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Abstract: This paper has established a two-dimensional (2D) mathematical model for the generation,
growth, and deposition of cigarette total particulate matter (TPM) in the smoldering state. The model
has covered the chemical reactions and mass transfer as well as the mechanism of generation, flow,
and condensation of particulate matter inside a burning cigarette. Cigarette smoke was generated
by puffing under a constant pressure, and the pressure of the filter outlet was —274 Pa. The peak
of the concentration of particulate matter was spatially overlapped with the peaks of pyrolysis and
oxidation. Pertaining to the cross section of the cigarette at the same axial position, the peak of
the diameter of particulate matter along the radial distribution first appeared in the zone near the
edge of the cigarette cross section, and then gradually moved to the center of the cigarette with
the cigarette smoke moving away from the combustion cone. The maximum number density of
particulate matter calculated by the 2D mathematical model at the same axial position of the cigarette
and the corresponding particle diameter, as well as the filtration efficiency of the filter rod, are in
good accordance with the experimental data reported in previous studies.

Keywords: cigarette smoke; tobacco; polydisperse particle; particle distribution

1. Introduction

Cigarette smoke poses the risk of developing lung cancer since the carcinogenic compounds could
be condensed onto particulate matter generated during the combustion process and then inhaled
through the mainstream cigarette smoke side [1]. Therefore, research on the distribution of particulate
matter in cigarette smoke has recently attracted great attention. In this regard, McAughey et al.
presented a combined experimental set-up to determine the particle number, particle size distribution,
and the concentration of each chemical component of the smoke particles generated under different
conditions. In terms of the particle size distribution, the results demonstrated that particle diameter
increased and particle number concentration decreased with increasing time for particle coagulation [2].
Luca et al. quantitatively assessed the excess life cancer risk (ELCR) of Italian smokers by establishing
and solving a mathematical lung cancer model, and the contribution of each harmful component
to lung cancer risk has been well discussed [3]. Brinkman et al. conducted the comparison of the
true puff profile (TP) versus the mathematically derived smoothed puff profile (SM) [4]. The results
indicated that the use of the TP and SM profiles had no obvious differences in mainstream smoke
emissions. Eitzinger and Pirker established a three-dimensional model of cigarette combustion, and by
modifying boundary parameter conditions, the temperature and pressure distribution in and around
the cigarette under suction and static combustion conditions could be simulated [5]. Miljevic et al.
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investigated the use of a novel profluorescent nitroxide BPEAnit to detect reactive oxygen species (ROS)
present in cigarette smoke. ROS were considered to be key factors underpinning the various adverse
health effects associated with exposure to ambient particulate matter [6]. The results indicated that the
amount of ROS in the case of mainstream cigarette smoke was higher than that of sidestream cigarette
smoke. Robinson et al. developed a mathematical model of the tracheobronchial region to investigate
the deposition of mainstream and sidestream cigarette smoke particles [7]. Random diffusion was
not found to be significant for submicron particles, indicating that particles were instead transported
to the airway wall by convective diffusion. The trends in both experimental and numerical results
indicated that the Benzo(a)pyrene (BaP) in sidestream smoke deposits at a slightly higher efficiency
than the total particulate matter, suggesting that carcinogen-specific deposition, rather than the total
particulate matter, should be considered when investigating health effects. Nicula et al. utilized a
scanning electron microscope to characterize the size distribution of particulate matter in both the
emissions of car engines fueled by gasoline and cigarette smoke [8]. The results suggested the presence
of the majority particles susceptible of being inhaled by breathing in both cigarette smoke and the
emissions of car engines. The particles emitted by the car engines were significantly smaller than
the particles in cigarette smoke. Chen et al. selected ten best-selling cigarettes to study the emission
rates of particles generated from human smoking [9]. The results demonstrated that the emission
rates of particles from Virginia-type cigarettes were higher than those from blended-type cigarettes.
Moreover, the emission rates of particles from Chinese cigarettes were higher than those from Western
cigarettes. Saidi et al. established a three-dimensional cigarette combustion model and considered
the concentration distribution of CO, CO,, and O,. The calculated results of the model were in good
agreement with the experimental data [10]. Currently, research is mainly focused on analyzing the
collected cigarette smoke through experimental tools, such as analyzing the chemical composition,
particle size, and pathogenic mechanism of the collected cigarette smoke, or focused on studying the
influence of smokers on indoor environments and surrounding people. However, the research on the
movement of these particles inside the cigarette through theoretical or numerical methods is still in a
blank stage.

The distribution of particulate matter inside the cigarette is related to the flow field and temperature
distribution within the cigarette. During the combustion process, the tobacco undergoes pyrolysis
and oxidation reactions in the high temperature area, leading to the generation of particulate matter.
The generated particulate matter inside the cigarette continues to condense and collide with each other
as the mainstream smoke flows to the outlet of the filter. During the process of condensation and
collision, the particulate matter continues to grow, followed by a decrease in the number of particulate
matter. Furthermore, the generated particulate matter will be deposited on the tobacco and the filter
rod, and the unfiltered particulate matter will enter the body of smokers through the outlet of the filter.

In this work, a two-dimensional transient combustion model was initiated, which would cover
the heat and mass transfer process and the chemical reaction for the cigarette, to attain the temperature
distribution at different times during the combustion process of the cigarette. Based on the temperature
field, the generation, collision, and deposition processes of particulate matter would be modeled to
simulate the spatial distribution of the size and number concentration of particulate matter inside
a cigarette during the cigarette combustion process, and to simulate the total filtration efficiency of
particulate matter by the filter rod.

2. Mathematical Model

2.1. Cigarette Combustion Model

In this study, the combustion model of Ali Rostami [11] was employed and the kinetic parameters
of the cigarette combustion process came from previous studies [12]. The zones of the tobacco, cigarette
paper, and filter were considered to be porous media. These zones may have different levels of
permeability and porosity, as well as different physical and chemical properties. The combustion
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process was initiated by applying a high temperature flux at the front-end of a cigarette (i.e., the part
of tobacco in contact with the air). The evaporation of water contained in the tobacco occurred at
a high temperature and pyrolysis occurred in the virgin tobacco, followed by the oxidation of the
carbonaceous residue, which resulted in the formation of particulate matter.

2.1.1. Water Evaporation Model

The evaporation of water contained in the tobacco followed the Arrhenius equation:

dpw . Pw Ny
i —Ay - eXP(_ﬁ) : (_%) * Pwo, 1)

where py, is the mass concentration of water in the tobacco and p, is the initial mass concentration of
water in the tobacco, which is 74 kg/m3, and T; is solid surface temperature. Ay, Ey, and Ny, are the
pre-exponential factor, activation energy, and reaction order of the evaporation process, respectively.

2.1.2. Tobacco Pyrolysis Model

The pyrolysis reaction occurs first in the high temperature area. In the pyrolysis of tobacco, four
pyrolysis precursors have the pyrolysis reaction, respectively. Each precursor is composed of volatile
substances, such as cellulose, hemicellulose, lignin, and salts. Thus, the pyrolysis reaction could be
expressed as:

9pri _ E;i pri Nri
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where p;; is the mass concentration of the ith pyrolysis precursor, p; is the total mass concentration of
the pyrolysis precursors, and pyg is the initial mass concentration of the pyrolysis precursors, which is
596.8 kg/rn3. Ayi, E4i, and N,; are the pre-exponential factor, activation energy, and reaction order of the
ith pyrolysis precursor, respectively.

2.1.3. Formation and Oxidation of Carbonaceous Residue

The mass change of carbonaceous residue is determined by two reactions: the pyrolysis of the
tobacco and the oxidation of carbonaceous residue. It is assumed that two solid carbonaceous residues
are produced in the pyrolysis of the tobacco:

Ipci Ipy Ei\ o5
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in which p.; is the mass concentration of the ith carbonaceous residue, and p.g is the total mass
concentration of the carbonaceous residues. A, E;, and f,; are the pre-exponential factor, activation
energy, and mass fraction of the ith carbonaceous residue, respectively. The kinetic parameters of water
evaporation, pyrolysis, and oxidation are listed in Table 1.
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Table 1. Kinetic parameters of the water evaporation, pyrolysis, and oxidation reactions.

Physical and Constitutes Reaction  Activation Energy Pre-Exponential Mass
Chemical Reactions Order (KJ-mol1) Factor (A/min—1) Fraction (%)
Water evaporation Precursor 1 1.6 41.6 2.1x10° 100
Precursor 2 1.6 77.2 43 x108 28
10
Pyrolysis Precursor 3 1.7 104.3 1.6 X 10 33
Precursor 4 1.7 130.6 2.3 x 10! 11
Precursor 5 1.4 50.4 1.5 x 10° 28
Oxidati Species 1 15 160.0 1.9 x 101 55
xidation Species 2 15 350.2 5.2 x 10% 45

2.1.4. Mass Transfer Equation of the Gas Phase

Since this model includes a combustion reaction model, the concentration distribution of O, needs
to be solved. The diffusion coefficient of O, in the gas phase is a temperature-dependent function:
1.75
D=Dy(L) ©)
273

where Dy is the reference value of the mass diffusivity in the porous media at 273 K and 1 atm. Its
value is related to the void fraction of the media, which can be determined by:

Dy = 0.677Dgp™ 8, @)

where Dy is the unrestrained diffusion coefficient of the gas. For the O, diffusion in nitrogen, Dy =
2x107° m?s7L.
2.1.5. Gas Products of Oxidation

It is assumed that the carbonaceous residue is oxidized to produce CO and CO;,: C + 1O, — 1;CO
+ 15CO;. The molar ratio of CO and CO; is as a function of temperature:

n E
Rcosco, = é = Acc'eXP(R—C;), (8)
where A, = 1.0 and E.. = 0.2 kcal/mol.
Rco/co,
m=crus )
Ty Rcoy/co,
ny = ! (10)
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2.1.6. Energy Equation of Porous Media

There is a significant temperature difference between the gas phase and the solid phase within
porous media, and the temperature difference between these two phases could reach up to 100 K.
Therefore, it is necessary to use two energy equations, one for the solid phase and one for the gas phase.

For solid:

dTs A
(1- CP)Psy =V (kserr(1-0)VTs) + hs—g(v)(Tg = Ts) + Seoitds (11)

For gas:

d A
g(pgbhg) + V- (pVhy) = V- (ke¢VTg) + hs_g(‘—/)(Ts —Tg) + Sgus, (12)
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where Ty is the temperature of the gas, &y is the gas phase sensible enthalpy, k; . is the effective solid
conductivity, hs—¢ is the gas-solid interface heat transfer coefficient, and A/V is the surface area to
volume ratio of the tobacco. Sy and Se,s represent the source term of the energy equations for the
solid phase and the gas phase, respectively. Sgss = 0, Ss1ig and ks g could be calculated according to the
following equation:

ap; apj
Ssoild = %AHi + Z &—;AH]', (13)
i j

where p is the mass concentration of the reactant, AH; is the standard heat of the reaction for water
evaporation, which is —2.2572 X 103 KJ/Kg, and AH; is the heat of the combustion reaction, which is
1.757 x 10* KJ/Kg. It is assumed that the heat of pyrolysis is small, which can be negligible.

2.1.7. Radiation Effects

The tobacco burns at temperatures above 1000 K, and the effect of radiative heat transfer cannot be
neglected. The effect of radiation on the solid temperature equation can be modeled using the Rosseland
approximation, whereby the solid thermal conductivity is augmented by a radiative conductivity [11]:

kseff = ks +4e0T3dy, (14)

where dp is the pore diameter of 5.75 x 107* m [11], ¢ is the emissivity of the tobacco, which is 0.98,
o is the Stefan—Boltzmann constant, and ks is the thermal conductivity of the solid phase, which is
0.316 W/(mK).

2.1.8. Interface Heat Exchange

The surface area to volume ratio and the heat exchange coefficient of the porous media were
calculated according to the model of Wakao et al. [13]. The convective heat exchange coefficient is:

hd
Nu= - =2+ 11Re"Pr0%%, (15)
4

The surface area to volume ratio is given by:
A/V =6¢/dy, (16)

2.1.9. Porous Medium Flow Model

The tobacco rod is treated as a porous medium with a known permeability. In this simulation, the
flow velocity was about 0.22 m/s, and the pore Reynolds number Re, < 1. The resistance generated by
the porous media model to the flow only needed to consider Darcy’s Law. This entails a momentum
sink in the momentum equations given by:

uv

S=-" (17)

where p is the fluid viscosity, and K is the permeability of the porous medium. The medium is assumed
to be isotropic.

2.1.10. Variation of Tobacco Permeability

The permeability of the tobacco changes as the tobacco burns. It is assumed that the permeability
varies linearly with the mass concentration of the solid phase:

K =gKy+ (1-9)Ky, (18)
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Ps — Ps0

Pso ’
where K, is the permeability of the unburned tobacco of 8.66 x 1071 m?, K}, is the permeability of the
burned tobacco of 1 x 10'> m?, g is an interpolation factor, py is the initial mass concentration of the
unburned solid, and ps is the mass concentration of all solids including pyrolysis precursors, water,
carbonaceous residue, and ash.

§=- (19)

2.1.11. Ash Formation Model

The formation of ash occurs during the combustion process of the carbonaceous residue, and the
formation rate of ash can be directly derived from the reaction rate of the carbonaceous residue.

apush —_n %
at o

(20)
where 1,4, is the coefficient for ash formation, which is 0.33.
2.2. Particle Dynamics Model

2.2.1. Particle Generation Model

Particles are generated in the process of pyrolysis and oxidation of the cigarette. In this article, it is
assumed that the generated number of particulate matter increases linearly with the reaction progress,
and the generated particles are spherical [14,15]:

Npar

0 0
SPWZW'(ﬂ—Fﬁ

ot ot ). 1)

where Sy, is the generated number of particulate matter per unit time, 1y, is the generation coefficient
of the particulate matter, and m is the mass of a single particulate matter given by:

4nppD3
p0
— , 22
m=— 22)
where p,, is the density of particulate matter [14], taking 1180 kg/m?, and D is the initial diameter of
particulate matter, taking 6.5 nm.

2.2.2. Particle Collision Model

The particles in the high temperature flow field condense together due to the constant collisions,
and the sintering effect occurs as well. When the temperature is high, the sintering effect dominates,
and the coalescence rate of the particles is significantly greater than the collision rate, and thus the
spherical particles are formed. When the temperature is low or the particles are larger, the collision
effect of the particles dominates and forms aggregates of the dendritic particles. The aggregation and
condensation model of particles developed by Kruis [15] is used here:

dn 1 5,

E = —Eﬁn , (23)
dv 1dn 1
i _EEU = E’an' (24)
da  ldn a-a;s
T T @5)

where f is the collision frequency, # is the number of particles per unit volume, v is the volume of
particles contained in a unit volume, a is the surface area of particles contained in a unit volume, and 7
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is the characteristic sintering time. Since the collected particles are all spherical particles, the sintering
effect is dominant. Due to the complex composition of these particles, there is a lack of the relevant
fitting formula at present. In this article, the characteristic sintering time is taken as a constant of 0.004 s.
B could be obtained according to the following equation:

T V2D !

= 8nDr, = + , (26)
ﬁ [27’c + \/Eg Te ]

The particle diffusion coefficient D, particle velocity ¢, and conversion parameter g are calculated
by the following formula, respectively:

kT
6mur,

5+ 4K, + 6K2 + 18K
5-Ky+ (8+m)K2

V T(ppv

3
2

[ I, (27)

where K, = ;\—C

g = [ ll(@re+1)° — (@22 + )

| -2r, (29)
where | = %, K} is the Boltzmann constant, A is the distance between air molecules, and 7, is the
collision radius, a parameter to determine whether particles collide. For irregular particle aggregates,

7c is given by:
1

where 7, is the number of primary particles in the aggregates, r, is the radius of the primary particles,
and Dy is the fractal dimension, which usually takes 1.8 for the dendritic particles [15].

2.2.3. Deposition Model

The particles generated by the combustion process at a high temperature will deposit on both the
tobacco and the filter during the flow of cigarette smoke. The deposition of particles on the tobacco
could be neglected. According to previous studies [16], the deposition on the filter rod could be

described by the model:
5 4nsalV]| @31)
f (1-a)nd;’
where «a is the volume fraction of solid phase, that is, @ = 1 — ¢, the filtration efficiency is the probability
of each filter fiber capturing a single particle, and dy is the diameter of the filter rod fiber, which is
251 x107° m [16].

The main mechanisms of filtration are diffusion deposition, direct interception deposition,
and inertial collision deposition. It is assumed that the diffusion deposition efficiency (1p), the
direct interception deposition efficiency (1g), and the inertial collision deposition efficiency (1) are
independent of each other. The total filtration efficiency (1) is a combination of these three mechanisms
given by:

l1-«a 1/3 -2/3
np = 2.6( X ) Pe?/?, (32)
where K, is the Kuwabara hydrodynamic factor: Ku = —% Ina - % +a- ”‘TZ, and Pe is Peclet number:
IVid,
Pe = D_p
1-a)G?
R = {-a)G (33)

- Ku(1+G)’
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where G is the ratio of particle diameter to filter wire diameter: G = é

Stkx |
pr— ’ 34
= "k 34
where | = (29.6 — 28a%62)G? - 27.5G?8,
ns=1=(1-np)(1-nr)(1-m), (35)

In the case of porous media, the particle control equation is applied and the above conditions are
taken into account. For particle quantity density:

dn 1 (% Ipc 4nsa|Vin 36)

1 2
a " m\ o +W)_§ﬁ” " U—a)ymdf’

The surface area and volume of particles can also be calculated by a similar method, which is not
given for the simplicity of the writing.

3. Simulation Example and Solving Process

The geometric dimension of the cigarette used in this work is 0.084 m in length and 0.008 m in
diameter, with a filter tip of 0.025 m in length. According to the dimensions of the cigarette, a geometry
was constructed with 0.084 and 0.004 m in the x- and y-axis directions, respectively. The boundary
conditions were set accordingly: the outer surface of the cigarette paper and the front-end of the
cigarette (i.e., the section of the tobacco in contact with the air) were set as the pressure inlet with a
pressure of 0 Pa, and the filter outlet was set as the pressure outlet with a pressure of —274 Pa [11].
The tipping paper was set as an airtight wall, the wall shear condition was set to not slip, and the heat
exchange was not considered (Figure 1).

cigarette paper

—

.

- tobacco
X filter .
axis

Figure 1. Geometry of computational domain.

The materials within the grid were set according to the physical and chemical properties of
the tobacco, and the initial mass concentration of each substance was also set, such as the mass
concentration of the initial tobacco, the mass concentration of the initial water in the tobacco, and the
mass concentration of the initial pyrolysis precursor. The initial oxygen mass fraction was set to 0.23,
and the initial mass fractions of CO, CO,, and water vapor in the cigarette smoke were all set to 0.
The ignition process was started by adding a high temperature area to the front-end of the cigarette so
that the heat generated by the cigarette could be sufficient to maintain the reaction.

UDF is a user-defined function. It is a program compiled by the user and can be customized for
FLUENT software. The temperature distribution within the cigarette, the kinetic model, the spatial
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distribution, the particle size distribution of the generated particulate matter, the diffusion coefficient
of the gas phase, and the mass diffusion would be all solved by UDFE.

Under the given boundary conditions, the maximum air velocity within the cigarette was about
0.22 m/s, and all flow states were laminar. Meanwhile, the control equation was discretized by the
finite volume method, the separation solver was used to solve it, and implicit format was used to
linearize and solve the control equation. The first-order upwind style was used to discretize the terms
in the equation. The SIMPLE algorithm was used for pressure—velocity coupling. The iteration time
step was set to 0.001 s.

Equations (23)—(25) were rewritten into Eulerian form, the volume occupied by the particles was
ignored, and it is assumed that there was no rate difference between the particles and the gas (since the
diameter of the majority particles in the cigarette is less than 300 nm and the volume fraction is less
than 10%, this assumption is acceptable). Then, the control equations for the particle number density,
particle volume, and particle surface area per mass of gas were written into the following general
format by user-defined scalar, which was convenient for FLUENT software to solve:

J 0
—(Pg”k¢k -Dy a;:::) =S5, (37)

8xk
where ¢y and S are the particle parameter to be solved and the corresponding source term, respectively.

D, could be calculated by:
Dy = pgD. (38)

4. Results and Discussion

Figure 2 shows the temperature profiles of the tobacco area at different times (75, 150, 225, and
300 s). The temperature unit in Figure 2 is K. As shown in Figure 2, the combustion center was formed
at 75 s, and the combustion center gradually travelled with a conical shape down the length of the
cigarette. The combustion center had the maximum temperature and gradually decreased outwards.
In each radial section, the maximum temperature point was on the central axis. The distribution of
the high temperature area affected the particle formation characteristics, especially for particle size.
The simulation results are in good agreement with the data in previous studies [17].

. 1.500X 10

9.745 X 1(?

8.988 X 1(* Time=75s Time=150s
8.231 X1

ZASLEN 020 <O s<o

6.717 X107

5.960 X107
Time=225s Time=300s

5.202X10°

xR
3.688 X 10?
2.931 X 10

Figure 2. Temperature field of the tobacco area at different times.

Since the cigarette combustion reaction was an approximately steady state after the initiation of
the combustion process, the distribution of particulate matter inside the cigarette at all times showed a
similar trend. The distribution of particulate matter inside the cigarette at 150 s is analyzed below.
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Figure 3 shows the pyrolysis and oxidation rate distribution within the cigarette at 150 s. As
depicted in Figure 3, oxidation was mainly concentrated at the front-end of the combustion cone,
and the central zone of the combustion cone could not proceed due to lack of oxygen. Pyrolysis was
concentrated in the zone where the temperature at the back-end of combustion cone was 600-750 K.
Moreover, the pyrolysis rate was greater than that of oxidation because the activation energy of the
pyrolysis precursor was less than that of carbonaceous, the mass concentration was significantly greater
than that of carbonaceous (i.e., the generation coefficient of carbonaceous is 0.34), and the oxidation
rate of carbonaceous was limited by the oxygen concentration.

0.000

(a) b 0.000
. -1.995 (b) . 5597
-3.990 -11.19
-5.985 1679
-7.980 ‘
-22.39
-9.974
* 279
YSEEN © e >
- -13.96 3918
-15.96 | 1478
-17.95 -50.38
-19.95 -55.97

Figure 3. Pyrolysis (a) and oxidation (b) rate distribution of the tobacco area.

Figure 4 illustrates the number density distribution of particulate matter inside the cigarette at
150 s. Since the generation of particulate matter was proportional to the rate of pyrolysis and oxidation,
the concentration of particulate matter was higher in zones where pyrolysis and oxidation were more
intense. After the particles were generated, they would collide with each other, bond, and merge
constantly, and the number density decreased accordingly.

-

i

Figure 4. The number density distribution of particulate matter within the tobacco (x10'® part/m3).

Figure 5 shows the particle size distribution of the primary particles along the radial direction at
different axial positions at 150 s. As shown in Figure 4, the zone of intense pyrolysis and oxidation
was close to the particle generation (i.e., the cross-section with the larger X value in Figure 5, or the
downward curve), and as the radius of the cross-section increased from the central axis of the cigarette,
the particle diameter first increased and then decreased. As it moved away from the combustion cone
(the X value decreased), the peak of the particle size moved to the axis. This is because the generation
zone near the axis of particulate matter was located relatively backward, but the number density of the
particle was higher. In contrast, the generation zone in the outer zone away from the central axis of
particulate matter was relatively forward, and the number density of the particle was slightly lower,
but still maintained a large value (as seen in Figures 3 and 4). When the analyzed cross-section was
close to the generation zone of the particle, the movement time of the particle was relatively short in
the zone near the central axis, the collision between these particles was less, the number density was
maintained, and thus the particle size was smaller. In this process, the time that the particles dwelled in
the cigarette smoke had a dominant effect on the particle size, whereas in the outer area near the edge,
the movement time of the particle was relatively long, and there was more collision between these
particles. The number density decreased more, and thereby the particle size was larger. In this case, the
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peak of the particle size distribution first appeared at the edge of the cigarette in the cross-section close
to the generation zone of the particle. As the position of the cross-section moved back towards the
filter, the movement time of the particle increased, the particle collision and coalescence increased, the
number density decreased significantly, and the particle size further increased. Since the initial number
density of the particles was the largest in the central area, there was more collision and coalescence
of the particles to form larger particles. Hence, the peak of the particle size distribution gradually
changed from the edge of the cigarette to the axis of the cigarette as the cross-section gradually moved
away from the generation zone of the particles.

Figure 6 shows the particle size distribution during the entire cigarette combustion process.
The results showed that the peak of the curve with the filtration mechanism of the filter rod was
shifted to the left compared to the peak of the curve without the filtration mechanism. The number
of particles was reduced by 18.43% while the total volume of particles was reduced by 54.22% (i.e.,
the total filtration efficiency). This is because the filters played a role. The collision between the filter
fiber and the particles caused the particles to be deposited on the filter fiber. Meanwhile, the collision
between the particles was weakened and the growth rate of the particles slowed down. Here, the
obtained calculation result of the total filtration efficiency was in good accordance with the filtration
result in previous studies [16,18]. The calculated particle size distribution was compared with the
experimental results in the reference [3], as shown in Figure 6. The maximum particle number density
calculated by the model and the corresponding particle diameter were consistent with the experimental
results, but there was a certain deviation in the shape of the distribution. The count median diameter
(CMD) of the particles was 173 nm, which was smaller than the experimental result (CMD = 228 nm)
in previous studies [14]. The difference was mainly due to the puffing method by a constant pressure
of the cigarette outlet used in the simulation example, which made the calculated average duration
time within the cigarette less than the duration time of the ISO puffing method (i.e., a 35 mL puffof 2 s
duration once every 58 s) used in the previous studies [3].

™ — x=0.05
x=0.0523
120 c
x=0.055
100 — =) (575
= s ; — x=0.0625
—- e %
£ 60 - \
am—"
an ™ — — \
0 . - TN \
- . / ’ 3
5 —
— — — — — L]
U o 0.0005 0001 00015 0.002 0.0025 0003 00035 0004

r/m (y-axis of the cigarette)

Figure 5. Radial distribution of particle diameters of different cross-sections within the cigarette at
150s.
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Figure 6. Frequency distribution of particulate matter.

5. Conclusions

In summary, by using the Computational Fluid Dynamics (CFD) commercial software FLUENT
and the related UDF of FLUENT, a detailed numerical simulation of the distribution of in-situ cigarette
combustion-generated particulate matter was carried out, considering the effects of the particle
dynamics model on the convection diffusion and collision. During the combustion process, the
combustion cone moved backward (i.e., in the direction of the filter) at an approximately constant
speed where pyrolysis was concentrated at the back-end of the combustion cone (i.e., the side direction
of the filter), while oxidation was concentrated in the front-end of the combustion cone. The maximum
particle size near the combustion cone appeared in the outer zone of the cross section of the cigarette.
As the particles moved to the back-end of the cigarette, the maximum particle size away from the
combustion cone was distributed on the axis of the cigarette, in which the particles were mainly
concentrated in the area with a larger particle size. The results of the numerical simulation were in
good accordance with the experimental data in previous studies.
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