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HVAC filter performance is significantly influenced by the physicochemical properties of the aerosol the filters encounter. HVAC filters play a
critical role in maintaining indoor air quality by removing airborne particles, making it essential to accurately simulate real-world filtration
conditions during standardized testing. Among aerosol properties, the particle size distribution (PSD) is a key factor governing filter loading
behavior and efficiency. However, current standardized protocols rely primarily on coarse-mode loading dusts that poorly represent the
submicrometer number and mass PSDs characteristic of urban atmospheric aerosol. The overarching goal of ASHRAE RP-1734 is to develop a
novel methodology for rapidly aging HVAC filters by simulating their pressure drop evolution over their service life, enabling more accurate
assessments of blower energy consumption and informing optimal filter replacement schedules. As part of this effort, the present study
evaluates the integration of a thermal aerosol generator (TAG) with a full-scale HVAC filter test rig and assesses its suitability for filter loading
applications. Controlled experiments were conducted to characterize in-duct number and mass PSDs under varying operational conditions,
including volumetric airflow rate, relative humidity, and salt stick feed rate. The TAG-generated aerosol exhibited a stable unimodal
distribution, with a submicrometer peak near 100nm in the number PSD and 150 nm in the mass PSD, with only minor shifts in modal
diameter across operational conditions. Notably, the number PSDs closely aligned with those observed in urban environments. Although the
mass PSDs differed by approximately 100nm from typical urban aerosol mass PSDs, they still effectively captured the submicrometer fraction,
especially when compared to standardized coarse-mode loading dusts. This study demonstrates the TAG’s ability to generate stable,
reproducible PSDs across diverse conditions, enabling realistic simulation of urban aerosol properties in a controlled laboratory setting.
Incorporating TAG-generated aerosol into standardized HVAC filter testing protocols offers a more representative approach to evaluating filter
performance and informs the design of filters that enhance indoor air quality in urban environments.

Introduction

Aerosol physicochemical properties and HVAC filter
performance evaluation

The adverse effects of poor indoor air quality on human
health and well-being are well documented (Brook et al.

2010; Kamaruzzaman and Sabrani 2011; Tham 2016; Van
Tran, Park, and Lee 2020; Deng et al. 2024). Indoor air
quality is shaped by both the transport of outdoor particles
into buildings and emissions from indoor sources, each con-
tributing to elevated particle concentrations in occupied envi-
ronments. Outdoor particles are transported into the indoor
environment via mechanical ventilation through HVAC sys-
tems, natural ventilation through open windows and doors,
and infiltration through cracks and gaps in the building
envelope. HVAC filters play a critical role in cleaning mech-
anically ventilated outdoor air, thereby reducing occupant
exposure to particles of outdoor origin. In commercial build-
ings, where large volumes of outdoor air are continuously
introduced to meet ventilation requirements, inadequate fil-
tration can lead to elevated exposure to outdoor particles.

Indoors, submicrometer particles are generated from various
sources, including cooking (Jiang et al. 2021a), combustion
(Patra et al. 2024a), cleaning product use (Jiang et al. 2021b),
personal care product use (Jiang et al. 2023; Liu et al. 2025),
and secondary organic aerosol formation from terpene and skin
oil ozonolysis (Rosales et al. 2022; Liu et al. 2024; Patra et al.
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2024b). Human occupants contribute further to indoor particle
levels through emissions from skin, clothing, and exhaled
breath (Patra et al. 2021). As over 55% of the global population
now resides in urban areas, a proportion expected to reach 68%
by 2050 (United Nations 2018), inhalation exposure to urban
aerosol has become an increasingly important public health
concern, contributing to cardiovascular and respiratory dis-
eases, asthma, neurological disorders, and elevated rates of
morbidity and mortality (Wu and Boor 2021). Effective air fil-
tration is therefore essential for reducing particle exposures,
particularly in densely occupied commercial buildings in urban
areas, where high outdoor air ventilation rates and occupant
density amplify exposure risks.

The classical theory of particle deposition onto filter
fibers identifies five fundamental removal mechanisms:
interception, inertial impaction, diffusion, gravitational set-
tling, and electrostatic attraction (Hinds and Zhu 2022). The
interaction between particles and filter fibers is governed by
the physicochemical properties of the aerosol population,
which in turn affects both removal efficiency and filter load-
ing behavior. Key aerosol properties, including the particle
size distribution (PSD), dynamic shape factor, and effective
density, determine how particles navigate airflow and inter-
act with fibers. Chemical composition affects adhesion and
the potential for agglomeration or chemical reactions, while
phase state (solid, semisolid, liquid) governs deposition
behavior upon contact (Tumminello et al. 2021; 2024).
Hygroscopicity, or the ability to absorb moisture, alters par-
ticle size and mass, impacting deposition dynamics in humid
environments. Additionally, electrostatic charges on particles
enhance deposition by attracting them to fibers or previously
deposited particles (P€oschl 2005; Huang et al. 2025).

The PSD is critical for characterizing aerosol dynamics and
significantly influences filtration efficiency and the filter loading
process, alongside factors such as air velocity and filter fiber
diameter (Hinds and Zhu 2022; Berry et al. 2023). Experimental
studies have demonstrated that the mass ratio of fine ("1000nm)
to coarse (>1000nm) particles in bimodal aerosol strongly affects
filter performance, including pressure drop and removal effi-
ciency. Poon and Liu (Poon and Liu 1997a, 1997b) found that
higher ratios of fine particles accelerated increases in pressure
drop across filters. Similarly Lee et al. (Lee et al. 2001) observed
that filters exposed to more coarse-mode particles exhibited
slower increases in pressure drop, as dense cakes formed by fine
particles more effectively restricted airflow. Giffin et al. (Giffin
et al. 2012) confirmed the influence of aerosol PSDs on HEPA fil-
ter loading curves, and Wang et al. (Wang et al. 2016) demon-
strated that fine particles enhance depth filtration, forming denser
surface dust cakes. In contrast, Valmari et al. (Valmari et al. 2006)
reported greater pressure drops with coarse particles alone com-
pared to mixtures of fine and coarse particles. Collectively, these
findings underscore the importance of PSDs in affecting filter
behavior. Theoretical models, such as those developed by Endo
et al. (Endo et al. 1998a; 1998b), predict pressure drops based on
dust cake porosity and particle morphology and were validated by
Kim et al. (Kim et al. 2009). Tian et al. (Tian et al. 2019) further
emphasized that increased fine particle fractions raise filter

pressure drop and reduce dust holding capacity, reinforcing the
importance of aerosol PSDs in influencing filter performance.

Standardized testing of HVAC filters and real-world
discrepancies

Despite extensive research on filter loading, most studies have
focused on flat sheet filter media and evaluated only a limited
portion of the filter lifespan. Comprehensive studies on full-
scale HVAC filters used in commercial buildings throughout
their entire lifecycle remain scarce, primarily due to the high
costs involved. Constructing a full-scale test rig to accommo-
date HVAC filters and replicate real-world conditions is both
labor-intensive and expensive. The frequent replacement of
HVAC filters and the lack of techniques to generate high mass
concentration loading dusts at elevated volumetric airflow
rates further complicate such studies (Arunkumar et al. 2007).
To address these challenges, many studies have evaluated in
situ filter performance within real-world building HVAC sys-
tems, utilizing natural ambient aerosol as the loading medium
to reduce costs and avoid constructing new test rigs.
Numerous in situ studies have measured filtration efficiencies
in residential and commercial buildings, comparing results
with laboratory data provided by standards or manufacturers.
These in situ measurements often differ from laboratory
results, underscoring the need to revise laboratory testing pro-
tocols to better reflect real-world performance.

Raynor and Soo (2003) found that charge decay during
service led to discrepancies between electret filter perform-
ance in real HVAC systems and standardized tests, prompt-
ing revisions to testing protocols. Numerous studies have
examined how dust loading affects HVAC filter performance
and system energy consumption. Zaatari et al. (Zaatari et al.
2014) analyzed rooftop units, finding that dust loading sig-
nificantly influences efficiency and energy consumption,
with efficiency increasing for uncharged filters. Li and
Siegel (2020b) observed similar trends. They also compared
in situ results with laboratory data, advocating for more real-
istic laboratory tests with indoor-like aerosol (Li and Siegel
2020a). Alavy et al. analyzed the energy penalties associated
with filter pressure drop, demonstrating that the impact of
high-efficiency filters on energy consumption is highly
dependent on system-specific factors, such as HVAC run-
time and fan motor type (Alavy and Siegel 2019; Alavy
et al. 2020). Their findings indicate that in residential sys-
tems with low HVAC runtime, the energy implications of
using higher efficiency filters are minimal, whereas in com-
mercial systems with extended runtimes, these impacts
become more pronounced. Moreover, energy consumption
increases with higher filter pressure drop in speed-controlled
fans but decreases in systems lacking speed control. These
observations align with earlier studies (First et al. 1992;
Stephens et al. 2010; Zaatari et al. 2014). Importantly, the
authors emphasize the need to account for filter loading over
a filter’s service life, noting significant discrepancies
between laboratory and in situ performance due to the use of
unrealistic test dusts. This highlights the importance of
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developing improved laboratory testing protocols that incorp-
orate more representative loading aerosol.

While in situ loading offers the most realistic evaluation
of HVAC filters by using real-world conditions, it is also
time-consuming and labor-intensive due to extended loading
periods and instrument maintenance. Laboratory-based test-
ing, in contrast, provides a standardized and repeatable
method for assessing HVAC filter performance, enabling
accelerated and consistent evaluations across various filter
designs. Current standards for full-scale HVAC filter testing
include ANSI/ASHRAE Standard 52.2-2017 (ASHRAE
2017) in the United States, ISO 16890-1:2016 (introduced to
replace European Standard EN 779), and Chinese National
Standard GB/T 14295. These standards primarily target sub-
HEPA efficiency filters and incorporate dust holding cap-
acity into their procedures, recognizing the impact of dust
loading on filtration efficiency. However, those standards
utilize test dusts with particle sizes larger than those typic-
ally found in urban environments, resulting in limited applic-
ability for realistic filter lifetime modeling. These
standardized loading dusts are widely used in both industry
and research for full-scale HVAC filter testing (Hanley et al.
1994; 1999; Raynor and Soo 2003; Giffin et al. 2012;
Knobloch et al. 2024).

A defining characteristic of standardized loading test dusts,
such as ASHRAE and ISO 12103-1 test dusts, is their domin-
ance by coarse-mode particles (Tronville and Rivers 2005).
Although the carbon black fraction in ASHRAE test dust was
intended to represent submicrometer particles, electrostatic
interactions and cohesive forces within dust feeder systems pro-
mote agglomeration, resulting in an in-duct PSD that is signifi-
cantly larger than the nominal composition of the dust.
Moreover, present-day urban outdoor air contains significantly
fewer coarse particles than when ASHRAE test dust was origin-
ally formulated, primarily due to advances in pollution control
technologies and regulatory interventions. This shift in ambient
aerosol characteristics underscores the need for finer, more rep-
resentative loading dusts in HVAC filter testing protocols.
However, coarse particles offer advantages in experimental effi-
ciency and reproducibility. Their high mass loading rates enable
accelerated testing, significantly reducing evaluation time.
Additionally, these standardized test dusts are commercially
available and reliably consistent, ensuring reproducibility and
comparability across studies. Despite these benefits, coarse-
mode particles poorly represent submicrometer aerosol modes,
including the accumulation mode (100 to 1000 nm), Aitken
mode (10 to 100nm), and nucleation mode (" 10 nm). The
accumulation mode contributes substantially to urban mass
PSDs, while Aitken and nucleation modes dominate urban num-
ber PSDs (Wu and Boor 2021). Consequently, relying solely on
coarse-mode aerosol in HVAC filter loading tests may bias per-
formance evaluations. Coarse particles primarily promote sur-
face filtration, whereas submicrometer particles are more likely
to penetrate and engage in depth filtration within the filter
media. The absence of submicrometer particles in standardized
tests may lead to incomplete or misleading assessments of
HVAC filter performance under real-world conditions.

Advancements in submicrometer aerosol generation for
HVAC filter testing

The development of more representative loading aerosol with
PSDs that accurately reflect atmospheric conditions is essential
for standardizing laboratory HVAC loading tests and improving
their relevance to urban environments. To effectively simulate
full-scale HVAC filter loading behavior, the loading aerosol
must not only replicate atmospheric PSDs but also reach suffi-
ciently high concentrations to enable rapid and consistent filter
loading under elevated volumetric airflow rates. While submi-
crometer particle generation techniques exist, they often suffer
from low mass production rates (Biskos et al. 2008), limiting
their applicability. ANSI/ASHRAE Standard 52.2-2017
Appendix J prescribes the use of atomized potassium chloride
(KCl) aerosol from an aqueous solution to condition electret
filters, aiming to simulate temporal charge decay observed in
real-world applications (ASHRAE 2017). While suitable for
evaluating electret charge stability, this conditioning process is
not intended for HVAC filter loading assessments. The
Appendix J aerosol, with a count median diameter (CMD) of
approximately 40 to 50 nm and a number concentration below
1# 106 cm−3, is suboptimal for rapid filter loading evaluations
due to its limited mass loading potential. For more representa-
tive assessments of the impact of HVAC filter clogging on
blower energy consumption during rapid aging experiments, it
is essential to use finer PSDs reflective of urban atmospheric
conditions and to achieve higher aerosol concentrations.

Thermal aerosol generation offers a promising alternative to
the Appendix J aerosol (Zhang and Jiang 2016), producing high
mass concentrations of submicrometer salt particles through the
evaporation-condensation of salt vapor. However, its potential
for evaluating filter loading performance remains largely unex-
plored. A thermal aerosol generator (TAG) has demonstrated
the capability to produce submicrometer mass PSDs with shapes
similar to those observed in urban outdoor air. The properties
and performance of synthetic submicrometer salt aerosol gener-
ated by the TAG were comprehensively evaluated in a previous
study (Wu and Boor 2020), providing a strong foundation for
their use in standardized HVAC filter loading tests. This
approach offers a practical solution to bridge the gap between
laboratory testing and real-world filter performance, enhancing
the accuracy and relevance of HVAC filter evaluation protocols.

The overarching goal of ASHRAE RP-1734 is to develop
a novel methodology for rapidly aging HVAC filters by sim-
ulating their pressure drop evolution over their service life,
enabling more accurate assessments of blower energy con-
sumption and informing optimal filter replacement sched-
ules. As part of this effort, the present study evaluates the
integration of a TAG with a custom-designed full-scale
HVAC filter test rig and assesses its suitability for acceler-
ated filter loading. This includes detailed characterization of
in-duct number and mass PSDs under varying operational
conditions. Measuring in-duct PSDs is essential, as conven-
tional ASHRAE test dust tends to shift toward coarser size
distributions during dispersion into the test rig. In addition,
key test rig parameters, such as the volumetric airflow rate,
relative humidity (RH), and the spatial uniformity of the
aerosol concentration and air velocity across the filter face,
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are characterized. These parameters are critical for validating
the feasibility of synthetic aerosol-based rapid loading proto-
cols in support of the forthcoming ASHRAE Guideline 35,
Method for Determining the Energy Consumption Caused by
Air-Cleaning and Filtration Devices, which seeks to estab-
lish standardized methods for determining the energy use of
air-cleaning and filtration systems.

Materials and methods

Description of the thermal aerosol generator

The experimental setup features a TAG (Type 6000, SFP
Services Ltd., Christchurch, UK) designed to produce high
mass concentrations of submicrometer salt aerosol
(Figure 1). This device operates using a high-temperature
oxygen (O2)–propane (C3H8) flame for aerosol generation.
The TAG generates two types of salt aerosol: KCl and
sodium chloride (NaCl). Cylindrical salt sticks (SFP
Services Ltd., Christchurch, UK) are manufactured with a
small quantity of magnesium oxide (MgO) as a binding
agent to ensure structural integrity. In this study, KCl was
selected as the aerosol material due to its lower corrosivity
compared to NaCl, as well as its higher deliquescence point
than that of NaCl (Wise et al. 2007; Freney et al. 2009).
The cylindrical salt sticks, measuring 10mm in diameter and
100mm in length, had an effective salt density ranging from
0.1 to 0.13 g mm−1. Approximately 13% of the stick’s ori-
ginal weight, comprising MgO used as a binding agent,
remains as nonvaporized hot ash during the process.

The TAG consists of two primary functional components:
the salt stick feeding mechanism and the O2–C3H8 flame
combustion system (Figure 1). The feeding mechanism
employs a drive roller and a sprung guide arm-connected
smooth idler roller to securely mount and propel the salt
stick. A variable-speed motor, powered by a built-in battery
and connected via a gearbox, controls the drive roller’s rota-
tion, enabling precise stick feeding through a nozzle into the
flame burner. The flame burner comprises a blowtorch and
two gas flow meters that regulate O2 and C3H8 flow rates,
nominally set at 17 L min−1 and 4 L min−1, respectively.
Upon ignition, the mixed gases produce an annular flame
cone that surrounds the salt stick. This high-temperature

environment vaporizes the salt, which then condenses into
submicrometer aerosol with a high mass concentration.

Integration of the TAG with a full-scale HVAC filter
test rig

A full-scale HVAC duct system was constructed as the test
rig for evaluating commercial HVAC air filters using
synthetic submicrometer aerosol generated by the TAG
(Figure 2). The ductwork measures 28 ft (8.5m) in length
with a cross-sectional area of 2# 2 ft (610# 610mm) and is
constructed from 22-gauge galvanized steel sheets. The
interior surface is smooth, and the structure is rigid, main-
taining its form under the specified operating pressures. The
TAG is strategically positioned atop the test rig to allow for
easy access during salt stick replacement and routine main-
tenance. Salt aerosol is drawn through an insulated 90$

injection elbow with a 10# 10 inch (254# 254mm) square
cross section. The injection elbow is equipped with an
adjustable damper to regulate the aerosol intake volume. The
TAG is positioned at a fixed distance from the injection
elbow, ensuring that the flame cone’s tip partially enters the
elbow inlet for optimal aerosol capture. This setup also pro-
vides sufficient clearance for operational adjustments and
observation.

A MERV 8 filter was installed at the air intake of the test
rig to remove coarse particles, followed by a flow straight-
ener to ensure uniform airflow. A large-scale steam humidi-
fier, capable of producing up to 30 lb h−1 of steam, was
positioned near the air intake. The steam humidifier injection
tube was placed between the MERV 8 intake filter and the
flow straightener, allowing for the mixing of intake air,
moisture, and salt aerosol flow after passing through the 90$

elbow. The aerosol-laden airflow then challenged the down-
stream test filter housed in a custom-designed filter bank,
capable of accommodating various filter configurations.
Three MERV-rated filters—MERV 8, MERV 13, and
MERV 14—were selected as test filters, in accordance with
the requirements of ASHRAE RP-1734 (Supplementary
Table S1).

A high-capacity tubular inline centrifugal blower (Model
TSL122, Twin City Fans & Blowers, Plymouth, MN, USA)
was installed at the end of the test rig to draw in laboratory
air. This setup created a negative pressure environment,

Fig. 1. Photographs of the thermal aerosol generator: (a) side view and (b) top view.
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facilitating the introduction of TAG-generated aerosol and
ensuring thorough mixing within the system. To prevent
residual aerosol from recirculating into the laboratory or test
rig, an exhaust fume hood was positioned downstream of the
blower to safely expel remaining salt aerosol into the out-
door atmosphere.

Experimental design

Before aging experiments commenced, the test filters were
weighed to determine their initial mass. These preloading
measurements were recorded prior to installation in the test
rig. Once the in-duct airflow and RH were stabilized, the
TAG was ignited to generate KCl aerosol, initiating the
aging process. To maintain continuous filter aging, salt
sticks were periodically replaced as they were consumed.
During these replacement procedures, transient shifts toward

smaller PSDs were observed, attributed to the finer size
characteristics of flame-generated aerosol compared to the
KCl aerosol. However, the use of standardized salt sticks
from the same manufacturing lot ensured consistent KCl
aerosol production, rendering these temporary PSD fluctua-
tions negligible within the context of the experimental proto-
col. The experimental process continued until the final
pressure drop (DP) across the test filter reached 1.5 in H2O.
During loading, safety and maintenance parameters, includ-
ing gas cylinder pressure and ambient combustion gas levels
for leak detection, were monitored and recorded, along with
the timing of salt stick replacements.

Sensitivity experiments were conducted to evaluate filter
aging behavior and performance under different operating
conditions. Each filter type was subjected to four test catego-
ries: (1) baseline test, (2) volumetric airflow rate sensitivity,
(3) salt stick feed rate sensitivity, and (4) RH sensitivity.

Fig. 2. Full-scale HVAC filter test rig: (a) schematic diagram and (b) photograph of the experimental setup.
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For each category, three to five replicate experiments were
performed to ensure repeatability. The specific loading con-
ditions for each test category are summarized in Table 1.

Instrumentation and operational control

The in-duct aerosol number concentrations and size distribu-
tions from 6 to 1000 nm (0.006 to 1mm) were measured in
real-time using two instruments: (1) a scanning mobility par-
ticle sizer (SMPS) (Model 3938NL88, TSI, Inc., Shoreview,
MN, USA) with a long differential mobility analyzer (DMA)
and (2) a high-resolution electrical low-pressure impactor
(HR-ELPIþ) (Dekati Ltd., Kangasala, Finland) equipped
with oil-soaked sintered collection plates. The SMPS pro-
vides number PSDs based on electrical mobility diameter
(Dem), while the HR-ELPIþ offers aerodynamic diameter
(Da)-based number PSDs. The SMPS system includes a
Kr-85 bipolar charger, long DMA, and a water-based con-
densation particle counter (CPC) (Model 3788, TSI, Inc.,
Shoreview, MN, USA). Particles are initially charged to a
known distribution using the bipolar charger, classified by
an electric field in the DMA, and counted by the CPC
through optical detection. The SMPS measured particles
from Dem ¼ 20.1 to 1000 nm with a 4-min scan duration.
Data analysis utilized number PSDs (dN/dLogDem; cm−3)
directly extracted using the Aerosol Instrument Manager
(AIM) software (TSI, Inc., Shoreview, MN, USA). The HR-
ELPIþ uses a unipolar charger to charge particles before
classifying them by inertial impaction through a cascade
impactor. Charged particles are detected upon impact on sin-
tered collection plates using sensitive electrometers.
Operating at a 1-Hz sampling rate, the HR-ELPIþ measures
number PSDs (dN/dLogDa; cm−3) from Da ¼ 6 to

10,000 nm, enabling real-time monitoring of the KCl loading
aerosol. Deviations in PSDs detected by the HR-ELPIþ pro-
vided immediate indicators of potential TAG issues, such as
salt stick feed blockages, stick depletion, or fluctuations in
O2 and/or C3H8 flow rates due to compressed gas cylinder
depletion.

Aerosol sampling probes were positioned upstream and
downstream of the test filter in the test rig to measure TAG-
generated KCl aerosol PSDs. The upstream probe was
located 1 ft from the filter, while the downstream probe was
12 ft away to promote aerosol mixing and help ensure a uni-
form distribution downstream. Both probes were centrally
positioned to capture representative cross-sectional concen-
trations. A solenoid valve alternated sampling between the
two points. High aerosol concentrations were diluted using a
double dilutor system with two series-connected ejector dilu-
tors (DI-1000, Dekati Ltd., Kangasala, Finland), achieving a
high dilution factor (DF). The diluted samples were directed
into a four-way flow splitter (Model 1104, Brechtel
Manufacturing, Inc., Hayward, CA, USA), with two outlets
connected to the SMPS and HR-ELPIþ and two open to
ambient air to maintain pressure consistency between the
intake and outlet. Digital pressure transducers (Series 265,
Setra Systems, Inc., Boxborough, MA, USA) monitored
pressure differentials across each dilutor to calculate dilution
factors based on manufacturer calibration curves.

A pitot-tube array was installed upstream of the inline
centrifugal blower to measure the volumetric airflow rate.
The array, capable of self-averaging, consisted of five pitot-
tubes connected in parallel. An in-duct temperature and RH
sensor (Model SRH200, Setra Systems, Inc., Boxborough,
MA, USA) was positioned behind the pitot-tube array.
Additionally, a barometric pressure sensor (Model 276, Setra

Table 1. Aging conditions for test filters in the ASHRAE RP-1734 baseline and sensitivity tests.

Experiment type
Volumetric airflow
rate [ft3 min-1] RH [%]

Salt stick feed rate
[mm min-1]

Number of
experiments per

filter type Filter type

Baseline experiments 2000 42.5 ± 2.5 10 5 MERV 14
MERV 13
MERV 8

Volumetric airflow rate
sensitivity experiments

1000 42.5 ± 2.5 10 3 MERV 14
MERV 13
MERV 8

500 3 MERV 14
MERV 13
MERV 8

Salt stick feed rate sensitivity
experiments

2000 42.5 ± 2.5 18 3 MERV 14
MERV 13
MERV 8

5 3 MERV 14
MERV 13
MERV 8

RH sensitivity experiments 2000 27.5 ± 2.5 10 3 MERV 14
57.5 ± 2.5 3 MERV 14

MERV 13
MERV 8
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Systems, Inc., Boxborough, MA, USA) was installed to
measure atmospheric pressure. Using temperature and atmos-
pheric pressure readings, real-time air density was calculated
and applied in conjunction with velocity pressure readings
from the pitot-tube array to determine real-time in-duct volu-
metric airflow rates.

All pressure transducers and sensors integrated into the
test rig converted physical signals into analog voltage sig-
nals, which were processed into numerical data by a data
acquisition system. A data acquisition card (Model 6211,
National Instruments, Inc., Austin, TX, USA) and LabVIEW
software (Version 2020, National Instruments, Inc., Austin,
TX, USA) were used to process and record these signals. In
addition to data acquisition, the system generated analog
voltage signals to control components such as the blower
and steam humidifier, enabling precise regulation of oper-
ational parameters through proportional–integral–derivative
(PID) control algorithms in LabVIEW. This feedback control
maintained desired in-duct volumetric airflow rates and RH
levels. It also automated the operation of the solenoid valve,
alternating aerosol sampling between upstream and down-
stream of the test filter. Systematic uncertainties, based on
manufacturer specifications, are summarized in Table 2.

Analysis of synthetic aging aerosol size distributions

The SMPS and HR-ELPIþ report PSDs as a function of
electrical mobility diameter (Dem) and aerodynamic diameter
(Da), respectively. PSDs measured by the HR-ELPIþ were
used primarily for real-time monitoring and diagnostics of
TAG operation, leveraging rapid 1-s sampling intervals. In
contrast, the more stable and less fluctuating number PSDs
from the SMPS were used for data analysis. Number PSDs

(dN/dLogDem; cm
−3) were converted into surface area (dS/

dLogDem; mm
2 cm−3) and volume (dV/dLogDem; mm

3 cm−3)
PSDs assuming spherical particles, and further transformed
into mass PSDs (dM/dLogDem; mg m−3) using the bulk
density of KCl, qp ¼ 1.98 g cm−3, as reported by Wu and
Boor (2020). Median PSDs were utilized to compute size-
integrated concentrations for number (N), surface area (S),
volume (V), and mass (M). The concentration flux through
the test rig was then calculated as the product of the respect-
ive size-integrated concentration and the volumetric airflow
rate.

Lognormal distribution functions are widely used to
model PSDs due to their ability to capture realistic aerosol
characteristics. Compared to unimodal fits, bimodal lognor-
mal functions more accurately represent TAG-generated KCl
aerosol by capturing distinct peaks or overlapping modes
observed experimentally. Therefore, the median number
PSDs measured by the SMPS were fitted using a bimodal
lognormal distribution function:

dN
dLogDem

¼
X2

i¼1

Ni

2pð Þ
1
2log rið Þ

exp −
logDem − logDem, i
! "2

2log2 rið Þ

" #

(1)

where Dem, i is the geometric mean diameter (modal diam-
eter) for mode i, ri is the geometric standard deviation for
mode i, and Ni is the number concentration (modal ampli-
tude) for mode i. These parameters were determined using
least squares fitting in MATLAB (The MathWorks, Inc.,
Natick, MA, USA). The same fitting approach was applied
to the other PSD categories, with Ni replaced with the sur-
face area (Si), volume (Vi), or mass (Mi) concentration for
mode i. A bimodal lognormal distribution (two modes) was

Table 2. Description of instrumentation used in the HVAC filter test rig.

Instrument Manufacturer Model Accuracy Range Function

Pressure transducers Setra Systems, Inc. Model 276 60:25% 600 to 1100mb Barometric pressure
measurement

Model 265 60:25% 0 to 5 in H2O Differential pressure
transducer for filter DP
measurement

60:25% 0 to 0.5 in H2O Differential pressure
transducer for volumetric
airflow rate measurement

Temperature & RH
transmitter

Setra Systems, Inc. Model SRH200 62:5% RH
60:3 $C

0 to 100% RH
−40 to 60 $C

Sensor for monitoring in-duct
temperature and RH

Pitot-tubes Dwyer
Instruments LLC

Model 160 62 − 5% 400 to 20,000 ft
min-1

Air velocity measurement

Data acquisition
board

National
Instruments, Inc.

Model 6211 62:69 mV AO/I: 610 V Data acquisition for voltage
signals and control

HR-ELPIþ Dekati Ltd. – – 6 to 10,000 nm Aerosol number-based PSD
measurement

SMPS TSI, Inc. Model 3938NL88 – 20.1 to 1000 nm
with long DMA

Aerosol number-based PSD
measurement

Combustion gas
detector

General Tools, Inc. Model NGD269 650 ppm 0 to 20,000 ppm Monitoring of C3H8 leakage
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found to best fit the PSDs in all cases. Time-series plots of
number and mass PSDs demonstrated TAG operational sta-
bility and repeatability of KCl aerosol output. Normalized
PSDs for number, surface area, volume, and mass were
grouped to assess the effects of experimental conditions on
salt aerosol properties. PSDs of TAG-generated KCl aerosol
were compared with urban aerosol size distributions to valid-
ate their suitability for aging HVAC filters and evaluating
filter performance.

Calculation of particle deposition in the aerosol sampling
manifold

The aerosol sampling manifold transports particles from the
HVAC filter test rig to the SMPS and HR-ELPIþ for PSD
measurement. During transport, particles can be lost due to
several deposition mechanisms. Inlet efficiency (ginlet)
accounts for particle losses at the sample probe inlet caused
by mismatched air velocities between the sample line and
in-duct airflow. Gravitational settling efficiency (gtube,grav)
describes particle deposition on sample line walls under the
influence of gravity. Diffusional deposition efficiency
(gtube,diff) results from Brownian motion, where particles dif-
fuse from higher-concentration sample airflow streams to
lower concentration regions along the sample line walls.
Inertial deposition efficiency (ginert,bend) occurs when par-
ticles deviate from the airflow stream and deposit on walls
during redirection through bends in the sample line. The
total aerosol transport efficiency is calculated as the product
of these individual transport efficiency terms (gtotal ¼ ginlet
# gtube,grav # gtube,diff # ginert,bend), with each term calcu-
lated following the modeling methods described in Chapter
6 of Kulkarni et al. (2011). By accounting for both aerosol
transport efficiency and the DF of the dilution system, we
can calculate the actual in-duct number PSDs as follows:

dN
dLogDem

# $

in−duct
¼ dN

dLogDem

# $

measured
) gtotal # DF (2)

Results and discussion

This section presents the operational characteristics of the
test rig and TAG. First, the raw PSDs of the KCl aging
aerosol measured under varying experimental conditions are
outlined, along with the corresponding lognormal fitting
parameters. The PSDs of TAG-generated KCl aerosol are
compared with urban atmospheric aerosol number and mass
PSDs, as well as with existing loading dusts commonly used
in HVAC filtration studies. Key operational parameters of
the test rig, including in-duct volumetric airflow rates, RH
levels, and velocity and aerosol concentration uniformity, are
also analyzed. Lastly, the calculation of dilution factors and
aerosol deposition losses within the sampling manifold is
presented. The results confirm the reliable operation of the
TAG integrated with the test rig, demonstrating its suitability
and repeatability for rapidly aging HVAC filters and assess-
ing long-term energy consumption as per the proposed
ASHRAE Guideline 35. The PSD results, including lognor-
mal fitting parameters, serve as a valuable reference for
future applications of ASHRAE Guideline 35.

Uniformity of in-duct cross-sectional air velocities and
TAG-generated KCl aerosol concentrations in the HVAC
filter test rig

Uniformity assessments of air velocity and TAG-generated
submicrometer KCl aerosol concentrations were conducted
upstream of the test-filter section using a nine-point traverse
evenly distributed across the duct cross section, in accord-
ance with ANSI/ASHRAE Standard 52.2 (ASHRAE 2017).
Figure 3 presents the size-integrated number concentrations
of TAG-generated KCl aerosol and the corresponding air
velocities at each traverse point. Elevated particle concentra-
tions and air velocities were observed at points 1, 4, and 7,
indicating locally higher aerosol loading across that region
of the test filter. Air velocity measurements demonstrated
good uniformity, with a coefficient of variation (COV) of

Fig. 3. Uniformity of in-duct cross-sectional KCl aerosol number concentrations (size-integrated across Da ¼ 6 to 10,000 nm; measured
by the HR-ELPIþ) and air velocities, evaluated using a nine-point traverse. Points 1 to 3 (P1 to P3), 4 to 6 (P4 to P6), and 7 to 9
(P7 to P9) lie on common horizontal planes, with each group evenly spaced along the vertical axis of the cross-sectional area. The fig-
ure illustrates relative variations across measurement points to assess spatial uniformity.
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5.2%, satisfying the ANSI/ASHRAE Standard 52.2 require-
ment of COV < 10%. While the standard does not mandate
uniformity for loading dusts, the spatial distribution of TAG-
generated KCl aerosol number concentrations was also eval-
uated. The resulting COV was 20.7%, slightly above the
standard’s COV < 15% criterion for test aerosol used in fil-
tration efficiency testing. However, since the goal of this
methodology is to simulate filter loading rather than assess
efficiency, the observed aerosol distribution was deemed
acceptable for the study’s objectives.

Measured particle size distributions of the TAG-generated
KCl aerosol

An illustrative number PSD time-series measured with the
HR-ELPIþ during a MERV 14 baseline loading experiment
is shown in Figure 4, demonstrating the stability of KCl
aerosol output from the TAG. The number PSD shape
remains consistent throughout the experiment, with peak
concentrations occurring around Da * 100 nm. Most of the
number concentration is within the range of Da ¼ 30 to
300 nm, indicating that the TAG-generated KCl aerosol pre-
dominantly resides in the Aitken and accumulation modes.
Consistency in the peak concentration magnitude is evident
from the uniform color bar scale of the highest concentration
and the similar height of the size-integrated total number
concentrations, which range from 1.5 to 2# 107 cm−3. Minor
fluctuations are attributed to variations in TAG operation or
airflow conditions within the test rig. Overall, the TAG-

generated submicrometer KCl aerosol output was stable and
consistent during the loading experiments. The difference in
number concentration magnitude between the upstream and
downstream locations of the test filter underscores the high
filtration efficiency of the MERV 14 filter. This filtration
effect is further illustrated in Figure 5, which compares the
median PSDs measured upstream and downstream of the test
filter over the entire baseline experimental period, using the
same axis scale. A clear reduction in particle concentrations
across the size spectrum is evident, demonstrating the effect-
iveness of the MERV 14 filter in removing the KCl aerosol.

Figure 5 illustrates the number, surface area, volume, and
mass PSDs for both upstream and downstream measure-
ments as a function of Dem (via SMPS measurements).
Upstream data consistently show high concentrations across
all metrics, reflecting sufficient submicrometer aerosol gen-
eration around Dem * 100 nm. The PSDs represent the
median values over the entire aging period for all baseline
MERV 14 experiments. Substantial concentration differences
between upstream and downstream PSDs highlight the high
filtration efficiency of the MERV 14 test filters. This gap
serves as an indicator of filter media integrity, as any dam-
age or airflow bypass would reduce the concentration differ-
ence. Although this methodology is not specifically designed
to evaluate filtration efficiency, upstream and downstream
comparisons offer valuable insights into the evolution of
efficiency during HVAC filter aging. These findings enhance
understanding of filter aging dynamics and their associated
energy implications, as dust loading affects both filtration

Fig. 4. Time-series plots of TAG-generated submicrometer KCl aerosol: (a) number PSDs and (b) size-integrated number concentrations
(Da ¼ 6 to 10,000 nm) measured by the HR-ELPIþ during baseline aging conditions. Sampling alternated every 3min between
upstream and downstream of a MERV 14 test filter.
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efficiency and filter pressure drop (DP), thereby impacting
blower energy consumption during operation. Together,
Figures 4 and 5 provide a reference for monitoring TAG-
generated KCl aerosol output of the TAG under baseline
loading conditions and for comparisons with sensitivity test
conditions.

Figure 6 presents PSDs measured by the SMPS across
different metrics: number (a, b), surface area (c, d), and vol-
ume and mass (e, f), summarized from all baseline aging
experiments for all test filter types. The black curve denotes
the median PSD, while the shaded region represents the
interquartile range (IQR; 25th–75th percentile). Lognormal
fitting was applied to the median PSDs. Median number
PSDs for TAG-generated KCl aerosol exhibit a unimodal
distribution with a prominent submicrometer peak (Dem *
100 nm). The peaks are relatively narrow, with geometric
standard deviations between 1.2 and 1.5, indicating a uni-
form distribution around the modal diameter. The median
PSDs shift toward larger sizes when transitioning from num-
ber to surface area PSDs, and further to volume and mass
PSDs. A secondary peak near Dem * 1000 nm appears in the
volume and mass PSDs, likely attributed to MgO binding
agents from salt stick ash blown off by the high-velocity
blowtorch flow, rather than KCl aerosol formed via
evaporation-condensation in the high-temperature O2–C3H8

flame. In addition, prior work by Wu and Boor (2020)

reported a partial secondary sub-20 nm peak of nanosized
soot particles generated by the TAG, attributed to soot pre-
cursors or organic carbon formed in the O2–C3H8 flame
(Wu and Boor 2020), consistent with high-temperature
propane combustion chemistry that produces polycyclic
aromatic hydrocarbons (PAHs) and soot nuclei via dehydro-
genation, polymerization, cyclization, and radical chain
reactions (Johansson et al. 2018; Frenklach and Mebel
2020).

A bimodal lognormal distribution function was applied to
PSDs from all sensitivity tests, covering aging conditions of
1000 ft3 min−1, 500 ft3 min−1, 18mm min−1, 5mm min−1,
57.5 ± 2.5% RH, and 27.5 ± 2.5% RH, as summarized in
Supplementary Figures S1 to S6 and Table 3. These parame-
ters offer critical inputs for modeling efforts aimed at repli-
cating TAG-generated PSDs and simulating filter aging
behavior. Overall, the PSDs exhibit consistent unimodal dis-
tributions across all aging conditions, with a prominent sub-
micrometer peak. While minor variations in peak
concentration are observed, the values remain within the
same order of magnitude regardless of the aging condition.
No discernible trends in peak concentration emerge across
different sensitivity tests; however, within the same test
category, modal diameter shifts in response to changing con-
ditions. For example, reduced volumetric airflow rates cor-
respond to larger particle diameters. For direct comparison,

Fig. 5. Comparison of upstream and downstream median PSDs: (a) number, (b) surface area, (c) volume, and (d) mass PSDs for all
MERV 14 test filters under baseline aging conditions (via SMPS measurements).

Volume 32, Number 2, February 2026 215

https://doi.org/10.1080/23744731.2025.2582421


normalized PSDs are plotted together and grouped by sensi-
tivity test category, highlighting shifts in modal diameters
under varying conditions.

The normalized median PSDs for sensitivity tests on the
volumetric airflow rate, salt stick feed rate, and RH levels
are compared in Figures 7 to 9, respectively. Normalized
PSDs were obtained by dividing the concentration of each
size bin by the maximum observed concentration. In the
volumetric airflow rate sensitivity tests (Figure 7), the peak
positions of number PSDs shift toward larger particle sizes
as the volumetric airflow rate decreases from 2000 to 500 ft3

min−1. Specifically, the peak particle diameter increases

from Dem * 90 nm at 2000 ft3 min−1 to Dem * 110 nm at
500 ft3 min−1. Similar trends have been reported in other
studies (Ma et al. 2022; Morawska et al. 2022; Hu et al.
2024), where reduced volumetric airflow rates increase par-
ticle residence time, enhancing opportunities for coagulation
and shifting the PSD toward larger sizes. Correspondingly,
the mass PSDs also show a shift toward larger peak diame-
ters, though the magnitude is smaller. This occurs because
mass distributions are dominated by larger particles, whereas
number distributions are more sensitive to changes across all
particle sizes, leading to more noticeable shifts in peak
positions.

Fig. 6. (a, b) Number, (c, d) surface area, and (e, f) volume and mass PSDs for upstream TAG-generated submicrometer KCl aerosol,
summarized across all baseline aging experiments for all test filter types. The black curve represents the median PSD, while the shaded
region indicates the IQR (25th–75th percentile). Bimodal lognormal fit parameters are shown in the upper left of (b, d, f).
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The salt stick feed rate sensitivity tests (Figure 8) show a
clear upward trend in peak diameters as the feed rate
increases. The peak number diameter rises from Dem *
78 nm at a feed rate of 5mm min−1 to Dem * 101 nm at
18mm min−1. Similarly, the mass PSDs also shift toward
larger diameters, reflecting the trend observed in the number
PSDs. This behavior aligns with findings from other aerosol
generation techniques (Chen et al. 2019; Neo et al. 2022),
where higher feed rates increase particle diameters. Higher
feed rates promote particle coalescence and agglomeration

due to increased particle–particle interactions. With more
particles generated in a shorter time, collisions and agglom-
eration become more likely, increasing particle size.
Conversely, slower feed rates result in a higher proportion
of small soot particles (Dem < 20 nm) produced by the O2–
C3H8 flame, shifting the PSD toward smaller particles, as
seen at the 5mm min−1 feed rate.

Notably, the peak locations of the number PSDs remain
consistent across different RH levels (Figure 9). However, a
secondary mode around Dem * 150 nm becomes more

Fig. 7. Normalized median (a) number, (b) surface area, and (c) volume and mass PSDs for TAG-generated upstream submicrometer
KCl aerosol at a salt stick feed rate of 10mm min−1; RH of 42.5 ± 2.5%; and volumetric airflow rates of 2000 ft3 min−1 (blue line),
1000 ft3 min−1 (yellow dashed line), and 500 ft3 min−1 (pink dotted line).

Fig. 8. Normalized median (a) number, (b) surface area, and (c) volume and mass PSDs for upstream TAG-generated submicrometer
KCl aerosol at salt stick feed rates of 18mm min−1 (blue line), 10mm min−1 (yellow dashed line), and 5mm min−1 (pink dotted line);
RH of 42.5 ± 2.5%; and volumetric airflow rate of 2000 ft3 min−1.

Fig. 9. Normalized median (a) number, (b) surface area, and (c) volume and mass PSDs for upstream TAG-generated submicrometer
KCl aerosol at a salt stick feed rate of 10mm min−1; RH of 57.5 ± 2.5% (blue line), 42.5 ± 2.5% (yellow dashed line), and 27.5 ± 2.5%
(pink dotted line); and volumetric airflow rate of 2000 ft3 min−1.
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pronounced at 47.5 ± 2.5% and 27.5 ± 2.5% RH compared to
57.5 ± 2.5% RH. This secondary mode shifts the peak of the
mass PSDs toward larger particle diameters at 47.5 ± 2.5%
and 27.5 ± 2.5% RH, with a more pronounced shift at
27.5 ± 2.5%. This finding contrasts with studies (McMurry
and Stolzenburg 1989; Gupta et al. 1993; Weingartner et al.
1995; Reponen et al. 1996; Hu et al. 2010; Cummings et al.
2020) showing that higher RH typically increases particle size
for hygroscopic aerosol. In this case, the PSD shifts for TAG-
generated KCl aerosol may be more influenced by electro-
static charges, likely elevated due to the high-temperature O2–
C3H8 flame. Previous studies (Fialkov et al. 1997; Sgro et al.
2010; Wang et al. 2017) report that high-temperature flames
generate substantial concentrations of charged ions
(-1010 cm−3) that attach to particles, promoting agglomer-
ation and larger particle sizes. However, RH moderates this
process: higher water vapor levels at 57.5 ± 2.5% RH effect-
ively reduce electrostatic charges on particles, inhibiting
agglomeration and resulting in smaller peak diameters.

The shape of the number PSDs for all sensitivity tests
closely resembles those reported in urban environments across
various global regions (Figure 10) (Wu and Boor 2021).
Notably, the number PSDs of TAG-generated KCl aerosol at
an airflow rate of 500 ft3 min−1 align well with urban aerosol
number PSDs measured in Central, South, and Southeast Asia
(CSSA), particularly the prominent peak (Dem * 105 nm).
Additionally, the secondary peak of the CSSA number PSDs
(Dem * 70 nm) is represented by TAG-generated KCl aerosol
at a salt stick feed rate of 5mm min−1, where the peak diam-
eter is Dem * 80 nm. While single TAG-generated KCl aerosol
settings cannot fully replicate multimodal urban aerosol num-
ber PSDs, future work could explore using two TAGs to

simulate bimodal PSDs, more accurately reflecting urban con-
ditions like those in CSSA. The TAG-generated KCl aerosol
also effectively simulates number PSDs observed in East Asia
(EA). Specifically, the PSDs of TAG-generated KCl aerosol at
a 5mm min−1 feed rate closely align with the EA region’s
prominent peak (Dem * 70 nm), corresponding to a KCl peak
diameter of Dem * 80 nm. Overall, the number PSDs of the
TAG aerosol produced by the TAG have peak diameters con-
sistent with those observed in urban environments globally;
however, they are shifted toward larger sizes compared to
those reported in North America, Australia, and New Zealand
(NAAN), Europe (EU), and Latin America (LA).

There is limited literature addressing the generation of sub-
micrometer loading aerosol for full-scale HVAC filter testing.
The normalized number PSDs of alumina (Al(OH)3) dust par-
ticles from Giffin et al. (Giffin et al. 2012) are shown in
Figure 10, highlighting a larger peak particle diameter (Dem *
200 nm) compared to most urban aerosol PSDs and the TAG-
generated KCl aerosol. This difference suggests distinct load-
ing kinetics when Al(OH)3 dust is used, as its larger particles
are likely to promote the formation of more porous dust cakes,
leading to a slower increase in the test filter DP and an over-
estimation of dust holding capacity (Poon and Liu 1997a; Lee
et al. 2001; Giffin et al. 2012; Wang et al. 2016).

Figure 11 compares the normalized volume PSDs of
TAG-generated KCl aerosol with the global median urban
aerosol mass PSD reported by Wu and Boor (2021), as well
as the volume PSDs of standardized loading test dusts com-
monly used in full-scale HVAC filter testing, including ISO
12103-1: A0 to A4 test dusts (Hanley et al. 1994, 1999;
Raynor and Soo 2003; Knobloch et al. 2024). While the
coarse-mode peak (between 1000 and 10,000 nm) of the

Fig. 10. Normalized median number PSDs of TAG-generated KCl aerosol under different experimental settings. These are compared
with median urban aerosol number PSDs from various geographical regions as reported in (1)Wu and Boor (2021) and the number
PSD of Al(OH)3 dust generated and measured in a full-scale HVAC filter loading test stand as reported in (2) Giffin et al. (2012).
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global median urban aerosol mass PSD is less prominent
than the accumulation mode peak (between 100 and
1000 nm), it closely aligns with coarse standardized test
dusts such as ISO 12103-1: A0 and A1. In contrast, the
TAG-generated KCl aerosol more accurately replicates the
accumulation mode peak of the urban aerosol mass PSD,
albeit with a slightly smaller median diameter than in typical
urban profiles. Notably, standardized loading dust PSDs
often deviate from their specification targets (Figure 11). For
example, Kang et al. (Kang et al. 2018) reported that ISO
12103-1: A2 test dust generated using an ISO injector exhib-
ited a broader PSD and shifted toward larger particle diame-
ters due to resuspension and limited deagglomeration. Their
in situ measurements showed a peak diameter of
-35,000 nm, significantly larger than the standard-specified
value. These discrepancies suggest that standardized test
dusts may poorly represent the real-world aerosol exposures
encountered by HVAC filters.

Collectively, the submicrometer KCl aerosol generated by
the TAG more closely matches the submicrometer fraction
of urban aerosol number and mass PSDs reported by Wu
and Boor (2021) than do the standardized ISO 12103-1: A0
to A4 test dusts. While TAG-generated aerosol effectively
replicates the accumulation mode of the global median urban
mass PSD, it lacks the coarse-mode particles needed to cap-
ture the secondary peak observed between 1000 and
10,000 nm (Figure 11). Additionally, the TAG-generated
KCl aerosol PSDs do not consistently align with the exact
peak diameters or shapes of urban number and mass PSDs.
Urban aerosol number PSDs typically exhibit broader, multi-
modal distributions skewed toward smaller particles (e.g.,

NAAN and EU regions), in contrast to the unimodal PSDs
produced by TAG-generated KCl aerosol. These smaller par-
ticles can accelerate increases in filter DP during loading
and reduce dust holding capacity, suggesting that TAG-
generated aerosol may underestimate DP growth and over-
estimate dust holding capacity. Unlike urban environments,
where multiple aerosol sources and transformation processes
yield distinct modes, including a third mode of -350 nm in
the CSSA region, the TAG output at a fixed setting produces

Fig. 11. Normalized median volume PSDs of TAG-generated KCl aerosol under different experimental settings. These are compared
with the global median urban aerosol mass PSD as reported in (1) Wu and Boor (2021); volume PSDs of ISO 12103-1: A0 to A4 test
dusts as specified in ISO (2024) and measured using a light-scattering particle size analyzer; and the volume PSD of ISO 12103-1: A2
test dust generated and measured in situ using a laser-based shadowgraph optical technique as reported in (3) Kang et al. (2018). The
volume PSDs of ISO 12103-1: A0 to A4 test dusts are based on optical diameters (Do), consistent with the use of optical-based meas-
urement techniques.

Fig. 12. Size-integrated number, surface area, volume, and mass
concentrations upstream of the test filter summarized across all
baseline experiments. Bar heights represent median values, and
error bars indicate the IQR (25th–75th percentile). Calculations
are integrated across a size range of Dem ¼ 20 to 982 nm, using
a bulk density of qp ¼ 1.98 g cm−3 for mass concentration
estimates.
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only unimodal distributions. Larger particles in the -350 nm
mode promote surface filtration, thereby slowing filter DP
growth. Furthermore, previous studies (Endo et al. 1998a;
Viswanathan et al. 2015) have shown that the most penetrat-
ing particle size (MPPS) for filters shifts from -200 nm to
-100 nm during loading, further complicating performance
evaluations in regions with prominent larger aerosol modes,
such as CSSA. Despite these limitations, TAG-generated
aerosol remains a substantially better proxy for urban aerosol
conditions than standardized coarse-mode loading dusts.

Size-integrated concentrations and fluxes of TAG-
generated KCl aerosol in the HVAC filter test rig

Figure 12 presents the size-integrated (Dem ¼ 20 to 982 nm)
number, surface area, volume, and mass concentrations of
TAG-generated KCl aerosol. Bar heights represent median
values, while error bars indicate the IQR (25th–75th percent-
ile). Data were compiled from 15 baseline experiments
across various test filter types. The median size-integrated
number concentration is approximately 1.11# 107 cm−3,
which is three to four orders of magnitude higher than typ-
ical urban aerosol number concentrations (103 to 104 cm−3)
(Wu and Boor 2021). Similarly, the size-integrated mass
concentration is elevated by two to three orders of

magnitude compared to outdoor aerosol levels, typically 101

to 102 mg m−3 (Tofful et al. 2021; Wu et al. 2024). This
mass concentration is comparable to levels achieved by load-
ing dusts composed of coarse-mode particles in other stud-
ies, which are on the order of 104 mg m−3 (Lee et al. 2020;
Li et al. 2022). Collectively, the TAG-generated KCl aerosol
successfully achieved the elevated number and mass concen-
trations necessary for the accelerated aging of HVAC filters,
as required by the forthcoming ASHRAE Guideline 35.

The size-integrated concentration fluxes for three volumetric
airflow rate settings of the test rig are shown in Figure 13. Bar
heights represent median values, with error bars indicating the
IQR (25th–75th percentile). These fluxes reflect the estimated
TAG-generated KCl aerosol production per minute, as deter-
mined via SMPS measurements (Dem ¼ 20 to 982 nm) taken
upstream of the test filter. The aerosol mass flux achieved in
the test rig is orders of magnitude higher than those typically
observed in commercial HVAC systems (Wu et al. 2024), and
is comparable to the mass flux of coarse-mode loading dusts
(-106mg min−1) used in other filtration studies (Hanley et al.
1994). Fluxes remain stable between volumetric airflow rates
of 2000 and 1000 ft3 min−1 but decrease at 500 ft3 min−1,
likely due in part to incomplete aerosol intake through the 90$

aerosol injection elbow, which may allow some KCl aerosol to
escape the test rig.

Fig. 13. Size-integrated number, surface area, volume, and mass concentration fluxes in the test rig as determined via SMPS measure-
ments taken upstream of the test filter. Bar heights represent median values, and error bars indicate the IQR (25th–75th percentile).
Calculations are integrated across a size range of Dem ¼ 20 to 982 nm, using a bulk density of qp ¼ 1.98 g cm−3 for mass concentration
flux estimates.
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Characterization of in-duct volumetric airflow rates and
RH in the HVAC filter test rig

The sensitivity tests required three volumetric airflow rate set-
tings: 500 ft3 min−1, 1000 ft3 min−1, and 2000 ft3 min−1. High
stability in volumetric airflow rates was achieved in the test rig
across all setpoints. Median volumetric airflow rates for all set-
points complied with ANSI/ASHRAE Standard 52.2 require-
ments (ASHRAE 2017), maintaining rates within ±2% of the
designated setpoints (Supplementary Figure S7). Slightly
greater variability was observed at the 500 ft3 min−1 and
1000 ft3 min−1 settings, likely due to increased measurement
uncertainty associated with the pitot-tube array at lower air
velocities (Folsom 1956; Klopfenstein 1998). The proposed
loading procedure requires a stricter RH control range (±2.5%)
than the ±10% RH specified in ANSI/ASHRAE Standard 52.2
(ASHRAE 2017), given the significant influence of RH on salt
aerosol properties and filter loading curves. Median RH values
aligned closely with the setpoints: 27.5 ±2.5%, 42.5 ±2.5%,
and 57.5 ±2.5% (Supplementary Figure S8).

Aerosol deposition in the sampling manifold and dilution
factor of the double dilutor

Figure 14 shows the size-resolved total aerosol sample trans-
port efficiencies for particles ranging from Da ¼ 10 to
1000 nm. The sampling system exhibited high transport effi-
ciencies, consistently exceeding 0.95 across the TAG-
generated submicrometer KCl aerosol size range, indicating
minimal particle loss. For particles larger than Da ¼ 100 nm,
transport efficiencies slightly exceeded 1 at volumetric
airflow rates of 1000 and 2000 ft3 min−1, likely due to sub-
isokinetic sampling caused by the in-duct air velocity sur-
passing the sampling air velocity, enhancing the capture of
larger particles. This observation underscores the robustness
of the sampling system for preserving TAG-generated KCl
aerosol characteristics during measurement.

The dilution factor of the double dilutor system positioned
upstream of the SMPS and HR-ELPIþ was experimentally
verified. A CPC measured particle number concentrations
before and after dilution, yielding an observed dilution factor
of 65.6, which closely matches the nominal value of 66.9 for

the two ejector dilutors arranged in series. This dilution effect-
ively reduced the sample aerosol number concentrations to
ranges suitable for measurement with the SMPS and HR-
ELPIþ. Both the total aerosol transport efficiencies and dilu-
tion factors were incorporated into the data analysis and PSD
calculations (Equation 2), ensuring an accurate representation
of the TAG-generated KCl aerosol characteristics.

Conclusions

This study evaluated the integration of a TAG into a full-
scale HVAC filter test rig to generate synthetic submicrome-
ter KCl aerosol for controlled filter loading experiments.
The TAG reliably produced stable and reproducible PSDs
that closely resemble urban aerosol characteristics under
controlled laboratory conditions. Experiments conducted
across varying operational conditions, including volumetric
airflow rate, salt stick feed rate, and RH, demonstrated the
TAG’s robustness in simulating realistic urban aerosol load-
ing scenarios. The results highlight the TAG’s capability to
replicate the Aitken and accumulation modes of urban aero-
sol number and mass PSDs, while acknowledging challenges
in reproducing multimodal distributions and coarse-mode
particles typical of urban environments. This methodology
represents a significant advancement in standardized testing
of HVAC filter loading, bridging the gap between laboratory
experiments and real-world performance evaluations. By
enabling realistic and rapid HVAC filter aging studies, this
approach supports the development and optimization of
advanced HVAC filters to improve indoor air quality, energy
efficiency, and system reliability. Future research efforts
could focus on developing multimodal aerosol generation
systems that incorporate both organic and inorganic compo-
nents, further aligning laboratory-generated aerosol with
real-world urban conditions, such as combining TAG-
generated submicrometer aerosol with different loading
dusts. In addition, the electrostatic charge of the KCl aerosol
warrants further investigation, and the development of
effective neutralization techniques may help minimize charg-
ing effects and improve test repeatability.
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