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Abstract

We compare two aerosol surrogate tracers in aircraft cabins for breathing and coughing sources:
tracer gas collected in the ACER Boeing 767 mock-up and fluorescent particles collected

in an actual Boeing 767 aircraft by the US Transportation Command (TRANSCOM). Each

source was located individually in window and middle seats. Exposure generally decreased with
source distance. A window seat breathing source resulted in good agreement between datasets

for exposure (as percent of release) for the TRANSCOM hangar-AFT testing mode, which
corresponds to the 11-row cabin ACER laboratory space. Average tracer gas exposure for a middle
seat breathing source was higher in the ACER study than the fluorescent particle tracer exposure
in the TRANSCOM study. Using a coughing source in a window seat, the exposure for the
TRANSCOM data was higher within the first two rows from the source before decreasing to and
tracking with the ACER levels, until increasing after about 5 m away. A similar trend was recorded
for a middle seat coughing source with higher overall exposure for the TRANSCOM data. Sources
of exposure variation between the studies include particle deposition. This work helps optimize
aerosol dispersion research in aircraft cabins and provides some validation to the existing studies.

1. Introduction

The ongoing COVID-19 pandemic led to a 94% plunge in the number of airline passengers
in the U.S during the first year of the pandemic due to travel restrictions and the public’s
uncertainty of aircraft cabin air quality according to Airlines for America (2022). Even after
almost two years of the pandemic, the number of flights departing and arriving domestically
within the last two weeks of the year 2021 was down by 18% and 15% compared to
pre-pandemic levels, respectively. The number of international passengers was also affected
with 22% less for departing flights and 28% for arriving flights (Airlines for America,
2022). In terms of number of passengers, the total number of passengers for the year fell
sharply from 2019, to a level the world’s airports had not seen since 1997 (Airports Council
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International, 2021). Industry experts had believed that the efforts to ensure the safety of
all passengers and crews would not start showing impact on the industry recovery before
the year 2024 (Moody’s Investors Service, 2020). However, by the end of 2022, a return to
profitability was forecast for 2023 (IATA, 2022).

According to Sun et al. (2021), this pandemic has motivated more researchers to

investigate disease transmission in aircraft cabins. Aircraft manufacturers, commercial
airlines, government entities, and others have directed their efforts to study this topic

with various goals. Several authors believe that, given the volume of commercial flights
daily, the number of documented incidents of infectious disease transmission on board an
aircraft is infrequent (Mangili & Gendreau, 2005; APHI, 2021). Some authors estimate those
transmission incidents of SARS-Cov-2 to be as low as one case per 27 million travelers
(Bielecki et al., 2021). Yet, even for relatively new diseases such as COVID-19, there have
been well-documented flights describing multiple transmission events and over 2000 flights
with known cases on board (Bielecki et al., 2021).

Various pre-COVID studies pointed to the possibility of disease spread particularly within
rows. Many outbreaks of respiratory diseases that generally transmit v/a aerosols associated
with air travel have been reported, and infectious agents transmitted by person-to-person
droplet contact and airborne transmission of droplet nuclei are the main concern (Committee
on Air Quality in Passenger Cabins of Commercial Aircraft, Board on Environmental
Studies and Toxicology, National Research Council, 2002). Droplet nuclei can remain
suspended in cabin air and can be distributed within an aircraft. Many authors studied the
spread of different infectious substances in aircraft cabins. Several cases of actual on-board
infection transmission have been documented. These include cases of cholera (Eberhart-
Phillips et al., 2002), influenza (Baker et al., 2010; Foxwell et al., 2011; Ooi et al., 2010),
measles (Hoad et al., 2013), norovirus (Kirking et al., 2010), SARS (Desenclos et al., 2004;
Olsen et al., 2003), shigellosis, tuberculosis (Kenyon et al., 1996), and COVID-19 (Eldin et
al., 2020; Hoehl et al., 2020; Qian et al., 2020; Chen et al., 2020; Eichler et al., 2021). In
line with those studies, some authors think that a large number of the reported outbreaks
appear to have occurred on aircraft that were likely in-service before 1990 when HEPA
filters became standard equipment on most commercial aircraft (APHI, 2021). Regardless,
useful information relevant to a pandemic similar to COVID-19 can be gleaned from such
encounters. Since COVID-19 is a highly transmittable disease, the chance of flight-related
transmission of different virus variants could be increased proportionately compared to other
less transmittable diseases. The risk of SARS-CoV-2 infection during a flight has likely
increased since the emergence of the higher transmissibility variants such as Delta and
Omicron (Whitley, 2021). According to Stover et al. (2018), “air travel can serve as a conduit
for the rapid spread of newly emerging infections and pandemics’ due to the large number of
passengers moving domestically and internationally every day.

Fluorescent particles are tracer particles containing any number of organic compounds
named fluorophores and are widely used in medicine, biochemistry, and aerosol research
(MilliporeSigma, 2022; Cospheric, 2022). Fluorescent particles have been used as a tracer in
flow measurements of gases and liquids, using techniques such as laser doppler anemometry
(LDA), particle dynamic analysis (PDA), planer laser-induced fluorescence (PLIF), and
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particle image velocimetry (PIV) (MilliporeSigma, 2022). The utilization of fluorescence
for particle tracing in water and air could be traced back to the 1980’s. Since then, it has
been used widely in different research fields. Yet, particle simulation in general cannot
ensure an accurate modeling of the dispersion of expiratory droplet nuclei between persons,
and the knowledge deficiency and the difficulties attached may decrease the probability

of obtaining reliable results (Ai et al., 2020). Freymuth (1993) used PLIF to visualize
contaminant transport inside a small-scale airliner cabin by injecting a dye of uranine into
the flow and observing its fluorescence under laser illumination. Poussou et al. (2010)
modeled an aircraft cabin with a small-scale water model aiming at studying the influence
of body movement on flow and contaminant distribution inside mock-up cabins, with

and without ventilation. The authors used PIV to measure the velocity field and PLIF to
visualize the contaminant concentration. Sze To et al. (2009) used fluorescent particles

to characterize the dispersion of expiratory droplets inside an aircraft cabin with mixing
ventilation, as well as to understand the effects of the cabin air changes on the dilution and
removal of these particles. Fluorescent dye was allowed to deposit onto surfaces throughout
the aircraft cabin. The dye was then recovered from the surfaces and measured in a
spectrophotometer. Interestingly, 60%—70% of dye mass was collected from within the cabin
using the fluorescent method indicating that deposition may have a large factor in disease
transmission. Rudnick et al. (2009) used fluorescent particles to measure influenza virus titer
before and after disinfection. Using an inverted fluorescent microscope, the authors counted
the number of cells with fluorescent foci to determine the disinfection rate and found that a
2.5-min surface exposure to 10-ppm Hydrogen Peroxide vapor resulted in 99% inactivation.

Tracer gas has been used as a suitable surrogate of exhaled droplet nuclei for studying
airborne transmission. Different tracer gases have been used to study dispersion in different
applications, including aircraft cabins. Zhang et al. (2021) used N,O as a tracer gas and

a CFD model of a seven-row Airbus A320 aircraft to study SARS-CoV-2 concentration

and distribution inside the cabin. The authors quantified passengers’ infection risk using

the susceptible exposure index (SEI) method. The results showed that it took 50 s for the
virus to spread from the breathing carrier to the ceiling of the cabin. For the same breathing
carrier, the adjacent passengers, and the passengers in the back two rows were affected more
than the others. Because of the higher mass fraction, a coughing carrier could spread the
virus up to the front three rows on the same side of the aisle as the virus carrier. Wang et

al. (2006) used CO, to simulate coughing and sneezing of a sick passenger in Boeing 767
mock-up and found that close proximity between the occupants increased the exposure risk,
and that the location of the release source was an important factor affecting the airborne
transmission. Yan et al. (2009) conducted CO, tracer gas experiments in a full-scale Boeing
767-300 mock-up to study the global transport process of contaminated air within the cabin.
The gas was released at the breathing zone of a specified passenger at the rate of 4.5 L/min
for 5 min and sampled for 1000s after the gas was released. The authors placed fourteen
non-dispersive infrared (NDIR) CO5 sensors in two rows around the source to collect the
tracer gas concentration measurements. Wang (2006) used CO», tracer gas to investigate the
airborne transport dynamics of infectious diseases in a five-row section of a Boeing 767-300
aircraft cabin mock-up. To do so, Wang varied the distance between the release source
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and the receptors, changed the location of the release source, and examined the effect of
changing the air supply rate.

The overall objective of this study is to provide information that furthers the understanding
of aerosol dispersion research in aircraft cabins. More specifically, the issue of whether
tracer gas and monodisperse inert particles can represent infectious droplets has been an
important consideration during the pandemic. By comparing tracer gas data to monodisperse
particle data, the current study seeks to make some progress toward addressing the

issue. Because these data were from independent groups under only somewhat similar
experimental conditions, any agreement should be thought of as only partial validation of the
existing studies, in their use of the two tracer types as infectious aerosol surrogates.

2. Methods

2.1. Cabins description

The study conducted by TRANSCOM was performed in an actual Boeing 767 aircraft with
37 rows. Measurements were collected within 8-10 rows of the injection source location.
The system was moved to other cabin sections for subsequent trials. The Airliner Cabin
Environment Research (ACER) laboratory study was conducted in a Boeing 767 cabin
mock-up of 11 rows. The mock-up cabin was constructed using parts from an actual
salvaged Boeing 767 aircraft including the passenger seats, the cabin supply air system,
linear diffusers, and personal ventilation gaspers. In addition, actual Boeing 767 cabin cross-
section and outline were carefully considered while designing the mock-up to accurately
resemble the aircraft cabin geometry.

The ACER cabin mock-up is enclosed within a 24.3 ft x 32.2 ft by 16 ft (7.4 m x 9.8 m by
4.9 m) wooden enclosure as shown in Figure 1. The mock-up has a total inside length of
30.84 ft (9.41 m) and width of 15.48 ft (4.72 m), and a total volume of 2366 cubic feet (67
cubic meters). All measurement instruments were located in two hallways with the sample
lines in the cabin leading out to the right and left sides of the mock-up cabin. Two hallways
on each side of the mock-up allow access to the outside of the cabin walls and provide space
to house equipment and instrumentation. This void, including hallways and areas above and
below the mock-up chamber, serves as an exhaust air plenum for the cabin. Once exhausted
from the cabin mock-up, air is pulled from the plenum through the exhaust fans. Figure 2
shows an inside view of the cabin. The cabin has 11 rows of seats numbered 32 to 42 to
match the US Transportation Command (TRANSCOM) study and distributed longitudinally
with 7 seats in each row. The seats are in a 2-3-2 configuration, separated by two aisles as
designed in a standard Boeing 767 aircraft. The rows are numbered from the front of the
cabin at the front wall to the back of the cabin at the rear wall. The 7 seats columns are
labeled A through L from left to right. This naming style was adopted to match the one used
in the TRANSCOM study (Kinahan et al., 2021) which was provided to them by United
Airlines.

The study conducted by TRANSCOM was carried out in a functional Boeing 767-300
aircraft. The interior dimensions of the cabin cross-section, as reported in the manufacturer’s
manual (Figure 3), are identical to the ACER mock-up cabin. Figure 4 shows the cabin
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during the TRANSCOM study. The aircraft, operated by United Airlines, normally has 37
rows of seats divided into 3 different cabin classes with a total cabin volume of 9320 cubic
feet (264 cubic meters) (United Airlines, 2022). The business class (section) has 10 rows of
seats with 30 seats total. The economy plus (FWD-MID section) has 7 rows of seats with 46
seats total. The economy class(AFT section) has 20 rows of seats with a total of 138 seats.
Hence, the maximum capacity of the aircraft is 214 passengers.

2.2. Cabins supply air description

The ACER mock-up cabin, with 77 seats, was supplied with 1400 CFM (40 m3/minute) of
conditioned air. Fresh air is drawn in from outside and passed through the dehumidifier unit
into the air conditioning unit, which maintains the supply air at 60 °F (15.6 °C). The air

is then delivered to the cabin through the main supply air duct running in the top centre,
along the cabin length. The supply air is then delivered to the linear diffusers that run along
the cabin interior length as shown in Figure 2 in the same configuration as the Boeing 767
aircraft. The air is exhausted at the floor level along the whole length of the cabin through
the side walls to the side hallways. The supply air system achieves 35 ACH and keeps the
average age of particles in the cabin at about 1.7 min. For these tests, the dehumidifier was
not used. Additionally, only fresh single-pass air was used for these tests. Since HEPA filters
are normally used on recirculation air, the air is believed to be pathogen free. However,
tracer gas would not be removed by these filters if recirculation were employed in the
mock-up. Therefore, using 100% outside air is the appropriate configuration for using tracer
gas to accurately simulate pathogen dispersion.

For the tests conducted in the TRANSCOM study, the reported air exchange rate for the
tested Boeing 767 airframe was 32 ACH, or 4979 CFM (141 m3/min). This yields an
average age of particles in the cabin of about 1.9 min. The environment control system
(ECS) achieved approximately 50% of the air exchange through HEPA-filtered recirculation,
and 50% through fresh bleed air. The cockpits and cabins had separate supply systems with
no mixing between them. The air was supplied to the cabin at a temperature between 51.5
and 67.0 °F (10.8 °C and 19.4 °C).

2.3. Tracer, source, and experimental methods description

The study conducted by ACER utilized a tracer gas source and several gas analyzers to
record the gas concentrations in radial directions at different distances away from the
source. Tracer gas was introduced as an aerosol surrogate at the breathing level at different
hypothetical contagious passenger locations and sampled radially up to 3.35 m from the
source for 30 min per location. Two different tracer gas injection methods were used. For
the first method, a 1 inch (25.4 mm) inner diameter copper tube was used as a continuous
injection source to represent a breathing source. For this source type, the tracer gas consisted
of CO; injected at 0.18 CFM (5 L/ min) mixed with He injected at 0.11 CFM (3.07 L/min)
to achieve neutral air buoyancy. The second tracer gas injection method was an automated
coughing manikin designed to simulate a coughing passenger using a CO, tracer gas. The
coughing manikin has a 0.15 ft3 (4.2 L) CO, gas coughing volume and a peak flowrate of
24.16 CFM (11.4 L/s) with the entire cough lasting approximately 1 s.
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A sampling tree was used to decrease the number of required gas analyzers needed to
sample the tracer gas at different locations inside the cabin. The sampling tree is an 11

ft (3.4 m) metal rod composed of 4 equidistant sampling ports as shown in Figure 5 and

is used to collect samples at 4 different locations sequentially. The seats in the mock-up
were equally spaced as shown in the cabin schematic in Figure 6 allowing for the usage of
the sampling tree to measure at each consecutive seat row. Each port is controlled with a
normally closed (NC) SMC Pneumatics NVKF334V-3G 2-way solenoid valve connecting
each of the 4-sampling ports to a common outlet port that was connected to the inlet of a
single CO, analyzer. The ports were opened sequentially, one at a time, allowing for isolated
sampling of 30 min in each location. Each sampling line was made of 304 stainless steel
welded tubing with an inside diameter of 0.2 inch (5 mm). A fifth normally open solenoid
valve was mounted to the manifold in reverse orientation. This allows the tube connected

to the common rail of the manifold on one side and to the CO, analyzer on the other side

to constantly be pulling a sample through to the CO, analyzer when all the sampling ports
were closed. For each tracer gas injection location, the sampling tree was positioned in
several orientations around the source. Several non-dispersive infrared (NDIR) gas analyzers
(WMA-4 and WMA-5, PP Systems International, Inc., Amesbury, MA, USA) were used

to sample the tracer gas inside the cabin. Three WMA-4 analyzers were calibrated to a
full-scale of 2000 ppm and have an analog voltage output with the range 0-5 V which
corresponds to 0-2000 ppm of CO». The fourth WMA-4 analyzer and the WMA-5 analyzer
were calibrated to a full scale of 3000 ppm with the range 0-2.5 V which corresponds to
0-3000 ppm of CO,. A sixth gas analyzer was a custom-made Edinburg Gascard analyzer
with a 0-2000 ppm range and was used to measure the tracer gas concentration in the supply
air. Each gas analyzer was operated at 1 Ipm. The basic principle for all three analyzers is
the same. The analyzer output signals were digitally converted using an Agilent 34970 A
DAC. Table 1 provides further instrumentation details.

A typical test in the ACER study was conducted in the following sequence:

1. Mock-up cabin was operated until thermal steady state conditions were achieved.

2. A pre-test single port data collection period of 20 minutes, without tracer gas
injection.

3. A steady state single port data collection period of 15 minutes, with tracer gas
injection.

4, A testing data collection period of 30 minutes/sampling tree port, with tracer gas
injection.

5. A post-test single port data collection period of 20 minutes, without tracer gas
injection.

The TRANSCOM study was conducted in four days with two days reserved for ground
testing and two days reserved for inflight testing. Of the two ground testing days, one
was reserved for simulating inflight conditions on the ground to achieve more replicates
in additional seats without the need to fly the aircraft. Hence, the only difference between
hangar and inflight tests in the TRANSCOM study is the elevation at which the tests were
conducted. The focus of the TRANSCOM study was to look at the potential for super
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spreader events that would result from aerosol transmission. In the TRANSCOM study,
Fluoresbrite Plain yellow-green (YG) polystyrene latex (PSL) microspheres (Polysciences)
sized at 1 Im were generated using a PulmoMate (fluorescent tracer). The flowrate was
approximately 6 Ipm (S. Kinahan, personal communication, June 6 2022). To sample the
fluorescent tracer particles, a suite of instantaneous biological analyzer and collector (IBAC,
FLIR Systems) discrete particle detectors was used. The instrument samples at 3.5 Ipm,

and reports tracer counts per second. The fluorescent tagged microspheres were generated
for one minute in a breathing pattern using a timing circuit for 2 s on and 2 s off.

The total number of released particles was 180 million particles for both breathing and
coughing tests. The output of the nebulizer cup (Hudson Micro Mist) was plumbed through
a tripod mounted manikin head and reached a velocity of 1.43 m/s at the manikin’s lips

for breathing tests and 12.84 m/s for coughing tests. Table 2 shows the number of tests
included in this paper from both studies. While both studies included a larger number of
conducted tests, only the tests with matching source location, and experimental conditions
were selected for comparison and listed in Table 2. For example, the TRANSCOM study
included terminal testing conditions with the jetway attached to study the exposure levels
during passengers loading and loading. In addition, a ground air cart replaced the aircraft
ECS in some tests to study different supply air mechanisms. The terminal tests configuration
from the TRANSCOM work was not considered since the hangar and inflight tests are with
the testing conditions that closely match these in the ACER tests. To conduct a realistic
comparison, only the tests without the source mask from the TRANSCOM work were
considered in this study. Furthermore, since the TRANSCOM study (Silcott et al., 2020)
noted that ‘overhead gasper supply (on or off) does not make a significant impact on aerosol
risk’, tests with gaspers on and off from the TRASNCOM study were considered.

2.4. Cabin thermal load simulation

2.5. Tracer

Thermal manikins were used in the ACER study to simulate passengers and cabin thermal
load. Each manikin was wrapped with 10 m wire heater elements to generate about 102

W of heat to account for the average sensible thermal output of a resting adult, 70 W
(ASHRAE, 2008), in addition to heat from inflight entertainment systems, avionics, and
personal electronics such as laptops. On the other hand, cabin heat load was not considered
in TRANSCOM tests performed in the hangar and inflight.

gas calculations

To establish a similar basis for comparison, some pre-analysis procedures were applied

to each dataset. For the ACER data, the first step was to express the sampled tracer gas
concentration data in terms of potential exposure as a percentage of mass released (%) rather
than tracer gas concentration (ppm). The second was to normalize the data to a typical
resting passenger inhalation flowrate of 7.5 Ipm similar to the TRANSCOM study rather
than the instruments sampling rate. Eq. (1) was used to convert the ACER data to potential
exposure percentage and to normalize the data to a resting passenger inhalation flowrate of
7.5 lpm.
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Avg: human inhalation rate
Tracer gas flowrate
x 0 Tracer gas concen: sampled — Supply air tracer gas concen: P

Percent Exposure Y
()

The TRANSCOM dataset was expressed in terms of potential exposure percentage versus
distance from the source rather than seat number to establish a source-distance decay
comparison. To do so, a CAD model of a Boeing 767 cabin was used to measure the
distance between tracer particles release and collection locations as shown in the appendix
in Figure Al. Airlines have control over modifying the interior of their aircraft cabins
including seat pitch and width. The dimensions of the United Airlines Boeing 767 cabin
seats were obtained from United Airlines website (United Airlines, 2022). Inspection of Eq.
(1) shows that the ratio of the inhalation rate of a person or the intake rate of a sampling
device to the total emission rate of the tracer into the space will result in small values when
expressed in units of percent. These low values do not indicate low risk, and this is easily
illustrated by considering that the tracer quantity would have much larger values if reported
in units of ppm. Therefore, small differences in percent exposure can fall above or below
important exposure thresholds and should not be thought of as being *within the noise’ of an
experiment.

Table 3 shows a summary comparison between the two studies considered in this work.

3. Results

The tracer gas dispersion results from the ACER study are compared quantitively and
qualitatively versus the fluorescence tracer particles results from the TRANSCOM study.
The objective of this comparison is to evaluate the two different tracer materials as a
surrogate in aerosol research in aircraft cabins.

3.1. Directional measurements

To study the effect of the measurement direction around the source on the exposure inside
the aircraft cabin, the measurements collected at the same distance and direction in the two
datasets were compared. Since a sampling tree was used for the ACER dataset, the tracer
gas measurements in each test were made in a single radial direction from the source. The
sampling tree was rotated by multiples of 45° from the source to cover all possible radial
directions. The TRANSCOM average exposure percentage at each distance and direction
from the source was obtained from the raw data reported by TRANSCOM. The average
exposure was calculated by averaging the exposure percentage of the measurements in the
same sampling tree directions used in the ACER study. Figure 7 shows a sample comparison
of the exposure percentage at the matching distance and orientation from the source (located
at distance zero) between the two studies. In this figure, each sampling tree direction test

in the ACER tests was repeated twice while each direction in the TRANSCOM dataset
included three test replicas. In both studies, a breathing source was located in seat L37.

The insert figure on the left in Figure 7 shows the five sampling tree orientations from the
ACER dataset which were considered as basis for comparison. The insert figure to the right
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shows the matching measurement directions from the TRANSCOM dataset. The legends
show the five measurement directions for each dataset. The solid legend lines with square
markers represent the ACER dataset, and the dashed lines with circle markers represent

the TRANSCOM dataset. By filtering the TRANSCOM dataset, only the measurements
collected in those five directions, and at distances matching those used in the ACER dataset
were considered. A similar comparison was constructed for all breathing and coughing
source locations with the source in window and middle seats.

Figure 7 shows the source-distance decay model for both tracer types. The lines connecting
the average measurement for each tracer type are to demonstrate the source-distance decay
trend and not a curve fit trendline. The figure shows the general exposure decay away from
the source at all orientations for both tracer types. The exposure in the lateral direction

was the best match between the two datasets. For the rest of the sampling tree directions,
exposure is better matched between the two studies in the farfield compared to near the
source.

3.2. Non-directional measurements

Figures 8-10 show the average exposure percentage versus distance from the source for
both ACER and TRANSCOM datasets without regard to measurement directions. The
experimental sets in Table 2 are divided into two general categories: tests conducted using
a breathing source and tests conducted using a coughing source. Each category is further
broken down to two additional categories. Namely, tests conducted with the source in

a window seat and tests conducted with the source in a middle seat. For this analysis,
both datasets were filtered to include all the measurements collected at all distances in all
directions from the source.

3.2.1. Breathing source tests

3.2.1.1. Window seat tests.: Three replication tests were performed for each of the three
TRANSCOM test configurations in this category: (a) inflight tests with the source in the
forward part of the middle section of the cabin (FWD-MID) in seat 18 L, (b) hangar tests
with the source in the FWD-MID section in seat 18 L, and (c) hangar tests with the source

in the rear or aft section (AFT) in seat 37 L. On the other hand, two replication tests were
performed for each of the tests conducted in the ACER hangar study covering different
sampling orientations. Those tests were performed with the source in the AFT section of the
cabin mock-up with the source in seat 37 L. Figure 8 shows the average exposure percentage
vs. distance from the source for each test category in the TRANSCOM and ACER studies.
The legends in Figure 8 shows each test configuration for each dataset. For visualization
purposes, a third order polynomial was fitted through the data points of all the configurations
to show the trend.

Figure 8 shows that the Hangar-AFT configuration from the TRANSCOM dataset is the
one with the best match to the ACER configuration. This similarity might be due to the
window source being farther away from the supply air diffusers, which run along the center
of the Boeing 767 aircraft type, as shown in Figure 2. The supply jet creates a somewhat
unstable pair of counter-rotating vortices, and the window seat is farther from this influence
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that may create directional fluctuations in tracer measurements. The window seat source
comparison is expected to show better agreement, due to smaller fluctuations, than the
middle seat source, which is closer to the supply jet. By comparing potential exposure for
hangar configurations in different cabin sections, there seems to be a variation in exposure
for sources in the AFT and the FWD-MID sections. Figure 8 shows that for the same
breathing source type, the exposure percentage in the AFT section of the cabin was higher
than the FWD-MID section. The figure also shows that there was not a noticeable difference
in the source-distance decay model between the inflight FWD-MID and the hangar FWD-
MID configurations which could indicate that the elevation difference did not have a great
influence on the exposure in the cabin for this particular test configuration.

3.2.1.2. Middle seat tests.: Three replication tests were performed for each of the four
TRANSCOM test configurations in this category. The test configurations were inflight and
hangar tests with the source independently located in the FWD-MID section in seat 18E, and
in the AFT section in seat 37E for both testing modes. Two replication tests were performed
for each of the seven tests of different sampling tree orientations in the ACER study. Those
tests were performed with the source in the AFT section of the cabin mock-up with source
on seat 37E. Figure 9 shows the average exposure percentage vs. distance from the source
for each test category in the TRANSCOM and ACER studies. For visualization purposes, a
third order polynomial was fitted through the data points to show the trend.

Figure 9 shows that the exposure percentage for all TRANSCOM test configurations was
lower than those of the ACER configuration. The ACER exposure had a uniform source-
distance decay curve away from the source. Similar to the window seat source in Figure

8, potential exposure from sources located in different cabin sections is not necessarily the
same. By comparing potential exposure for hangar configurations in different cabin sections,
there seems to be a variation in exposure when the source was placed in the AFT and the
FWD-MID sections. For the same breathing source type in the hangar mode, the exposure
percentage in the AFT section of the cabin was higher than the FWD-MID section. For

the inflight test mode, an opposite observation is noticed for the nearfield measurements

up to about 2.52 m (3 seat rows) away from the source. At further sampling locations, the
exposures at the AFT section become higher than the FWD-MID section. This is possibly
due to the bulkhead that exists at the FWD-MID section which affects the airflow within its
vicinity. Compared to the window seat source in the TRANCOM data, changing the testing
mode between inflight and hangar modes had an influence on the exposure inside the cabin.
For the AFT cabin section, the exposures were higher in the hangar mode. On the other
hand, the exposures were higher in the inflight mode for the FWD-MID section of the cabin.
For example, the exposure percentage at 1 row away (0.84 m) from the source located in
the FWD-MID section increased by 80% in the inflight mode compared with the hangar
mode. Variations in replicates under the same testing conditions are expected, and more
variation may be due to different weather conditions, and ECS heating or cooling modes.
Furthermore, elevation, cabin pressurization and temperature gradients may cause different
airflow patterns as indicated in the TRANSCOM study.
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3.2.2. Coughing source tests

3.2.2.1. Window seat tests.: The TRANSCOM study had a limited number of tests with

a coughing source. Three replication tests were performed inflight with the source in the
FWD-MID section in seat 18 A. Three hangar test replications were performed in the ACER
study with the source located in seat 37 A. Figure 10 shows the average exposure percentage
vs. distance from the source for each TRANSCOM and ACER test configurations. For
visualization purposes, a third order polynomial was fitted through the data point of both
studies to show the trend. The TRANSCOM data show an initial decrease in exposure with
distance from the source and then an increase farther away. This suggests a large-scale
circulation of the plume that removes contaminant from the nearfield by transporting it to

a location in the farfield. The lab tracer gas results might indicate some of this circulation
behaviour, with first a small increase with distance from the source, then a small decrease.
The cough results are clearly higher in TRANSCOM, with a maximum of 0.011% compared
to 0.0011% for the tracer gas, an order of magnitude.

3.2.2.2. Middle seat tests.: Three inflight test replications were performed in the
TRANSCOM study with the source in the AFT section in seat 37E. In the ACER study,

3 hangar test replications were performed with the source in the AFT section in seat

37E. Figure 11 shows the average exposure percentage vs. distance from the source for

each TRANSCOM and ACER test configurations. For visualization purposes, a third order
polynomial was fitted through the data point of both studies to show the trend. As with the
window seat results in Figure 10, the middle seat source results in Figure 11 show an initial
decrease followed by an increase with distance in the TRANSCOM data. The tracer gas data
do not show a clear trend other than approximate uniformity with distance, where a possible
interpretation is more complete mixing of gas than of particles. The TRANSCOM data were
clearly higher than the ACER lab tracer gas data.

4. Discussion

4.1. Particle deposition

Factors that could explain variations in gas exposures and aerosol dispersion characteristics
in the two datasets include inherent differences between tracer gases and solid particles,
along with other experimental conditions. The TRANSCOM study reported a maximum
deposition rate of 0.005% of the emitted particles, scaled to a square foot for tests
conducted in the inflight breathing mode in the Boeing 767 aircraft. For the same dataset,
the minimum, average, and maximum exposures were 0.0003%, 0.0041%, and 0.0114%,
respectively. The small numbers in and of themselves do not necessarily indicate low risk.
On the other hand, due to the nature of gases, deposition was not a measurable quantity in
the ACER study. Furthermore, the CO, tracer gas was mixed with helium to achieve neutral
buoyancy in the cabin air. The particle deposition effect clearly was a major factor in the
exposure values being higher in the ACER study than in the TRANSCOM study.

4.2. Experimental independence

The ACER tracer gas study and the TRANSCOM study were conducted by independent
groups. Data from the two studies were collected in a cabin with 11 rows at ground level
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(ACER) rather than a real operating plane (TRANSCOM), sometimes at ground level and
sometimes in flight. Actual flights would include solar radiation, ambient air conditions,
cabin pressurization and aircraft motion. Still, the TRANSCOM study deviated from actual
passenger flights in not accounting for passenger thermal plume effects in tests conducted
inflight and in the hangar, while acknowledging that ‘heating vs. cooling modes had the
potential to drive airflow direction differently.” The TRANSCOM study did use some
heating blankets in their terminal testing mode, but these data are not considered in the
current paper because some testing conditions differed greatly, such as the cabin door being
open.

4.3. Experimental error

Experimental errors in each study could also explain differences in the reported exposure
data. In the TRANSCOM study, in addition to the variability due to the statistical nature

of particle movement, instrument error in the number of particles counted for the release
and the seat sampling would of course directly affect the calculated exposure, although

the current study presumes no knowledge of such errors, if any. Fluorescent particles were
counted over an interval of six minutes. Based on the average residence time in the cabin,
this might not be long enough for all the released particles to be either captured by the
instruments, deposited on surfaces, or removed in the exhaust. Experimental procedures
from the ACER study could also have created errors that influenced the results. Those
might include a measured CO5 injection flowrate lower than the actual, a CO, gas analyzer
reading higher than the actual, and a supply airflow measurement lower or higher than
actual lab conditions. Any of these possible errors would have affected the exposures, as
source injection percentages. A total of 54 experiments were conducted, and a detailed error
analysis is reported in Mahmoud (2021). Figure 12 is included to summarize the uncertainty
at the six positions along the sampling tree. Noteworthy is how the uncertainty was highest
where the tracer gas measurements were lowest—farthest from the source.

4.4. Dispersion variability

While all the above factors could affect the comparison, the dominant factor likely is the
inherent variability of the dispersion phenomena. From one test to the next for the same
location and conditions in the ACER study, variations in results were far larger than could
be explained by experimental errors were common. Additionally, for a given location, the
concentration profile could be very different in different directions, especially front to back
even though the cabin ventilation flows were designed to be balanced longitudinally and
there are no intended net longitudinal flows. Additionally, smoke visualization was used

to qualitatively study the flow patterns in the cabin mock-up (Shehadi et al., 2018). This
visualization showed that the patterns are chaotic and unpredictable— unlike the animated
flow arrows and laminar descriptions in some popular media stories (Grondahl et al., 2021;
Read, 2020). For example, complete reversal in direction locally is not uncommon and can
last for many seconds, even minutes. Local flow patterns, particularly those in the vicinity
of the source can have a large impact on the local dispersion of tracers. Additionally, the
visualization shows that the injected markers tend to flow in plumes rather than being
uniformly dispersed. Given this plume nature of the dispersion, small differences in location
can have large effects on the concentrations of injected markers. A cabin study emphasizing
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long measurement durations (Grote, 2023) observed extreme variation in tracer results
among tests of the same injection types, notably in the continuous injection regime. These
behavioral shifts in carbon dioxide response provide some evidence for the presence of what
may be called metastable flow structures. For these reasons, it is unrealistic to expect close
agreement between small numbers of tests conducted in different cabins at different times or
in different facilities. However, general comparisons about the nature of the dispersion can
be made.

The overall uncertainty, expressed as standard error of the time series average, in the ACER
tracer gas samples ranged from 6% closest to the source to 20% at the farthest sampling
points. The 42 IBACs used in the TRANSCOM study were pre-calibrated against a referee
IBAC, and the fluorescent particle counts matched to within an average variance of £10%.
These samples had a standard error of the mean of 0.0014 percentage points in the economy
cabin sections and 0.0010 percentage points in first class, as reported in Kinahan et al.
(2021). The standard error of the mean of the number of particles released (1.8x108), was
1x107, and the standard deviation in the number of released particles was 1.7x107. The
TRANSCOM study did not report the overall uncertainty, which includes factors such as
the supply air flowrate. Yet, the error could be within uncertainties expected in simulating
particle dispersion using tracer gas, according to Ai et al. (2020).

4.5. Gas and particle tracer emission

Despite both studies utilizing coughing manikins with a similar cough release velocity, the
dispersion pattern and the calculated exposure percentage differed by tracer type. To achieve
the cough velocity, TRANSCOM used a mouthpiece that accelerated the flow from the
breathing velocity up to the coughing velocity, while using the same duration and cycle for
coughing as for breathing: one-minute emission duration, cycling as two seconds on and two
seconds off. Conversely, ACER used a coughing manikin that produced a cough every 75 s,
with every cough lasting one second. Although both studies tried to get close to simulating
an actual human cough, neither method generated tracer that accurately represents particles
generated during a real cough.

4.6. Patterns of dispersion

By comparing the dispersion characteristics between the two datasets, a few points can be
highlighted. The general source-distance decay model seems to be similar for both datasets,
in that tracer concentration decreases as distance from the source increases. This behavior
was evident in all directions around the source, as shown in Figure 7. Notably, in some

test conditions in both studies, tracer concentrations further away exceeded measurements
nearby the source. An example is the measurements collected with a breathing source in
the middle of the cabin, in the inflight-AFT mode in the TRANSCOM study, as shown in
Figure 9. Similarly, for both coughing source locations in both studies, Figures 10 and 11
show a similar phenomenon. The cough momentum could explain increased concentrations
at locations farther from the source in those tests. On the other hand, for the breathing source
tests, the inherent airflow pattern inside aircraft cabins, which tends to have swirls and
eddies, could direct the tracer gas in a specific direction causing local anisotropic elevated
concentrations. A detailed analysis, including a smoke visualization of this phenomenon in
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the ACER cabin, is reported in Mahmoud (2021), and a similar phenomenon was described
in other studies, such as (Silcott et al., 2020).

For both studies, measurements collected at the same distance but in different orientations
around the source were not necessarily the same, nor were they the same at a single location
in subsequent trials. This is typical for measurements collected nearby the source and not
farther away from the source where less variation between individual measurements were
recorded. Figure 7 shows that the average exposures for two equally spaced seats (F39

and F35) from the source in the TRANSCOM study are 0.033% and 0.010%, respectively.
Observations in the ACER study also varied at most of the source-distance values shown.
Zhang et al. (2021) used a CFD model of a seven-row Airbus A320 aircraft to look

at SARS-CoV-2 spread in the cabin. They reported that the adjacent passengers and the
passengers in the back two rows are affected more than the others when a source passenger
breathes normally. Also, Lei et al. (2017) showed that passengers in aisle seats had a higher
norovirus infection risk from fomites than others when traveling with a virus carrier in

the same aircraft cabin, and the predicted infection risk from the fomite route for aisle

seat passengers was 2.2 times higher than that for non-aisle seat passengers. It is worth
mentioning that variations between different airframes and testing conditions could result
in different dispersion patterns. Hence, a generalized dispersion model would not likely
describe all the transmission scenarios.

By looking at Figures 8 and 9, the exposure amounts and distribution patterns differ for
window vs. middle sources, for both datasets. The authors of the TRANSCOM studybelieve
that ‘while there is a measurable difference in middle vs aisle or window seat, results

show that this relative exposure risk is not generalizable and depends on location and seat
throughout the cabin’ (Kinahan et al., 2021). Yet, it might be essential to quantify the impact
of these exposure differences in the case of highly communicable diseases, since large
reductions in local particle counts compared to the total released is to be generally expected
in indoor environments.

5. Conclusion

This paper analyzes two different tracer types used as aerosol surrogates in studying
exposure in aircraft cabins by comparing two published datasets. The first dataset is from a
tracer gas study conducted at the ACER laboratory in a Boeing 767 mock-up. The second
dataset is from a fluorescent particles study conducted by TRANSCOM in an actual Boeing
767. The comparison between the two tracer types shows a general source-distance decay
away from the source at all orientations for both tracer types. For a window seat breathing
source, there was good agreement in exposure percentage when the TRANSCOM testing
mode was the hangar-AFT. For a middle seat breathing source, the average exposure using
tracer gas was higher than the four test configurations in the TRANSCOM study. Using a
coughing source in a window seat, the TRANSCOM exposures were higher within the first
two rows from the source, before coming down to the ACER levels up to about 5 m away.
A similar trend was recorded for a middle seat coughing source with higher overall exposure
for the TRANSCOM data.
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The comparison showed three broad trends. Firstly, exposure generally yet inconsistently
decreased with distance from the emission source. Secondly, the ACER laboratory tracer gas
results were a higher percentage of the mass released at breathing velocity than were the
TRANSCOM particle results; however, the TRANSCOM particle results were higher than
the ACER gas results when the emission was at cough velocity. Thirdly, exposures at each
specific measurement location were below approximately 0.3% of the total mass released
but varied greatly within this range. There are several sources of variation in exposure
estimation between the two studies including particle deposition. Given the chaotic nature
of the local airflow patterns in the aircraft cabin and the resulting unpredictability of the
patterns for a given locations, these differences between the two datasets are not unexpected.
Perhaps the most important consideration is that, overall, the quantitative results are similar
enough, even though very different experimental methods were used, i.e. DNA-tagged
fluorescent particles vs tracer gas, to give some confidence that both studies, conducted by
independent groups, generated reliable data. A recommendation for future research is the
direct comparison of airborne exposure patterns for particles and tracer gas under otherwise
identical conditions in air travel environments.
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Boeing 767 economy cabin seats approximate spacing for middle and window sources.

Data availability statement

The TRANSCOM study data are publicly available at: https://figshare.com/articles/dataset/
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publicly available through Seif Mahmoud’s dissertation at: https://krex.k-state.edu/handle/
2097/41398. The data from every experimental trial, including those used in the current
paper, appear as individual graphs in the dissertation. One reference (Grote) is a masters
thesis publicly available at: https://krex.k-state.edu/handle/2097/43040.
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HIGHLIGHTS

. Laboratory cabin tracer gas (ACER) and real aircraft tracer particle results
(TRANSCOM) differed significantly due to deposition and chaotic airflow
patterns.

. All individual seat measurements were below 0.3% of total released mass.

. Tracer gas measurements were higher than particle results for a breathing
source. Particle results were higher than tracer gas results for a coughing
source.

. Measurements showed large variability near sources and general decrease

with distance.
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Figure 1.
Wooden enclosure around the mock-up.
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Figure 2.
Inside view of ACER mock-up.
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Figure 3.
Boeing 767 cross-section (The Boeing Company, 2005).

Int J Vent. Author manuscript; available in PMC 2024 December 01.

213 IN
(5.41 M)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mahmoud et al.

Figure 4.
Inside view of the TRANSCOM aircraft (Kinahan et al., 2021).
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Figure 5.
Tracer gas sampling tree. Vertical copper sampling tubes are indicated by white circles. The

pneumatic controller is shown on the left.
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Figure 7.
Exposure along each sampling tree direction for a breathing source in window seat 37 L for

the TRANSCOM and ACER studies. The positive direction is always aligned with the tree,
the source is at 0, and the negative position is in the direction opposite the tree.
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Figure 8.
Non-directional average exposure from a window seat source vs. distance for each

TRANSCOM and ACER test configuration. Insert highlights smaller scale variation
between the hangar and the inflight modes at the FWD-MID section of the TRANSCOM
dataset that are obscured in the larger figure.
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Figure 9.

Non-directional average exposure from a middle seat source vs. distance for each
TRANSCOM and ACER test configuration.
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Figure 10.

Average exposure percentage per distance for TRANSCOM inflight tests in the FWD-MID
section compared to the ACER hangar-AFT condition, each for a window seat source.
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Figure 11.

Average exposure percentage per distance for TRANSCOM inflight tests in the AFT section
compared to the ACER hangar-AFT condition, each for a middle seat source.
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Figure 12.

Uncertainty percentage of the tracer gas concentration increase above supply air
concentration for each sampling location.
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Table 1.
CO2 sampling system uncertainty and range.
Model/Instrument Uncertainty Range
Edinburgh Gascard NG 2% of range (accuracy) 0-3000 ppm

PP Systems WMA-4

PP Systems WMA-5

Agilent 34970 A DAC

0.3 at zero, 1.5% at span (repeatability)

<1% at span (repeatability) 0-2000 ppm
20 ppm (accuracy)

<1% at span (repeatability) 0-3000 ppm
30 ppm (accuracy)

0.0035% of reading p 0.0005% of range 10 Volts
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Table 2.

Total number of tests, cabin section, and source seat location for each experimental configuration considered
in this work for both studies in comparison.

Experimental Sets

TRANSCOM 767

TRANSCOM 767 Breathing Coughing ACER Breathing ACER Coughing
Tests with a window seat Hangar Tests Inflight tests Hangar Tests Hangar Tests
source
3testsin AFT: 3 tests in FWD-
37L MID: 18L
Inflight tests 3 tests in FWD-MID: 10 in AFT: 37L 9 tests in AFT: 37A
18A
3 tests in FWD-MID: 18L
Tests with a middle seat Hangar Tests Hangar Tests Hangar Tests Hangar Tests
source
3testsin FWD-  3testsin AFT:
MID: 18E 37E
Inflight tests 3 tests in AFT: 37E 14 in AFT: 37E 21 tests in AFT: 37E

3testsin FWD-  3testsin AFT:
MID: 18E 37E
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A summary comparison between the ACER study and the TRANSCOM study.

TRANSCOM 767 Breathing TRANSCOM 767 Coughing ACER Breathing ACER Coughing
Cabin Volume (mq) 264 67
Ventilation (ACH) 32 35
Average age of 1.9 17

particles in the cabin
(min)

Ventilation type
Tracer type

Breathing/ coughing
flowrate, Frequency

Breathing/ Cough
stream velocity

Sampling instrument
flowrate

Deposition rate

50% Fresh air and 50% recirculated through HEPA filters
Fluorescent particles
Approximately 6 Ipm, 1-min continuous: 2 s on and 2 s off.
1.43 m/s 12.84 m/s

3.5 Ipm, outputs every second

A maximum of 0.005% of ejected DNA tracer particles scaled to a
square foot

100% Fresh air

Tracer gas
5Ipm CO;,p 3 4.2 Ips CO, per
Ipm He, Continuous cough, 1 cough every
injection 75s
0.53 m/s 12.32 m/s

0.4 Ipm, outputs every second

N/A
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