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SUMMARY

To investigate the effect of the airflow velocity on the
mechanism through which aerosol is released in granule-
based heated tobacco products (HTPs), experiments were
conducted using two airflow pathways: open-ended and
closed-ended configurations. The patterns of release of
aerosol collected mass (ACM) and key aerosol components
(nicotine, water, glycerol, and propylene glycol) and the
distribution patterns of nicotine, glycerol, and propylene
glycol in smoked cigarettes were measured. The results
indicated that for the open-ended pathway, the airflow
velocity did not strongly affect the total release amounts of
ACM and its key components. The distribution of each
component in the cigarette after it was smoked was also
found to be relatively unaffected by the airflow velocity.
However, for the closed-ended pathway, as the airflow
velocity was decreased, the ACM and its total release
amount decreased, and the residual amounts of each
component in the tobacco granules and filter rod increased.
In addition, the puff-by-puff release patterns of aerosols
and their key components were different for the two
airflow pathways. Specifically, for both pathways, the puff-
by-puff ACM and water release gradually decreased after
peaking quickly, whereas the levels of glycerol gradually
increased, peaking at 7 or 8 puffs. The amounts of propyl-
ene glycol and nicotine first increased and then decreased

for the open-ended pathway, reaching a peak at 4 or 5
puffs, whereas for the closed-ended pathway, these
amounts gradually increased and peaked at 7 or 8 puffs.
The aerosol particle size distribution results revealed that
due to different processes of aerosol condensation and
nucleation, as the airflow velocity was decreased, the
aerosol number concentration and volume concentration
decreased for both pathways but the median particle size
increased. The closed-ended pathway resulted in a greater
decrease or increase than did the open-ended pathway.
[Contrib. Tob. Nicotine Res. 34 (2025) 179–190]
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ZUSAMMENFASSUNG

Um den Einfluss der Luftströmungsgeschwindigkeit auf
den Mechanismus der Aerosolabgabe in granulatbasierten
erhitzten Tabakprodukten (HTPs) zu untersuchen, wurden
Experimente mit zwei Luftströmungswegen durchgeführt:
offene und geschlossene Konfiguration. Die Freisetzungsmuster
der gesammelten Aerosolmasse (ACM) und der wichtigsten
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Aerosolkomponenten (Nikotin, Wasser, Glycerin und Propy-
lenglykol) sowie die Verteilungsmuster von Nikotin,
Glycerin und Propylenglykol in gerauchten Zigaretten
wurden gemessen. Die Ergebnisse zeigten, dass bei der
offenen Konfiguration die Luftströmungsgeschwindigkeit
keinen starken Einfluss auf die Gesamtfreisetzungsmengen
von ACM und ihren Hauptkomponenten hatte. Die Ver-
teilung der einzelnen Komponenten in der Zigarette nach
dem Rauchen wurde ebenfalls als relativ unabhängig von
der Luftströmungsgeschwindigkeit befunden. Bei der
geschlossenen Konfiguration nahmen jedoch mit sinkender
Luftströmungsgeschwindigkeit die ACM und ihre Gesamt-
freisetzungsmenge ab, während die Restmengen der ein-
zelnen Komponenten in den Tabakgranulaten und dem
Filterstab zunahmen. Darüber hinaus unterschieden sich
die Freisetzungsmuster der Aerosole und ihrer Haupt-
komponenten bei jedem Zug für die beiden Luftströmungs-
wege. Insbesondere nahmen bei beiden Strömungswegen
die ACM- und Wasserfreisetzung pro Zug nach einem
schnellen Anstieg allmählich ab, während die Glycerin-
werte allmählich anstiegen und nach 7 oder 8 Zügen ihren
Höchstwert erreichten. Die Mengen an Propylenglykol und
Nikotin stiegen bei der offenen Konfiguration zunächst an
und sanken dann wieder ab, wobei sie bei 4 oder 5 Zügen
ihren Höchstwert erreichten, während sie bei der ge-
schlossenen Konfiguration allmählich anstiegen und bei 7
oder 8 Zügen ihren Höchstwert erreichten.
Die Ergebnisse zur Aerosolpartikelgrößenverteilung
zeigten, dass aufgrund unterschiedlicher Prozesse der
Aerosolkondensation und -keimbildung mit abnehmender
Luftströmungsgeschwindigkeit die Aerosolanzahlkonzen-
tration und die Volumenkonzentration für beide Strömungs-
wege abnahmen, die mittlere Partikelgröße jedoch zunahm.
Der geschlossene Strömungsweg führte zu einer stärkeren
Abnahme bzw. Zunahme als der offene Strömungsweg.
[Contrib. Tob. Nicotine Res. 34 (2025) 179–190]

RESUME

Afin d’étudier l’effet de la vitesse du flux d’air sur le
mécanisme de libération des aérosols dans les produits du
tabac chauffés (HTP) à base de granulés, des expériences
ont été menées en utilisant deux voies d’écoulement d’air:
des configurations ouvertes et fermées. Les modèles de
libération de la masse d’aérosol collectée (ACM) et des
principaux composants de l’aérosol (nicotine, eau, glycérol
et propylène glycol) ainsi que les modèles de distribution
de la nicotine, du glycérol et du propylène glycol dans les
cigarettes fumées ont été mesurés. Les résultats ont indiqué
que pour le circuit ouvert, la vitesse du flux d’air n’avait
pas d’incidence significative sur les quantités totales
libérées d’ACM et de ses principaux composants. La distri-
bution de chaque composant dans la cigarette après qu’elle
ait été fumée s’est également avérée relativement peu
affectée par la vitesse du flux d’air. Cependant, pour le
circuit fermé, à mesure que la vitesse du flux d’air dimi-
nuait, l’ACM et sa quantité totale libérée diminuaient, et
les quantités résiduelles de chaque composant dans les
granulés de tabac et la tige du filtre augmentaient. De plus,
les modèles de libération bouffée par bouffée des aérosols
et de leurs composants clés étaient différents pour les deux
circuits de flux d’air. Plus précisément, pour les deux

voies, l’ACM et la libération d’eau bouffée par bouffée ont
diminué progressivement après avoir atteint un pic rapide,
tandis que les niveaux de glycérol ont augmenté progressi-
vement, atteignant un pic à 7 ou 8 bouffées. Les quantités
de propylène glycol et de nicotine ont d’abord augmenté,
puis diminué pour la voie ouverte, atteignant un pic à 4 ou
5 bouffées, tandis que pour la voie fermée, ces quantités ont
augmenté progressivement pour atteindre un pic à 7 ou 8
bouffées. Les résultats de la distribution granulométrique
des particules d’aérosol ont révélé qu’en raison des diffé-
rents processus de condensation et de nucléation des
aérosols, lorsque la vitesse du flux d’air diminuait, la
concentration en nombre et la concentration en volume des
aérosols diminuaient pour les deux voies, mais que la taille
médiane des particules augmentait. La voie fermée a
entraîné une diminution ou une augmentation plus impor-
tante que la voie ouverte. [Contrib. Tob. Nicotine Res. 34
(2025) 179–190]

1. INTRODUCTION

When a cigarette is lit, a series of distillation, pyrolysis, and
combustion reactions occur in the combustion coal, gener-
ating high-temperature vapors (1, 2). These vapors are then
transported toward the filter end because of pressure
differences. While the vapors pass through the line of paper
burn, they encounter cool incoming air, resulting in a rapid
and substantial temperature drop (decrease of up to 400 ° C
within 2 s) (3). At this stage, the gas-particle equilibrium
that existed at the original high temperature, is disrupted. A
large portion of the gaseous components undergoes conden-
sation and transforms into particles, resulting in a new
gas-particle equilibrium (4). This mixture continues to
move downstream within the cigarette, ultimately forming
inhalable aerosols (5). During this process, the high-
temperature vapors released from the burning tobacco,
known as the aerosol precursors (nucleating gases (6)),
undergo gas-to-particle conversion when encountering cool
air. The ensuing nucleation, gas-phase condensation, and
particle coagulation are key mechanisms involved in
aerosol formation (7). 
In heated tobacco products (HTPs), the operating tempera-
ture is far lower than that of the combustion coal in a
cigarette (8, 9). Because the tobacco substrate is not
combusted, nearly no solid particles can be found in the
aerosols generated (10, 11). Instead, during puffing, the
aerosol precursor gases are primarily released from the
substrate through distillation and are transported down-
stream with the airflow (12). HTP aerosols predominantly
form through cooling-induced condensation, where the
vapor phase transitions into the liquid phase to form smaller
particles than cigarettes (13, 14).
From the perspective of airflow pathways, HTP cigarettes
can be categorized into open-ended and closed-ended
configurations on the basis of whether cool air flows
through the tobacco section during puffing (15). In the
open-ended configuration, cool air passes through the
tobacco section, facilitating the transmission and cooling of
the high-temperature aerosol precursors, which subsequent-
ly condense to form aerosols. In the closed-ended configu-
ration, aerosol precursor extraction and cooling occur
because of the pressure difference between the perforated
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sidewall and the tobacco section during puffing, and this
process leads to aerosol formation (16). During this
process, variation in the airflow pattern in the HTP directly
influences aerosol formation and transmission. A study
conducted by LUO et al. demonstrated that under heating
conditions, when the filter ventilation rate was increased
from 0% to 47.86%, the release of particulate components
increased from 0.34 mg to 1.02 mg  (17). However, when
the same cigarette was tested under combustion conditions,
changing the ventilation rate from 0% to 47.86% decreased
the release of the particulate components only from 1.21 to
1.05 mg. In summary, airflow pathway design plays a
greater role in the formation and delivery of aerosols in
HTP cigarettes than it does for conventional cigarettes.
Research on HTP aerosol generation has focused on how
the heating temperature and atmospheric conditions affect
the thermal conversion of reconstituted tobacco, the release
of key components, and the emission of characteristic
aroma compounds (18–21). However, studies on the
formation and transmission of aerosols remain limited,
with researchers mainly addressing the filtration efficiency
of composite filters for key components and the effect of
the filter ventilation rate on the release of major aerosol
constituents (22, 23).
The present study used granule-based HTP cigarettes
produced by China Tobacco Hebei Industrial Corporation
to investigate the differences in aerosol characteristics
under two distinct airflow pathways: open-ended (bottom
open) and closed-ended (bottom sealed). Specifically, this
study examined the effects of airflow velocity on the main
aerosol components, including the aerosol collected mass
(ACM) and amounts of glycerol (VG), propylene glycol
(PG), nicotine, and water; on the size distribution of
aerosol particles; and on the distribution of key aerosol
components across different sections of the HTP cigarette.
By investigating these parameters, this study aimed to
provide scientific insights to support the development and
optimization of granule-based HTPs.

2. MATERIALS AND METHODS

2.1 Materials, reagents, and instruments

The granule-based HTP cigarettes used in this study, along
with their respective airflow pathway configurations, are
illustrated in Figure 1. The tobacco granules primarily
consisted of tobacco powder and liquid additives, which
predominantly comprised VG and PG. The granule-based
HTP cigarettes had four sections: a 15-mm granule section
containing the tobacco granules; a 7-mm fixture section,
which consisted of a gear-shaped hard plastic component
with numerous perforations to prevent the flow of granules
during puffing; a 13-mm hollow section; and a 10-mm
filter section. In this product, airflow pathways are estab-
lished through the interaction between the cigarette and the
heating device. For the open-ended configuration, the
cigarette was inserted into the heating device and no seal
was placed at the bottom; air could thus enter from the
front end of the granule section and flow through the entire
cigarette. The cigarettes used for this configuration did not
contain perforations on the granule section. For the closed-

ended configuration, the front end of the granule section
was sealed after insertion of the cigarette into the heating
device; this meant that air could enter only through the
perforations on the sidewall. The cigarettes used for this
configuration had eight evenly distributed perforations
(diameter: 278 μm) at the 15-mm position of the granule
section. The heating device used in this study was the NSC-
M5000 electric heater developed by the Zhengzhou Tobac-
co Research Institute. This device employs a resistance-
based central sheet heating mechanism and was operated at
a heating temperature of 260 °C with a preheating time of
15 s and a total operation time of 210 s. All cigarettes tested
in the open-ended and closed-ended configurations were
identical in parameters except for the presence or absence
of sidewall perforations. The dynamic draw resistance
under heated conditions for both airflow pathway condi-
tions was measured using a dynamic draw resistance tester.
The results revealed that the average draw resistance for
eight puffs was 4556.2 Pa in the open-ended configuration
and 4478.9 Pa in the closed-ended configuration.

Figure 1.  Schematic of granule-based HTP cigarette and air-
flow pathways.

A Cambridge filter pad (diameter: 44 mm; Borgwaldt,
Hamburg, Germany); methanol (analytical reagent grade;
China National Pharmaceutical Group Co Ltd., Beijing,
China); propylene glycol, glycerol, and nicotine (chromato-
graphic grade; Sigma, St. Louis, MO, USA) were used in
the experiments.
The equipment employed comprised an i-MAC600A array-
type multichannel sequential puffing smoking machine
(24); an Agilent 7890 gas chromatograph equipped with
flame ionization and thermal conductivity detectors (Agilent,
Santa Clara, CA, USA); a CP2245 electronic balance (re-
solution: 0.0001 g; Sartorius, Göttingen, Germany); an SCS-
DMS500 system (Cambustion, Cambridge, UK), where SCS
refers to a simulated cyclic smoking machine and the
differential mobility spectrometer (DMS)500 is a fast particle
size spectrometer.

2.2 Methods

2.2.1 Puff-by-Puff aerosol testing

The puffing regimen used for puff-by-puff aerosol testing
followed the Health Canada Intense smoking regimen, with
the following parameters: puff volume, 55 mL; puff dura-
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tion, 2 s; interpuff interval, 30 s; and total number of puffs,
8. To investigate the effect of airflow velocity on aerosol
transmission, the puff duration was varied while the puff
volume and puff interval were kept constant. The ACM
deposited on the Cambridge filter pads was determined by
weighing the pads using the electronic balance. Subsequen-
tly, the water, PG, VG, and nicotine in the aerosol (i.e., the
ACM) were quantified using gas chromatography by fol-
lowing the analytical method established by KEN et al. (25).

2.2.2 Quantification of PG, VG, and nicotine in different
sections of the cigarette and aerosol

For the two airflow pathway configurations, aerosol
sampling was conducted using the same puffing parameters
as employed in the puff-by-puff aerosol testing to measure
the content of key components. After the puffing process,
gas chromatography was used to quantitatively analyze the
amounts of PG, VG, and nicotine in the four distinct
components of the cigarette: the Cambridge filter pad,
filter, residual tobacco granules, and fixture and cigarette
paper (the fixture and cigarette paper were considered one
component and extracted together). The mass fraction of
PG, VG, or nicotine in each section and the aerosol was
calculated using the following equation:

where ωc represents the mass fraction of PG, VG, or
nicotine; mc represents the mass (mg) of PG, VG, or
nicotine in the Cambridge filter pad, filter section, residual
tobacco granules, or fixture and cigarette paper; and M
represents the total mass (mg) of PG, VG, or nicotine
across all four components.

2.2.3 Aerosol particle size distribution testing

The SCS-DMS500 system was used to measure the size
distribution of aerosol particles for both airflow pathway
configurations. The puffing parameters of the SCS smo-
king machine were kept identical to those used in the puff-
by-puff aerosol testing. The puffing data files were first
programmed and then imported into the SCS control
software for execution. The operating conditions of the
DMS500 system were set as follows: sampling flow rate,
25 L/min; and secondary dilution ratio: 200:1 (26).

3. RESULTS AND DISCUSSION

3.1 Effect of airflow velocity on aerosol composition

The measured ACM under both airflow pathways is shown
in Figure 2. For the open-ended pathway, a decrease in
airflow velocity due to an increase in puff duration did not
significantly alter the total ACM released. By contrast, for
the closed-ended pathway, the total ACM release was
negatively correlated with the airflow velocity. This
discrepancy is attributable to a difference in the aerosol
precursor extraction mechanisms between the two path-
ways. In the open-ended configuration, air always entered

through the front end of the granule section, meaning that
the airflow velocity affected only the intake rate, not the
total air volume. Consequently, the aerosol precursors
generated during the 30-second heating period were all
carried by the airflow, cooled, nucleated, and condensed,
leading to consistent ACM release. However, in the closed-
ended configuration, air entered through sidewall perfora-
tions and moved toward the filter section, with no air
directly passing through the granule section. Consequently,
during the 30-second heating period, aerosol precursors
were extracted into the main airflow only because of
pressure differences and subsequently formed aerosols. In
accordance with Bernoulli’s principle, when the airflow
velocity was reduced, the pressure differential also decrea-
sed, thereby reducing the amount of extractable aerosol
precursors, ultimately leading to lower ACM release (27).
The puff-by-puff ACM release pattern revealed consistently
lower ACM release for the first puffs than the later puffs.
This is attributable to the puffing beginning immediately
after the preheating phase, during which the temperature
distribution in the granule section was uneven. For the
open-ended pathway, the single-puff ACM release peaked
at the second to third puff and then declined sharply. For
the closed-ended pathway, the peak ACM release typically
occurred after the fourth puff, and while the airflow velocity
was reduced, the puff-by-puff differences in ACM release
diminished, indicating greater puff-to-puff release stability.
The water content of the mainstream aerosol was measured,
and the results are presented in Figure 3. For the open-
ended pathway, the total water release decreased while the
airflow velocity was reduced. For the closed-ended path-
way, the total water release was relatively unaffected by the
airflow velocity. The puff-by-puff water release trends
closely resembled those in the ACM. For the open-ended
pathway, water release peaked at the second puff and then
declined rapidly. For the closed-ended pathway, water
release peaked at the third to fourth puff, and this was
followed by a gradual decline. Additionally, the water
content of the ACM was consistently higher for the closed-
ended pathway, with values exceeding 40%, whereas for
the open-ended pathway, the proportion ranged from 10%
to 50%. With increasing puff count, the puff-by-puff pro-
portion of water content in ACM decreased for all airflow
velocities and both pathways.
Figure 4 presents the patterns of VG release under the two
airflow pathways. The total VG release followed a trend
similar to that in the ACM. Specifically, VG release was
unaffected by the airflow velocity for the open-ended
pathway but decreased linearly while the airflow velocity
was reduced for the closed-ended pathway. This indicated
that in the open-ended pathway, the distillation, condensa-
tion, and other phase transition processes of gaseous VG
components were not influenced by the carrier gas velocity
but were instead determined by the total volume of the
passing air flow. By contrast, in the closed-ended pathway,
a reduction in the airflow velocity resulted in a smaller
pressure differential, which weakened the efficiency of VG
extraction. Consequently, the puff-by-puff VG release also
decreased when the airflow velocity was reduced. The puff-
by-puff proportion of VG in ACM exhibited a two-phase
trend for both airflow pathways. 
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Figure 2.  Total and puff-by-puff ACM release amounts versus airflow velocity: (a), (b) open-ended and (c), (d) closed-ended
configurations.

Figure 3.  Total and puff-by-puff water amounts and puff-by-puff water proportions versus airflow velocity: (a) – (c) open-ended and
(d) – (f) closed-ended configurations.

Initially, this proportion decreased (second to third puff),
which may be attributable to the higher relative proportion
of water in the first three puffs. After the third puff, the
proportion of VG in ACM increased monotonically for both
airflow pathways. However, the overall proportion of VG
in ACM remained low, suggesting that the transfer and
transmission efficiency of VG was poor under the granule-
based cigarette structure. This implies that a considerable

amount of VG was not transferred to the aerosol.
As illustrated in Figure 5, the total release of PG followed
a similar trend to that of ACM and VG with respect to the
airflow velocity. For the open-ended pathway, the total
release was unaffected by the airflow velocity, whereas for
the closed-ended pathway, the release decreased when the
airflow velocity was reduced. However, the puff-by-puff
pattern of PG release exhibited different characteristics to
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those for ACM and VG, with notable differences between
the two pathways. For the open-ended pathway, the release
of PG increased rapidly from the first puff, peaked at the
fourth puff, and then declined sharply, eventually returning
to levels similar to the first puff by the eighth puff, with no
major differences between the different airflow velocities.
For the closed-ended pathway, the release of PG generally
peaked at the seventh puff and then slightly decreased at

the eighth puff. Moreover, PG release generally increased
more rapidly and was more efficient in the open-ended
pathway than in the closed-ended pathway. Compared with
that of VG, the puff-by-puff proportion of PG in both
airflow pathways exhibited a pattern of initial increase
followed by decrease, with the proportion of PG being
significantly higher than that of VG.

Figure 4.  Total and puff-by-puff glycerin amounts and puff-by-puff glycerin proportions versus puffing velocity: (a) – (c) open-ended
and (d) – (f) closed-ended configurations.

Figure 5.  Total and puff-by-puff propylene glycol amounts and puff-by-puff propylene glycol proportions versus airflow velocity:
(a) – (c) open-ended and (d) – (f) closed-ended configurations.
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Figure 6 illustrates the puff-by-puff pattern of nicotine
release at various airflow velocities. For the open-ended
pathway, the total nicotine release was unaffected by the
airflow velocity, which is consistent with previously
reported findings (28). For the closed-ended pathway, the
total nicotine release decreased when the airflow velocity
was reduced. These results indicate that in closed-ended
pathway configurations, increasing the airflow velocity at
the sidewall perforations can effectively enhance the
release of aerosol precursors. In terms of puff-by-puff
nicotine release trends, the pattern was similar to that for

PG for both pathways. Specifically, for the open-ended
pathway, nicotine release increased rapidly from the first
puff, reached its peak at the fourth to fifth puff, and then
declined sharply. For the closed-ended pathway, nicotine
release peaked at the seventh puff, which was followed by
a decrease at the eighth puff. Additionally, for both airflow
pathways, the puff-by-puff proportion of nicotine release
increased gradually throughout the process. This study
further analyzed the correlation between the release of
aerosol formers (PG, VG) and nicotine in the two airflow
pathways (Figure 7). 

Figure 6.  Total and puff-by-puff nicotine amounts and puff-by-puff nicotine proportions versus airflow velocity: (a) – (c) open-ended
and (d) – (f) closed-ended configurations.

Figure 7.  Regressions between puff-by-puff propylene glycol and nicotine release and between puff-by-puff glycerin and nicotine
release for two airflow pathways.
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For both pathways, a positive correlation was discovered
between the release of aerosol formers and that of nico-
tine. However, the regression coefficients (R²) between
the two aerosol formers and nicotine release were signifi-
cantly different for the two airflow pathways. For the
open-ended airflow pathway, the VG–nicotine regression
coefficient was larger (0.80), whereas for the closed-
ended airflow pathway, the PG–nicotine regression
coefficient was larger (0.87). These results indicated that
although key factors affecting aerosol generation, such as
the raw materials and heating temperature, were consis-
tent, inter-pathway differences in the mechanisms of
transmission of key aerosol components led to variation in
the release amounts of the same substances. Future re-
search should investigate the mechanisms of transmission
of key components to identify the main factors affecting
the transmission of PG, VG, and nicotine in different air-
flow pathways. Additionally, with the goal of enhancing
the nicotine transmission efficiency, the optimal VG/PG
ratio for both airflow pathways should be determined to
support the design of granule-based HTPs. As it has been
proved that VG/PG ratio can change the physical proper-
ties of aerosol significantly (4, 29).

3.2 Effects of airflow velocity on aerosol concentration
and particle size

Figure 8 presents the average particle size distribution of
aerosols from granule-based HTP cigarettes over 1–8
puffs for the two types of airflow pathway. The trends in
the aerosol number concentration, count median diameter
(CMD), and volume concentration for the two pathways
were consistent. When the airflow velocity was reduced,
the number concentration and volume concentration de-

creased, whereas the CMD increased. For the open-ended
airflow pathway, cool air entered from the open end,
driving the aerosol precursors along the cigarette and out
of the granule section. During this process, the air–aerosol
precursor mixture gradually cooled within the cigarette,
leading to nucleation and coagulation. When the airflow
velocity was lower, this mixture spent more time in the
hollow section, providing more time for particle coagula-
tion; the longer coagulation period caused small particles
to gradually merge into larger ones, reducing the total
number of particles (30). At the macroscopic level, this
phenomenon manifested as lower number concentration
and volume concentration and higher CMD when the
airflow velocity was lower. For the closed-ended airflow
pathway, at lower airflow velocity, the pressure differen-
tial between the perforations and the granule section was
smaller, leading to a lower mass of extractable aerosol
precursors. This resulted in a lower concentration of
smoke per unit volume, thereby causing a markedly lower
aerosol number concentration and volume concentration.
This conclusion is supported by the total release of ACM
and key aerosol components as a function of the airflow
velocity. For the open-ended pathway, airflow velocity
reduction did not alter the total release of ACM, PG, VG,
or nicotine. Thus, the decrease in the number concentra-
tion and volume concentration and increase in the CMD
were primarily attributable to an extended transmission
time, which facilitated coagulation and particle growth.
For the closed-ended pathway, the changes in the number
concentration, volume concentration, and CMD were
more pronounced than for the open-ended pathway.
Although longer transmission time contributed to particle
coagulation and growth, the reduction in the initial mass
of available aerosol precursors was a key factor.

Figure 8.  Aerosol number concentration, count median diameter, and volume concentration versus airflow velocity: (a) – (c) open-
ended and (d) – (f) closed-ended configurations.
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3.3 Effect of airflow velocity on mass distribution of aero-
sol components across different cigarette sections

To determine the distribution patterns of key aerosol
components across different sections of the cigarette, this
study analyzed the post-smoking composition of the
cigarette, with the results presented in Figures 9–11. The
distribution ratios of VG, PG, and nicotine varied conside-
rably between the two airflow pathways and exhibited
different trends in response to an increase in the airflow
velocity. For VG and the open-ended pathway, more than
60% of the VG in the tobacco granules was extracted
through airflow-driven transport. However, during trans-
mission, approximately 50% of the total VG content was
retained in the fixture and cigarette paper. Although the
mass fraction of VG in the filter was relatively low, only
approximately 10% of the total VG was ultimately success-

fully transformed into aerosol. The airflow velocity did
not significantly affect the distribution pattern of VG
across different sections of the cigarette. This indicated
that in the open-ended pathway, airflow velocity alone did
not affect the mechanisms of release and transmission of
key aerosol components. For the closed-ended pathway,
46.1%–55.5% of the VG in the tobacco granules was
extracted through pressure differential effects. However,
38.6%–45.8% remained in the fixture and cigarette paper,
and only 3.8%–5.1% reached the aerosol phase. Compa-
red with the open-ended pathway, the closed-ended path-
way extracted heat-released VG less efficiently in the
cigarette structure. Although the proportion of VG
retained in the fixture, cigarette paper, and filter was
lower than for the open-ended pathway, the overall lower
extraction efficiency resulted in a lower VG mass fraction
in the aerosol.

Figure 9.  Glycerin proportions in smoke and different segments of a cigarette under two airflow pathways.

Figure 10.  Propylene glycol proportions in smoke and different segments of a cigarette under two airflow pathways.
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Figure 11.  Nicotine proportions in smoke and different segments of a cigarette under two airflow pathways.

When the airflow velocity was reduced, the residual VG
content in the tobacco granules increased, which was
attributable to decreased airflow velocity at the sidewall
perforations, leading to decreased negative pressure and
weakened aerosol precursor extraction effects. The mass
fraction distribution of PG across different cigarette
sections followed the same trend as that for VG, with the
open-ended pathway being unaffected by the airflow
velocity and the closed-ended pathway resulting in decrea-
sing extraction efficiency while the airflow velocity was re-
duced. However, the proportional distribution of PG across
different sections differed considerably from that of VG.
After smoking, the residual PG content of the tobacco
granules was markedly lower than that of VG, indicating
that both airflow pathways extracted PG more efficiently
than they extracted VG. However, approximately 70% of
the total PG content was retained in the fixture, cigarette
paper, and filter. The nicotine distribution trends with air-
flow velocity were similar to those for VG and PG in both
airflow pathways. The same heating method and tempera-
ture were used in both pathways, and during the 30-s
puffing period, the total mass of aerosol precursors genera-
ted and their gas-solid distribution ratio were thus consis-
tent. However, after smoking, the residual nicotine content
in the tobacco granules was substantially different between
the two pathways (open-ended pathway: < 5% residual
nicotine; closed-ended pathway: 42.0%–57.4% residual
nicotine). Despite the higher nicotine extraction efficiency
for the open-ended pathway, this pathway also resulted in
greater losses during aerosol transmission. The fixture,
cigarette paper, and filter retained more than 70% of the
total nicotine for the open-ended pathway, whereas for the
closed-ended pathway, only 36.4%–45.7% was retained. 

4. CONCLUSION

This study systematically investigated the influences of
airflow pathway and velocity on aerosol release mecha-
nisms in granule-based HTPs. The results revealed that

design of airflow pathway fundamentally governs the
characteristics of aerosol release and component distribu-
tion. In the open-ended pathway, airflow velocity primarily
affected the time for particle coagulation and aerosol
transmission rather than ACM or aerosol components, as
precursors were fully extracted and condensed due to direct
air passage through the granule section. In contrast, the
closed-ended pathway exhibited a strong dependence of
ACM and key component release (PG, VG, nicotine) on
airflow velocity. Lower velocities reduced the pressure
differential between sidewall perforations and granule
section, thereby decreasing aerosol precursor extraction
efficiency. For example, ACM and nicotine release in the
closed-ended pathway declined by up to 30% with reduced
airflow velocity, whereas open-ended pathway maintained
consistent release levels. Furthermore, aerosol particle size
distribution differed significantly: the open-ended pathway
produced larger particle sizes (increased count median
diameter) at lower velocities due to prolonged coagulation
in the hollow section, while the closed-ended pathway
exhibited reduced aerosol number and volume concentra-
tions at lower velocities due to insufficient precursor ex-
traction.
These findings revealed the critical role of airflow pathway
play in optimizing HTPs performance. Notably, the diver-
gent correlations between aerosol former (VG/PG) and
nicotine release (open-ended: VG-dominated; closed-
ended: PG-dominated) indicate pathway-specific transmis-
sion mechanisms, likely influenced by interfacial interac-
tions or component volatility. These insights highlight the
need for taking into consideration of airflow pathway in
HTPs design to balance extraction efficiency, puff-by-puff
consistency, and aerosol yield. Future studies should
explore temperature-modulated precursor release kinetics
and advanced structural designs (e.g., optimized perforation
patterns) to mitigate retention losses. Additionally,
recalibrating the VG/PG ratio in formulations may play an
important role in enhancing the nicotine delivery efficiency,
as cigarette is a high-efficiency nicotine delivery system in
nature. 
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