the heated wall, with water vapor
preferentially diffusing from the heated surface to
the relatively cooler interior. The diffusion and
condensation of water vapor lead to the formation of
a significant pressure gradient inside the food, thus
promoting moisture evaporation. Zhang et al. [12]
coupled the Eulerian model, VOF multiphase flow
model, porous medium model, and Lee phase
change model to study the evaporation process of
the binary azeotropic mixture of
tetrafluoroethane /hexafluoropropane  within a
porous medium. The results showed that increasing
heat flux is beneficial to enhancing the overall
evaporation rate. Li Hongru et al. [13] studied the
evaporation characteristics of porous media with
different porosities. The results indicated that
materials with higher porosity are more favorable
for increasing the suction rate, thereby enhancing
the evaporation rate. Therefore, the impact of porous
characteristics on the evaporation behavior of smoke
agents should also be emphasized.

This paper constructs a numerical model for the
evaporation of binary droplets of propylene
glycol-water mixtures in the smoke agent system,
quantifying their selective evaporation
characteristics. The study investigates the impact of
substrate temperature, ambient temperature, and
smoke agent component ratios on the droplet
evaporation process. Additionally, based on the
porous characteristics of the cigarette, the
evaporation process of the binary droplets within it
is explored. The aim of this study is to understand
the evaporation behavior of smoke agent droplets
and provide technical guidance for the design and
optimization of related cigarette products.

2 Mathematical Model

21 Physical Model

This study investigates the evaporation process of
smoke agent droplets. The droplet is a binary
mixture composed of Propylene Glycol (PG) and
water, which do not form an azeotrope [14, 15].
During the evaporation process, the droplet is
suspended in air and subjected to the combined
effects of gravity and surface tension. Heat is
supplied from the substrate at the bottom to
establish a thermal boundary condition, promoting
gradual evaporation into the vapor phase and
subsequent diffusion into the surrounding
environment. The computational domain of the
2

physical model is illustrated in Figure 1(a),
comprising two regions: the droplet (with an initial
radius r of 0.12 mm) and the surrounding
environment (with a radius R of 1.2 mm). To
simplify the calculation, the following assumptions
are made:

(1) The environmental domain is significantly larger
than the droplet radius, and the ambient
temperature within this domain remains constant at
To;

(2) The modeled droplet is assumed to be a regular
hemispherical shape, with uniform distribution of
the mixed components inside the droplet, and the
Marangoni effect is neglected [16-18].

Environment

Heat wall

i

Figure 1. Schematic diagram of the droplet model

2.2 Governing Equations

This study focuses solely on the evaporation process
of the droplet, with no condensation occurring at the
vapor-liquid interface. Surface tension is assumed to
be unaffected by temperature changes and is held
constant at 0.072 N/m. The study examines the
variation of liquid and vapor components, as well as
the average droplet temperature, with time, without
considering the deformation of the droplet during
the evaporation process [16-18]. Additionally, the
effects of the thickness of the heating resistance wire
and thermal conductivity are neglected. The
governing equations involved in this work include
the continuity equation, momentum equation,
Mixture multiphase model, species conservation
equation, energy equation, and evaporation
equation.

(1) Continuity Equation:

The transport equation for the liquid phase volume
fraction is given by:
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The transport equation for the vapor phase volume
fraction is given by:
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The subscript [ represents the liquid phase; the
subscript v represents the vapor phase; nl and nv
represent the number of evaporating components in
the liquid and vapor phases, respectively, where
nl=nv=2 in this study. The average velocity of the
two phases is (Equation 3), m/s; and the average
density (Equation 4), kg/m’ The mass of the
evaporating component i is denoted by m,, in kg. In
the Mixture model, the average velocity is used to
calculate the velocities of each phase, and the
average density is used to calculate the densities of
each phase.

a, p.v
o= 3)
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(2) Multiphase Flow Equation:

In this work, the Mixture model is used to solve the
two-phase flow, where both phases share the same
velocity field:

—, T v.(lljm‘jm‘jm ) = _me + V.|:/le .(va + vaT ):|
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In the equation, F is the surface tension of the
droplet, in N; £, is the mixture dynamic viscosity,
in m?/s, which is calculated using the viscosity
formula for a multiphase miscible liquid:

(6)
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(3) Turbulent Viscosity Equation:

The k-w model is advantageous in handling low
Reynolds number flows and turbulence near wall
regions [19]. In droplet evaporation simulations, the
boundary layer flow near the gas flow and droplet
surface is relatively strong. Therefore, the SST k-w
turbulence model is used for the calculation:
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For the above equation, the effective diffusion

coefficient is calculated as I, =g, + ,
Oy
', =u, + A , where ¢ is the turbulent Prandtl
o

[2]

number.
(4) Species Conservation Equation:

The species conservation equation for the liquid
phase is:

0 Y.
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where Y, . is the mass fraction of component i in
D,

coefficient of component i in the liquid phase. Since
the diffusion coefficients between liquid phase

the liquid phase; is the binary diffusion

components are generally small, they are neglected.

The species conservation equation for the vapor
phase is:
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where Y, is the mass fraction of component i in

the vapor phase; D is the binary diffusion

coefficient of component 7 in the vapor phase, which
is calculated using the following equation:
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In the equation, X,; is the mole fraction of
component i in the vapor phase; D,; is the
diffusion coefficient between components i and j in
the vapor phase, which is further calculated using
the Fuller equation:

1 1
7+7
M.

Rt

where p is the pressure, in Pa; T is the temperature,

1072 * Tl.75

in K; M is the molar mass, in kg/mol; va and

2

components i and j, in m’/kg.

are the atomic diffusion volumes of
(5) Energy Equation:
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In the simulation system, the droplet volume is set
to be small, and the overall velocity is extremely low,

4

so the viscous dissipation term can be neglected. In
the equation, ¢ is the given heat flux density, and
the heating temperature of the substrate is set to
Tuear in this study. Thus, the heat flux density
(Equation 14) is in J/(m*s); Ayan wall is the thermal
conductivity of the wall, in W/(m:K); ¢,; is the
liquid phase specific heat capacity at constant
pressure, in J/ (kg-K); €. is the specific kinetic
energy, in J/m? ¢, mix is the specific heat capacity
at constant pressure for the mixture phase, in ]/
(kg-K); A4 is the thermal diffusivity, in J/(m-K-s).

4 ﬂ“wa (Tw_]—z')
qg= 1l

d (14)
(6) Evaporation Equation:
0 (av o3 ) —\
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In the equation, @, is the volume fraction of the
vapor phase; P, is the density of the vapor phase;
V., is the dynamic viscosity of the vapor phase; m,,
is the rate of mass transfer from the liquid phase to
the vapor phase, in kg(sm’"'. During the
evaporation process, 1) >T, , mass transfer occurs
only from the liquid phase to the vapor phase, so:

T —
- _ / sat
mlv - Coeff;’va * alpl T

sat

(16)

(7) Evaporation Model in Porous Media:

A single droplet is placed within a porous medium
to analyze the characteristics of its heating and
evaporation process. Compared to the free
evaporation process, the evaporation process within
a porous medium is influenced by the resistance of
the matrix material to fluid movement, which alters
the thermal and mass transfer behavior of the fluid.
It is important to note that the structure of real
tobacco often exhibits a certain degree of complexity
and heterogeneity, which affects the thermal
conductivity ~ [20],  permeability [21], and
stratification phenomena [22] at different points
within the porous medium framework. To simplify
the model, the porous medium material is assumed
to be isotropic [23, 24], and the resistance coefficient
S in different directions is defined as a source term
and introduced into the continuity equations
(Equations 1 and 2), as shown below:
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steady-state flow, and the Simple algorithm is used
to solve the pressure-velocity coupling terms. The
(17) discretization scheme is selected as second-order
o (6,0,,, +Vmmej +S upwind, with convergence residuals for the

p, \ Ot continuity equation, velocity, and energy equations
set to 107°. The iteration step size is 0.001 s.

oa _ 1 <. i i
y +V'(av'Vm):_Z i, The I?ottom of the dro_p'let is set as a wall w1th a
ot P, S no-slip boundary condition, and a constant heating
5 (18) temperature of Thear is applied. Under the initial
_4 [ P +V Vp j+ S conditions, the temperature of both the droplet and
p,, L ot ne the environment is set to Ty. The farthest outlet from

the droplet in the environmental domain is set as a

S=—(Ruv,+Cplv;|v,) (19) pressure outlet, with the pressure specified as

atmospheric pressure. The component properties of

In the equation, R is the viscous resistance the droplet [25] and the physical parameters of the
coefficient, which is the reciprocal of the porosity ¢ porous medium model [23] are shown in Table 1.

v is the velocity of a certain component i in the g0, Physical property of the droplets and the porous

liquid phase, where v=v,, in m/s. The definition of media
orosity is:
P Y Water PG
nl nv liquid | vapor | liquid | vapor
- Vit : 1Vj (20) [()E;;tz)/ 1.00x10° |5.54x10"| 1.03x10°|  2.01
_ i= Jj= :
€= )
v Hegtlfgaficj;y/ 4182.00 | 2014.00 | 2477.10 | 1837.06
where V is the total volume of the matrix and pores Thermal
. . . 3, conductivity/ [6.00x10™|2.61x107?|2.01x10™|2.59x10”
in the porous medium, in m? V; and V; are the (Wem K
volumes of the liquid and vapor phases, in m®, and Viscosi
' : iscosity / 3 5 2 5
their sum numerically represents the pore volume. kg (m-s)’ 1.00x1071.34x107)4.07x10711.16x10
The inertial resistance coefficient C in Equation (19) MOlecu/lar 1802 26,09
. . . mass . .
is represented in the momentum equation as: Droplet| (kgkmol)
Molar
0 (PV,-) Ry (pv v ) enthalpy/  |-2.86x10%-2.42x10°|-4.95x10°|-4.08x10°
’ Vi !
Ot 1) (J-kmol™)
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==-Vp+V- [M— (Vv +V, )} ~Cplv temperature / 373.15 460.76
K
Considering the migration and diffusion of steam, Evaporate , ,
h 1 . ‘ h oh ) h latent/ 4.40x10 8.72x10
the tota Zrllerg)f equation for each phase in the (J-kmol™)
orous medium is:
p Evaporate 01 01
frequency
or Thermal
- + ) .
(pcp )eff at (gavpvcp,vvlav + ¢8alplcp,lvl,l) VT (22) Conducﬁvity/ 2.4)(10-2
W-m™ K"
=V (2,VT)+g Porous [—( 0
=V(4,VT)+q media (Egsmt;‘{) 1100
. . . Heat capacity/
where ge is the effective porosity. Jkg K 2080

This study uses ANSYS ICEM to discretize the
computational domain, employing a structured grid
In this work, simulations are performed using the division method. Local grid refinement is applied at
pressure-based solver in Ansys Fluent. The fluid the wall surface to obtain a high-quality mesh model,
within the computational domain is set to

2.3 Numerical Simulation Setup
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ensuring that the droplet has sufficient grid nodes
and improving the computational accuracy.

2.4 Model Validation

To ensure the accuracy of the numerical model,
experimental results from the literature [26] are
selected for validation. The study in the literature
investigated the evaporation process of pure water
droplets (with a volume of 5 pL) on a copper
heating plate. The experimental environment was at
atmospheric pressure with an ambient temperature
of 25°C. The experiment used a high-speed CCD
camera to capture the morphological changes of the
droplet, providing the droplet's profile size variation
over time at a heating temperature of 375.15 K.
Based on the numerical model presented in Section
1.2 of this paper, simulations were carried out under
conditions consistent with the experimental setup in
the literature.

Figure 2(a) shows a comparison between the
experimental data and simulation results. From the
results in the figure, it can be observed that the
droplet profile area decreases steadily during the
evaporation process, and after 20 seconds, the
profile area decreases sharply. This is because, at
this point, the droplet surface temperature exceeds
the saturation temperature, leading to a significant
increase in the evaporation rate, causing the droplet
to rapidly dry out. Overall, the trend of the
experimental values is in good agreement with the
simulation results, with the maximum relative error
being 6.63%, indicating that the numerical model is
highly accurate. The deviation may be due to the fact
that the two-dimensional model used in this study
only considers heat transfer in the plane, neglecting
energy transfer and dissipation in other directions.

Additionally, a grid independence study was
performed on the numerical results. Simulations
were conducted using three different mesh sizes:
110,000, 330,000, and 830,000 grid points, with the
results shown in Figure 2(b). From the figure, it can
be seen that as the mesh size increases, the relative
error of the results decreases. When the mesh size
was 110,000, the maximum relative error at t=10 s
between the simulation and experimental values
exceeded 60%. However, when the mesh size
reached 330,000, the error between the simulation
results and the experimental results was less than
10%. Considering both computational accuracy and
resource requirements, it can be concluded that the

numerical results are essentially grid-independent
when the mesh size reaches 330,000.

3.0
4380
25} )
D
5
4360 €
20F 3
& —*— Average droplet temperature =
E —®— Experimental result QE)
\51‘5 | —O— Present model 4340 g
= =
< 2
=
1.0} 4320 %
St
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<
05F 4300
1 1 1 1 1
-5 0 5 10 15 20 25
Time(s)
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-4 15F
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1.0 |
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0.5 F —5— 33w grid
—— 83w grid
0.0 — e)liperiment?l data
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Time(s)
(b)

Figure 2. Heat temperature Trear=375.15 K: (a) During the
evaporate of pure water droplets, the change of profile
size with time; (b) Grid independence verification

Furthermore, to further validate the accuracy of the
PG-water binary mixture droplet evaporation
diffusion model, the numerical results are verified
based on the experimental data from Jiang Zhiwu
[27], which investigated the volume change of
PG-water binary mixture droplets during slow
evaporation on a fixed surface. The simulation
parameters used in the validation are consistent
with the experimental conditions in the referenced
literature. As shown in Figure 3, the model
validation results are in good agreement. Therefore,
it can be concluded that the PG-water binary
mixture droplet evaporation calculation results are
reasonably accurate.
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Figure 3. Droplet radius =0.95 mm, droplet center height=
0.364 mm, diffusion coefficient=26.1 mm?2/s, Xwue,0=90%:
the relationship between the droplet volume and time
during the slow evaporation diffusion process of the
droplet

3 Results and Discussion

3.1 Selective Evaporation Process

Under atmospheric pressure, the evaporation
temperatures of PG and water are 460.76 K and
373.15 K, respectively. Due to the differences in the
evaporation temperatures of the liquid phase
components, selective evaporation occurs to varying
degrees during the evaporation process of
multi-component droplets. Specifically, the lighter
component, due to its lower evaporation
temperature and smaller latent heat of phase change,
evaporates preferentially. This selective evaporation
characteristic leads to dynamic changes in the vapor
phase composition throughout the evaporation
process.

Figure 4 presents the variation of evaporated mass,
average droplet temperature, evaporation rate, and
vapor phase component content (evaporated mass
(water), evaporated mass (PG)) with time during the
heating and evaporation of a binary mixture droplet.
From Figure 4(a), it can be observed that the average
droplet temperature experiences two different
trends during the evaporation process. This is
closely related to the phase change of the droplet
components. Based on the dynamic variations in
average droplet temperature and evaporation rate,
the entire evaporation process can be divided into
three stages:

(DStage 1 (0~0.2 s):As the heating time increases, the
overall evaporation rate significantly increases. The
average droplet temperature rises from the initial
298.15 K to 480.25 K, which is higher than the

evaporation temperatures of both PG and water
components. During this stage, both PG and water
in the droplet undergo evaporation. The evaporation
rates of PG and water are denoted as vpg and v,
respectively. From the analysis of the evaporation
rate ratio vpc/v, for PG and water components in
Figure 4(b), it can be seen that vps/v, is relatively
small during this stage, indicating that the
evaporation rate of water is significantly higher than
that of PG, with evaporation predominantly driven
by water. Meanwhile, as the temperature continues
to rise, the evaporation rate of PG gradually
increases. When the temperature reaches 480.25 K,
Vpe/ Ve approaches 0.95.

@ Stage 2 (0.2~0.8 s): Between 0.2 and 0.4 s, the
evaporation rate of PG gradually approaches that of
water, and PG begins to evaporate in large quantities.
Due to the relatively high latent heat of phase
change for PG, its significant evaporation causes a
decrease in the average droplet temperature.
However, the total evaporation rate continues to
increase and reaches its peak at 0.4 s. Subsequently,
between 0.4 and 0.8 s, as the average droplet
temperature continuously decreases to 444.31 K, the
total evaporation rate correspondingly decreases. At
0.8 s, the evaporation rates of PG and water become
nearly equal.

@ Stage 3 (0.8~1.9 s): The average droplet
temperature increases again, gradually approaching
the temperature of the heating surface. The
evaporation rate of PG remains higher than that of
water, but the total evaporation rate gradually
decreases, ultimately approaching zero, marking the
end of the droplet evaporation process. In this stage,
PG dominates the evaporation behavior, playing a
decisive role in the changes of evaporated mass and
component distribution.

25 15
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—e—average droplet temperature
[~ water-vapor mass

20 500

T,=480.25K

—
n

450

—
=)

400
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n
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0.2
Time(s)
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Figure 4. Droplet evaporate process (the content of water in
the droplet Xwu0=50%, environment temperature
Ty=298.15 K, heating temperature Tprar=523.15 K): (a)
evaporate mass, average droplet temperature; (b) rate of

evaporate; (c) vapor mass(water), vapor mass(PG)

The three evaporation stages above reveal the
“selective evaporation” phenomenon in binary
mixture droplets caused by the differences in the
evaporation temperatures of the components. Water,
having a lower evaporation temperature than PG,
primarily dominates the evaporation process. As
heating continues, PG gradually begins to evaporate
and later dominates the process until the droplet
fully evaporates. The presence of selective
evaporation leads to dynamic changes in the vapor
phase composition, as shown in Figure 4(c). From
time t=0~0.2 s, the droplet temperature is lower than
the boiling point of PG. Due to vapor-liquid phase
equilibrium, a small amount of PG evaporates into
the vapor phase. When the droplet temperature
reaches 480.25 K(t=0.2 s), PG begins to boil, and the
amount of PG in the vapor phase gradually

8

increases. This process also reveals that the boiling
point of PG is affected by the water content and
heating conditions. Thus, environmental parameters
(such as substrate temperature, ambient temperature,
etc.) and the initial water content of the droplet
should not be overlooked, as they can significantly
influence the evaporation characteristics of the
smoke agent, including evaporation rate and vapor
phase component selectivity. These factors can
notably alter the kinetics and selective characteristics
of the evaporation process. The following section
will further explore the impact of these parameters
on the evaporation characteristics of binary mixture
droplets.

3.2 Factors Affecting Droplet Evaporation

3.2.1 Substrate Temperature

To explore the effect of substrate heating
temperature on evaporation selectivity, the
evaporation process of binary mixture droplets
(PG-water) was calculated under four different
substrate heating temperatures: 473.15 K, 523.15 K,
573.15 K, and 623.15 K. The initial water content was
set at 70% [28], and both the initial droplet and
ambient temperatures were 298.15 K. Figure 5 shows
the variation in evaporation characteristics under
different heating temperatures. From Figure 5, it is
observed that with an increase in substrate heating
temperature, the total evaporated mass significantly
increases.

Further analysis combining Figure 5(c) and Figure
5(d) indicates that this phenomenon is due to the
higher heating temperature providing more heat to
the droplet, significantly raising the droplet's
average temperature, thus accelerating the
instantaneous evaporation rate and correspondingly
shortening the evaporation time. The results show
that higher heating temperatures not only shorten
the total evaporation time but also significantly
increase the average evaporation rate.

It is worth noting that despite differences in the
evaporation rates of each component at different
temperatures, the total evaporated mass at the end
of the evaporation process remains equal due to the
identical initial droplet mass. However, the higher
heating temperature has a complex effect on
evaporation selectivity. In the third stage of selective
evaporation (PG-dominated evaporation stage)
shown in Figure 5(d), the higher heating
temperature actually reduces the evaporation rate of
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PG.  Additionally, = under  high-temperature
conditions, the mass fraction of water in the vapor
phase decreases more rapidly, meaning that more
PG components evaporate earlier within the droplet
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(as shown in Figure 5(b)), thereby reducing the

effectiveness of selective evaporation.
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Figure 5. Different heat temperatures (Xuuerc=70%, To= 298.15K): (a) evaporate mass; (b) evaporate mass(water),

evaporate mass(PG), mass fraction of water in the vapor phase; (c) average droplet temperature; (d) rate of evaporate

This phenomenon is mainly due to the significant
impact of temperature on the volatility of liquid
phase components in multi-component droplets,
with vapor pressure being a major driving force for
liquid evaporation. At higher temperatures, the
vapor pressure of PG may be higher than that of
water, leading to the earlier evaporation of PG.
However, as evaporation progresses, the
concentration of PG decreases, causing its
evaporation rate to drop in the third stage.
Furthermore, the evaporation rates of PG and water
are influenced not only by temperature but also by
the activity coefficients of the liquid phase and the
non-ideal behavior of the solution. At higher
temperatures, the evaporation rates of PG and water
no longer exhibit a simple proportional relationship

but are affected by the non-ideal solution behavior,

resulting in an earlier decline in the evaporation rate
of PG.

The above indicate that the heating
temperature has a significant impact on the

results

evaporation behavior and selectivity of binary
mixture droplets. Therefore, during the inhalation
process, it is crucial to select an appropriate heating
temperature to ensure that the smoke agent can
evaporate fully and rapidly into the vapor phase.

3.2.2 Droplet Composition

The moisture in the inhalation process mainly comes
from the adsorbed water in the tobacco matrix, as

9
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well as the volatile water in the tobacco itself, with
the water content ranging from 53% to 90% [29, 30].
Since the latent heat of phase change of water is
lower than that of PG, as the water content in the
droplet increases, the overall latent heat of phase
change of the mixed droplet decreases. Under the
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same heat supply, the higher the water content, the
faster the evaporation process. Figure 6 shows the
trend of evaporation characteristics under different
initial water contents (50% to 90%).
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Figure 6. Different initial content of water(T,= 298.15K, Thear= 523.15K): (a) evaporate mass; (b) evaporate mass (PG),
mass fraction of water in the vapor phase; (c) average droplet temperature; (d) rate of evaporate

By comparing Figures 6(a) and 6(b), it can be seen
that as the initial water content increases, the
evaporated mass also increases. However, by
comparing the mass fraction of water in the vapor
phase, it is evident that during the selective
evaporation stage, the amount of PG evaporated
decreases. As shown in Figure 6(c), when t = 0.8 s,
the average droplet temperature decreases by 36 to
43 K. However, in the third evaporation stage, the
influence of water content on droplet temperature is
minimal, and the evaporation process is dominated
by PG boiling. Since the initial droplet radius is the
same for all cases, the total mass of the droplets
remains nearly constant. The total evaporation time
for droplets with different initial water contents
differs only slightly. Further comparison of the
evaporation rates shows (as shown in Figure 6(d))

10

that increasing the initial water content significantly
enhances the evaporation rate in the later part of the
tirst stage and the second stage, but the influence on
the evaporation rate in the third stage is minimal.

In summary, increasing the initial water content
alters the latent heat of phase change of the mixed
droplet, significantly affecting both the evaporation
rate and droplet temperature, especially enhancing
the evaporation rate in the second stage. The
increase in water content leads to a reduction in the
PG content in the vapor phase. Therefore, it is
necessary to control the water content in the tobacco
leaves.

3.3 Evaporation of Droplets in Porous Media

Based on the two forms in which the smoke agent
exists within tobacco leaves, and under the premise
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of maintaining the overall volume of the evaporating
droplet constant, the evaporation characteristics of
binary mixture droplets with an initial water content
of Xwarero=70% in a porous medium with a porosity
of 0.75 [23] were first studied. The substrate heating
temperature was set to 523.15 K. Figure 7 shows the
dynamic changes in evaporated mass, average
droplet temperature, and evaporation rate for both
evaporation modes. Table 2 lists the average
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evaporation rates for both modes, with Ty
representing the highest average temperature during
the droplet evaporation process.

Table 2. Evaporate of porous media and free evaporate

t otal ave Tmax
Evaporation Mode ot i 1
S mg-s K
P Medi
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Figure 7. Evaporate of porous media and free evaporate(Xuaer0=70%,To= 298.15K, Trear= 523.15K): (a) evaporate
mass(total, water, PG); (b) average droplet temperature; (c) rate of evaporate;(d) mass fraction of water in the vapor

phase

It is evident that, compared to free evaporation,
when considering the resistance of the porous
medium to the liquid phase, both the evaporation
rate and the average droplet temperature increase
significantly. This phenomenon can be attributed to
the porous structure's enhancement of heat and
mass transfer during the droplet evaporation
process. Comparing Figures 7(a) and 8(c), it can be
observed that, in the porous medium evaporation
process, the evaporated mass and instantaneous rate
are higher at each moment compared to free
evaporation.

This phenomenon is related to the liquid film
evaporation mechanism [31], where a liquid film
forms on the surface or pore walls of the droplet in
the porous medium through capillary action. A
decrease in the thickness of the liquid film
significantly reduces the activation energy required
for evaporation [32], thereby enhancing the
evaporation rate. It is also associated with the
increased heat transfer area; the high specific surface
area of the porous medium provides more thermal
exchange pathways between the droplet and the
medium, facilitating heat conduction and the
evaporation process [33]. These mechanisms work
together, leading to a significantly higher

11
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evaporation rate in the porous medium compared to
free evaporation. Therefore, factors such as porosity,
pore size, and surface properties also affect heat
transfer efficiency:.

At the early stage of evaporation, the droplet
temperature gradually increases and then decreases.
In the later stage of evaporation, the droplet
temperature increases and stabilizes, which
corresponds to the temperature changes shown in
Figure 7(b). Figure 7(d) shows the change in the
mass fraction of water in the vapor phase for both
evaporation modes. It can be clearly observed that,
compared to free evaporation, the porous medium
evaporation mode almost follows the initial mass
ratio of water to propylene glycol in the droplet. This
indicates that, in the porous medium evaporation
mode, the evaporation process of the smoke agent
exhibits a non-selective evaporation phenomenon,
independent of the boiling point differences. This
result is consistent with the findings of Xie Guoyong
et al. [34].

Porosity is one of the important parameters that
describe the characteristics of porous structures. In
actual e-cigarette cartridges, the filling of artificial
tobacco typically presents unordered and variable
sizes. However, for the sake of simulation, it is
assumed that the pore distribution of the porous
medium is uniform and isotropic. Figure 8 and Table
3 show the evaporation process of the smoke agent
system in the porous medium at different porosities
(&= 0.65, 0.7, 0.75, 0.8, 0.85, and 0.9). Porosity has a
significant impact on both the inertial and viscous

resistance coefficients of the porous medium. As
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seen in Equation (19), with the increase in porosity,
both the viscous and inertial resistance coefficients
decrease, which effectively reduces the flow
resistance of the liquid and vapor within the porous
medium. This not only increases the heat conduction
area between the droplet and the porous medium,
enhancing thermal conduction, but also increases
the vapor phase due to the higher evaporation rate.
This leads to a higher gas flow velocity, further
promoting vapor phase convection, which helps to
further increase the evaporation rate.

In the first stage of selective evaporation, higher
porosity significantly accelerates the instantaneous
evaporation rate, and the average droplet
temperature also increases. However, after entering
the second stage of selective evaporation (t=0.2 s),
the total evaporation rate tends to stabilize across
different porosity conditions. This phenomenon is
determined by the basic principles of the phase
change process, mainly depending on the heat
capacity of the droplet components. In the third
stage, due to the lower evaporation rate of PG
components in porous media with lower porosity,
the evaporation process completes more quickly.

In conclusion, the variation in porosity significantly
affects the heat transfer and flow behavior during
the evaporation process in porous media. By
appropriately controlling the porosity of the
e-cigarette cartridge, the evaporation rate and
thermal performance can be optimized, providing

valuable reference for the design of related
applications.
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Figure 8. Different porosities(Xuater0=70%,To= 298.15K, Trear= 523.15K): (a) evaporate mass; (b) evaporate mass(water),
evaporate mass(PG), mass fraction of water in the vapor phase; (c) average droplet temperature; (d) rate of evaporate

Table 3. Rates of evaporate for porous media with different

porosities
No e Etotal Vave ]
S (mg-s™)
1 0.65 0.9 28.90
2 0.70 0.9 29.39
3 0.75 0.9 30.34
4 0.8 0.8 32.36
5 0.85 0.8 34.49
6 0.9 0.7 37.00

4 Conclusion

This study used CFD simulation methods combined
with a porous media model to numerically
investigate the evaporation process of propylene
glycol-water binary mixture droplets. The main
factors influencing evaporation rate and temperature
were explored, leading to the following conclusions:

(I) Due to the differences in evaporation
temperatures and latent heats of phase change
between PG and water, the evaporation process of
the binary mixture droplet (PG-water) exhibits
selective  evaporation  characteristics. =~ Water
evaporates preferentially, while the heavier
component, PG, dominates in the later stages of
evaporation.

(2) The evaporation rate and droplet temperature are
primarily influenced by the substrate heating
temperature and the droplet component ratio, while
the ambient temperature has a minimal effect on the
evaporation behavior of the binary mixture droplet.
Therefore, in the design of related products, it is
advisable to increase the substrate temperature and

optimize the smoke agent ratio to enhance the
smoke volume and improve the user experience.
However, the increase in substrate temperature
should be strictly controlled within a safe range (not
exceeding 350-470°C) [35, 36] to ensure the stability
of the smoke agent and the quality of tobacco aroma.

(3) Under the same working conditions, compared to
free evaporation, the evaporation rate of the smoke
agent in the porous medium, considering resistance
effects, significantly increases. Furthermore, the
higher the porosity, the higher the evaporation rate.
Therefore, to ensure the stability of smoke volume,
i.e., the stability of the smoke agent evaporation
behavior, the porosity of the e-cigarette cartridge is
an important product quality control parameter [37].
Additionally, the ideal porosity range should
comprehensively consider evaporation performance,
mechanical strength, and structural stability.
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