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Abstract

Respiratory bioaerosol deposition in public transport cabins is critical for risk analysis and control
of contact transmission. In this work, we built a two-row four-seat setup and an air duct system to
simulate a cabin environment. A thermal manikin on the rear left-hand seat was taken as the
infected passenger (IP) and “coughed” three times through a cough generator. The deposited
viruses and droplets on nearby seats were measured by a cultivation method and microscope,

respectively. The effects of seat backrest and overhead gasper jet were studied. Results showed
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that the number of deposited virus on the front seat was one order of magnitude higher than that on
other seats which only contained droplets smaller than 10 um in diameter. When the backrest was
15 cm higher than the cough, the deposited number of viruses was reduced to 5% of that with the
backrest at the same height with the cough. The gasper jet above the IP with a velocity of 1.5 m/s
can reduce the deposited viruses to 4% of that with gasper off. It indicates that both the gasper jet
and backrest can work as mitigation measures to block the cough jet and protect the nearby

passengers.
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Practical implications

e The high number of deposited viruses on the front seat area indicates that people should
pay special attention on front seat in surface hygiene.

e The seat backrest can effectively block the cough jet and protect the passenger from direct
exposure to cough jet, and the minimum height of the backrest should cover the passenger’s
head.

e The gasper jet can bend and prevent the cough jet from directly entering the regions of
nearby passengers, so it is suggested to turn on all gasper jets in all passenger seats in order
to mitigate infection risk.

e The reduction of bioaerosol deposition and the thermal comfort is possible to be fulfilled
simultaneously by locating the gasper jet in the middle of the space between two rows of
seats.

e The detailed distributions of viruses and droplets can be used to verify the computational
fluid dynamics (CFD) models for short-range bioaerosol deposition and to evaluate the

infection risk of contact route.



1 INTRODUCTION

Infectious disease transmission in public transportation (e.g. buses, trains, and airplane cabins) has
attracted a lot of research interest . Passenger cabin is an enclosed indoor environment with
special geometric setup and high occupant density, which increase the risk of respiratory disease
transmission, such as influenza, SARS, and COVID-19 **. Respiratory activities of infected
passengers, e.g. cough, are initial sources of respiratory pathogens in a cabin environment.
Released bioaerosols will be dispersed in the cabin and inhaled by other passengers and cause
infections, and the transmission through this process is called airborne route. Some bioaerosols
may directly deposit on the facial membranes of other passengers by spraying and cause infections,
and this transmission process is called droplet route. There is also another transmission route called
contact route which refers to the deposition of bioaerosols on surfaces in the cabin and
transportation of the pathogens to the facial membranes by hand touching. The contact transmission
is one of the important routes of respiratory disease transmission ®’ and it can happen over the
whole cabin by touching. Deposition of respiratory viruses was the first step of the contact
transmission but was less studied. Understanding the respiratory bioaerosol deposition and
distribution in a cabin environment is critical for surface hygiene and mitigating the infectious

disease transmission.

The deposition of cough droplets highly depends on the cough jet dynamics. For a cough jet, the
released cough droplets firstly travel forward as a jet with large momentum and high number
concentration #°. Large droplets quickly deposit on nearby surfaces (within around 2 m) because
of the large gravitational and inertial forces, while smaller airborne droplet nuclei can disperse
further away following background airflows with decreasing number concentration **. Therefore,

in a cabin environment, the deposition on seats far away from the source should be mainly from



the airborne droplet nuclei. Many researchers have focused on modelling the airborne aerosol
deposition on indoor surfaces '**8. For nearby seats within 1-2 m of the infected passenger, the
deposition should be mainly from the inertial impaction due to the large inertial force. It will result
in high volume of respiratory fluid on nearby surfaces, indicating a higher infection risk to
passengers compared with the seat far away. Thus, a detail study on the bioaerosol deposition and

distribution on nearby seats is essential.

Much research has been done about the respiratory aerosol dispersion in public transport cabins.
Many works were conducted in aircraft cabins. Zhang and Chen (2007) * investigated the effect
of mixing ventilation, under-floor displacement ventilation, and a personalized ventilation on
transporting contaminant. Sze-To et al. (2009) *° and Gupta et al. (2011) # studied cough droplet
temporal and spatial dispersion. Some works studied aerosol dispersion in trains. Zhang and Li
(2012) *# studied cough droplet dispersion under four different ventilation conditions in a high-
speed rail cabin. Yang et al. (2018) 2 studied the effect of diffuser types on contaminant transport
in a high-speed train cabin. Some studies were conducted in buses or cars. Zhu et al. (2012) *
investigated airborne aerosol transportation under three mixing ventilations and a displacement
ventilation. Yang et al. (2020) » studied respiratory droplet dispersion pattern in a coach bus under
different diffuser directions, relative humidity, and droplet sizes. Mathai et al. (2021) ?® studied
aerosol transportation between the driver and passenger in a car and evaluated the effect of
windows on the dispersion of aerosols. Above mentioned studies mainly focused on airborne
droplet nuclei dispersion in the whole cabin and the bioaerosol deposition was not involved. Sze-
To et al. (2009) ° and Wan et al. (2009) ' studied both the cough droplet dispersion and deposition
in an aircraft cabin mock-up. They measured the overall deposition fraction on each seat and

passenger but the detailed droplet distribution on nearby seats, such as the highly touched surface



of top surface of a seat backrest and head area of the passenger, is yet to be studied. Furthermore,
some parameters in cabins, such as the seat setup and overhead gasper jet, can also affect the

bioaerosol deposition on nearby surfaces but have not been considered in their studies.

In different cabin environments, the relative height between seated passengers and seat backrests
varies, and the distance between two seat rows is also different. When the relative height changes,
the backrest may partially or fully block the cough jet. The relative distance between two seat rows
also affects the impaction of cough jet and deposition of bioaerosols. Wang et al. (2020) ?® studied
the bioaerosol deposition from a cough on a front plate with different relative angles and distances.
They identified the impaction region on the front plate with high bioaerosol concentration and
suggested that the plate can block the cough jet and protect people behind. The setting of the front
plate is analogous to a seat backrest, thus their result provides the base in studying the deposition
of bioaerosol on backrests in a cabin. However, it is possible that the cough jet by-passes the
backrest causing bioaerosol deposition on the passengers behind. Therefore, the effect of seat
arrangement on deposition of bioaerosol on nearby seats and passengers is important for the

infection control in a cabin environment but remains unknown.

Gaspers are typically installed above passengers’ seats to provide proper thermal condition in cabin
environments. The flow rate and direction of the gasper are, sometimes, adjustable by the
passengers. The gasper jet can directly interact with the cough jet and affect the droplet deposition.
Guo et al. (2014) *°, Dai et al. (2015) 3°, and Shi et al. (2016) 3! studied the flow characteristics of
the gasper jet such as velocity profile and turbulence intensity in a cabin. Li et al. (2018) * studied
the effect of the main ventilation on the gasper jet by particle image velocimetry. Li et al. (2015) *
investigated the effect of the gasper jets on thermal environment and contaminant transport (i.e.

tracer gas). These studies indicated the dominant effect of gasper jet on surrounding environment.



However, the effect of gasper jet on cough jet, which has the same order of magnitude of the gasper
jet, has not been studied yet. The gasper jet in public transport cabins can be regarded as a
personalized ventilation. Researchers found that a well-designed personalized ventilation can
effectively block the cough droplets and protect the user ***’. The overhead gasper nozzle diameter
is around 1.8 cm for aircraft cabin and around 5 c¢cm for buses, which are much smaller than the
diameter (e.g. 10 cm) of a well-designed personalized ventilation. The performance of the overhead

gasper jet on reducing bioaerosol deposition and protecting passengers is unknown.

In this work, a two-row four-seat setup together with an air duct system were built in a conditioned
room. Cough was chosen as the bioaerosol source because it is a violent respiratory activity that
releases numerous high velocity bioaerosols and there is a high risk to contaminate the nearby
surface by deposition. The purposes are to investigate the bioaerosol deposition and distribution
from a cough on nearby seats and study the effects of seat geometric setup (height of backrest and
distance between two rows) and overhead gasper jet (velocity, position, and status of open or
closed). Bacteriophage T3 was added into artificial saliva solution to represent respiratory viruses.
Number concentration of recovered virus and deposited droplet was measured to characterize the

deposition on nearby seats and passengers.

2 MATERIALS AND METHOD

2.1 Experimental setup and studied cases

Four seats and four identical seated thermal manikins, as shown in Fig. la, were prepared and
located in a conditioned room with temperature of 20°C + 1°C and relative humidity of 67% =+ 4%.
The relative humidity was close to the real condition of trains and buses, but it was higher than the

average relative humidity of 17.9%-27.0% in aircraft cabins *. Top view of the tested room was



shown in Fig. 1b. The outlet was located at the lower area of side wall. The two inlets were located
at ceiling. The size of the room was 8.7 m x 2.9 m x 3.7 m (L x W x H). Background airflow
velocity at the area of the experimental setup was less than 0.1 m/s measured by a flow meter
(7575-X, Q-track, TSI, USA). The manikin at the rear left-hand seat was considered as the infected
passenger (IP). The other three manikins were considered as the healthy passenger (HP). The
manikin at the front left-hand seat was denoted as HPy. The manikin at the front right-hand seat
was denoted as HP>. The manikin at the rear right-hand seat was denoted as HP3, as shown in Fig.
la. A cough generator was installed in the mouth of the IP to simulate coughing processes. It was
the same one used in our previous work ?2. The releasing velocity of cough droplets was around 12
m/s which is similar to the average cough droplet velocity of 11.7 m/s. The size distribution was
similar to a real cough with the peak size of 10-20 um . Backrests of the four seats were made
from polyfoam with width of 45 cm and thickness of 11 cm. A 1 cm gap was left between the
backrests in the same row. An air duct system was built and put above the passengers. It has four
identical gaspers with a nozzle diameter of 5 cm which were the same as that used in buses as

shown in Fig. la.

Four relative heights of backrest, H, were studied: -15, 0, 15, and 30 cm, for which the value was
compared with the height of the IP’s mouth. The H of 15 cm meant that the backrest was 15 cm
higher than the mouth and just covered the whole head of the manikin. Three relative distances
between the front backrest and the IP, D, were investigated: 20, 50, and 80 cm. Four velocities, V,
of the IP’s gasper jet were studied: 0, 0.75, 1.5, and 2.5 m/s. Two statuses of HP’s gasper were
denoted as ‘open’ and ‘closed’ with velocity ¥ of 1.5 m/s and 0 m/s, respectively. The velocities
of'the IP’s and HP’s gasper jet were measured beneath the gasper with the same height as the cough,

as shown in Fig. 1b. The IP’s gasper can be moved back and forth at the same height and the gasper



jet was always directly downward at a 90° angle for studied cases. Three locations were studied:
near the HP, in middle, near the IP as shown in Fig. 1b. In total, five parameters including 13 cases
were studied, as listed in Table 1. The cases 1, 2, 3, and 4 focus on the effect of H; cases 2, 5, and
6 focus on the effect of D; cases 2, 7, 8, and 9 focus on the effect of V; cases 2, 8, 10, and 11 focus
on the effect of the position of the IP’s gasper jet; cases 2, 11, 12, and 13 focus on the effect of the

status of the IP’s and HPs’ gasper (open or closed).

2.2 Experimental procedure and schematic diagram of sampling

In the experiment, the IP ‘coughed’ 3 times with a time interval of 5 second, and each cough lasted
1 second (releasing 0.075 mL artificial saliva solution). Then the cough droplets travelled forward
together with the cough air jet. The larger droplets can maintain spherical shape in liquid status and
deposit on nearby surfaces. The smaller droplets became droplet nuclei and may deposit or suspend
in air. After the deposition and sample collection, one part of the sample with size of 1 cm X 5 cm
or 1 cm x 11 cm was cut for inspection using a microscope (Ni-E, Nikon, Japan) to obtain the
number concentration of deposited droplets. A microscopy method similar to our previous work
was employed %. The droplets on pictures were automatically identified and counted by the
software of the microscope. The contact diameter of the droplets was measured to indicate the
droplet’s size. The PVC samples for experiment were kept clean to avoid the contamination of
deposited droplets. The other part of the sample was dipped into a tube with 5 mL sterilized water
to extract the deposited viruses from the surface. Then, the solution was diluted by serial dilution
method. The viable virus concentration in each diluted solution was then measured by top layer

agar method, which was described in detail in Section 2.3.

The sampling area was divided into top surface of backrests, head surface of passengers, and back
surface of backrests. The sampling point and abbreviation of each point were shown in Fig. 1 and

8



Table 2, respectively. Polyvinyl chloride (PVC) plates with thickness of 0.6 mm were attached on
the sampling positions. Samples with size of 11 cm x 5 cm and 5 cm % 5 cm were used for the

sampling as shown in Fig. 2b.
2.3 Artificial saliva solution preparation and viable virus enumeration

Artificial saliva solution consists of 12 g sodium chloride and 76 g glycerol in 1 L sterilized water,
which has been used in references 2%°. Non-volatile material in the solution accounts for 6% in
volume, similar with the real human saliva *. Bacteriophage T3 (ATCC 11303 B3) was used to
represent the respiratory viruses. High-titer phage solution of 100 pL (up to 10'*!! PFU/ mL) was
mixed with around 200 mL artificial saliva solution. The final phage concentration in the saliva
solution for cough generator was around 10’ PFU/mL. The method of preparing high-titer phage

solution can be found in references 242

The top agar layer method was used to measure viable phage number concentration in solutions.
Agar plates were first prepared in advance. Phage solution of 0.2 mL was mixed with its host
Escherichia coli (E. coli) solution of 0.2 mL in a tube. After waiting 15 minutes for the phage to
attack its host E. coli cell, the solution was then mixed with 3 mL 52 °C melted soft agar [in g/L:
nutrient broth, 25; agar powder, 7], and poured onto the prepared agar plate. The double-layer agar
plates were then put into an incubator for 6 h with temperature of 37 °C. The plaque-forming unit
(PFU) on the plate was then counted and the phage concentration was calculated based on PFU

number and dilution ratio of the solution.

2.4 Normalized PFU at six sampling areas



To quantitatively compare the effect of the five parameters on reducing the deposition, PFU on
each area was normalized to PFU on that area of Case 2, in which H = 0 cm, D = 50 cm with

gaspers closed.

PFU_area
PFU_area of case 2

Normalized PFU =

(1)

In each area of BSy, TSi, HS1, BS2, TS», and HS», the PFU_area was the mean PFU value of the
sampling points of that area. The Normalized PFU indicates the effect of studied parameters for

each area compared with Case 2.

3 RESULTS

3.1 Bioaerosol distribution on nearby seats and passengers with the IP’s and HP’s gasper closed

Fig. 3a shows the detailed viable virus distribution on sampling points of Case 2 with H=0 cm, D
=50 cm with gaspers closed. The backrest had the same height as the cough and partially block the
cough jet. The peak PFU value happened on the back surface of HP1’s backrest (i.e. point a1) which
was directly facing the cough jet. The PFU value decreased greatly from point a1 to point ¢1 on the
backrest. Moreover, the PFU value at point a1 of the back surface was around six times of that on
point m1 of the top surface, although two points have similar distance with the cough source. It is
because the plane of point a1 was in perpendicular to the cough jet while the plane of point m1 was
in parallel to the cough jet, indicating different deposition mechanisms. It was found that the PFU

value on top surface decreased gradually from point m1 to point r2.

Fig. 3b shows the mean PFU value for the area of BSi, TS, HS1, BS», TS», and HS». It shows that
the PFU value decreased from back surface to top surface and then to head area for both HPy and

HP,. The PFU value in each area of Case 2 will be used to normalize the PFU value at that area of
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different cases and to indicate the effect of studied parameters in the following Sections. Fig. 3¢
shows the PFU value on HP; and HPo. It indicated that the PFU on HP, was one magnitude order

higher than that on HP>.

Fig. 3d shows the detailed droplet number distribution of Case 2 with five size channels. By
comparing the PFU value with droplet distribution in Fig. 3a and 3d, it is found that the high PFU
areas matched with the areas containing large portion of droplets with large droplet size (diameter
larger than 10 um), such as the points ai-c1, mi1, and n1. The low PFU areas matched with the areas
only containing droplets smaller than 10 pm in diameter, such as the points I2-ma4, f2, h2, and n2. In
addition, the areas of HP> only contained the droplets smaller than 10 um, indicating that the large
cough droplets directly deposit on the front seat and only some airborne droplets can disperse to

and deposit on the area of HP.

3.2 Effect of relative height H of backrest on bioaerosol distribution

Fig. 4 shows the viable virus distribution on nearby seats under four relative heights of the backrest.
When H = -15 cm, cough jet travelled above the backrest. The high PFU value appeared at the top
surface and neck of the up1 which were directly exposed to the droplet jet without the block of
backrest. PFU on the back surface was relatively lower. When H = 0 cm, the backrest had the same
height with the cough and partially blocked the cough jet. The peak PFU value happened on the
back surface and top surface of HP;’s backrest which were directly facing the cough jet. When H
= 15 or 30 cm, the backrests were 15 or 30 cm higher than the cough and blocked the cough jet.
There was almost no viable virus on the top surface and head area of both HP; and HP,. The PFU
value on the back surface (i.e. point a1, b1, ¢1, and a2) was not reduced as the increase of backrest
height and was much higher than that on the other areas. For the low PFU area of the top surface
and head area, deposited droplets were found mainly smaller than 10 um in diameter with a

11



relatively low and uniform number concentration, as shown in Figure 1S in Supplementary
Information. It indicates that the large droplets in cough jet cannot bypass the backrest which blocks

most of the large droplets and some airborne droplets from entering the front row.

Fig. 5 shows the effect of backrest height on virus deposition at six areas of HP; and HP». For H1
and H2, the normalized PFU was reduced linearly as the increase of the height from -15 cm to 15
cm, and the value was almost unchanged as it further increased to 30 cm. For TS; and TS,, the
normalized PFU was first increased and then decreased, and then it slightly decreased as the height
further increased from 15 cm to 30 m. For TS1, when the height was increased to 15 cm, the
backrest already blocked the cough jet, and it reduced the PFU to around 5% of that of Case 2. For
BSi and BS, the normalized PFU was almost continuously increased as the height increased from
-15 cm to 30 cm. It means that more viruses or droplets were directly deposited on the back surface

as the increase of the height.

3.3 Effect of relative distance D on bioaerosol distribution

The PFU distributions on the nearby seats at three different relative distances (D = 20, 50, and 80
cm) were similar, but the PFU values decreased with the increase of D. The magnitude of peak
PFU on the back surfaces decreased from 1200 to 600 and to 120 #/cm? when D increased from 20
to 50 and to 80 cm. The distributions of droplet number concentrations for D = 20, 50 and 80 cm
were also similar. The highest number concentration on the back surface was reduced from
~3.5x10% to ~1.5x10* and to ~6x10° #/cm? when D increased from 20 to 50 and to 80 cm. The
detailed distributions for different distances were shown in Figure 2S and 3S in Supplementary

Information.

12



Fig. 6 shows the effect of the distance between two rows on virus deposition at the six areas of HP;
and HP». For the BS; and TS, the normalized PFU was almost linearly decreased as the increase
of the distance. For HS1, the normalized PFU was decreased greatly and then decreased slightly as
the height increased from 20 cm to 50 cm and to 80 cm. For the BS», TS», and HS, the normalized

PFU was first increased and then decreased as the increase of the distance.

3.4 Effect of ‘open’ or ‘closed’ status of up’s and IP’s gasper jets on bioaerosol distribution

Fig. 7 shows the viable virus number concentration and distribution on nearby seats under the ‘open’
or ‘closed’ status of IP’s and HP’s gaspers. When IP’s gasper jet was closed, by comparing the
upper-left panel and upper-right panel of Figure 7, it was found that the HP’s gasper jet reduced
PFU value on all sampling points except for the neck of HP; (i.e. point n1). When the IP’s gasper
was open (lower panels of Figure 7), the PFU values of all sampling points were reduced greatly,
regardless of the HP’s gasper being open or closed. Moreover, it was found that the droplets on the
top surface and the head area were mainly the droplets smaller than 10 pm in diameter, as shown
in Figure 4S in Supplementary Information. It indicates that the IP’s gasper jet can effectively block
most of the large droplets from the cough jet, while the HP’s gasper jets did not directly interact

with the cough jet and did not have much effect on reducing the deposition.

Fig. 8 shows the effect of the status of IP’s and HP’s gasper on virus deposition at the six areas of
HP; and HP». It is found that once the IP’s gasper was open, the normalized PFU values were
similar for all six areas with a mean value of around 0.04, indicating that the IP’s gasper jet can
greatly reduce the bioaerosol deposition on nearby surfaces. When HP’s gasper was open with IP’s
gasper being closed, the normalized PFU values varied for different areas. For HS1, the normalized

PFU was around 3.2, meaning that the HP’s gasper enhanced the deposition on HP1’s head area.
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For BSi, TS, and HS,, the normalized PFU values were around 0.7. For BS; and TS», the

normalized PFU was around 0.15.
3.5 Effect of IP’s gasper position on bioaerosol distribution

When the IP’s gasper was open and near the front HP, the PFU values on the sampling points were
reduced compared with that with IP’s gasper being closed. When the IP’s gasper was in the middle
or near the IP, the PFU was further reduced, as shown in Figure 5S in Supplementary Information.
For the top surface and head area, the sizes of the deposited droplets were mainly smaller than 10
um in diameter, as shown in Figure 6S in Supplementary Information. For the back surface of the
HP;’s backrest, the peak PFU value decreased from ~400, to ~80 and to ~40 PFU/cm? as the IP’s
gasper was changed from ‘Near HP’ to ‘In middle’ and to ‘Near IP’. Meanwhile, the peak PFU

position on the back surface also gradually moved downward from position a1 to ex.

Fig. 9 shows the effect of the position of IP’s gasper on virus deposition at the six areas of HP; and
HP». It is found that when the IP’s gasper was near the HP, the normalized PFU for six areas was
different and varied from 0.05 to 0.61. For the area of HS1, BS», and HS,, the normalized PFU was
smaller than 0.2, showing good protection ability for the head surfaces of front passengers. When
it was in the middle, the normalized PFU for all six areas was substantially reduced with a mean

value of 0.04. When it was near the IP, the normalized PFU was further and slightly reduced.
3.6 Effect of IP’s gasper jet velocity V on bioaerosol distribution

When V' was increased from 0 to 0.75 m/s, the PFU values on the sampling points were reduced,
but the PFU distributions were similar. When ¥ increased to 1.5 or 2.5 m/s, there was almost no
PFU on the top surface and head area of both HP1 and HP,, and the droplets were mainly smaller

than 10 pm in diameter, as shown in Figure 7S and 8S in Supplementary Information. For the back
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surface, the peak PFU value decreased continuously from around 600 to 200 to 80, and to 20
PFU/cm? as V increased from 0 to 2.5 m/s. The peak position of PFU on the back surface gradually
moved downward from point a1 to b1, indicating that the gasper jet can bend the cough jet

downward gradually as the increase of the gasper jet velocity.

Fig. 10 shows the effect of the velocity of IP’s gasper jet on virus deposition at the six areas of HP;
and HP». It is found that as the increase of the velocity, the normalized PFU for all six areas
decreased exponentially, indicating that the velocity of IP’s gasper jet has similar effect for the
areas of HP; and HP>. The normalized PFU was fitted by an exponential equation
(Normalized PFU = e%"), where a was -1.403, -2.158, -2.332, -2.803, -1.922, and -2.606 for
BSi, TSi1, HS1, BS2, TS, and HS,, respectively. When the velocity was 0.75, 1.5, and 2.5 m/s, the
mean values of the normalized PFU for all six areas were around 20%, 4%, and 2%, respectively.

It means that the velocity of 1.5 m/s was large enough to reduce most of the deposited virus.
4 DISCUSSION AND IMPLICATIONS

During current COVID-19 pandemic, SARS-CoV-2 viruses had been detected both in air ** and on
surfaces * from the environment occupied by COVID patient. Public transport cabins are high risk
places of respiratory disease transmission, while contact transmission was less studied compared
with the airborne transmission. The virus concentration on nearby seats is critical for risk
assessment and control. To the best of our knowledge, this study is the first to quantify the detailed
virus and droplet distributions on nearby seats and passengers in a cabin environment and study
the effect of geometric setup and overhead gasper jet. For risk analysis of contact route, previous
studies usually assumed that the respiratory virus is uniformly distributed on surfaces near the
source %, because of the lack of detailed data on virus distribution. The detailed concentration

and distribution of viable viruses and droplets in this work can be used and provide the foundation
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for conducting the risk analysis of contact transmission. In addition, computational fluid dynamics
(CFD) simulation is an efficient method to obtain detailed bioaerosol distribution, while the
experimental data of inertial deposition of cough droplets for CFD verification is lacking. Thus,

the experimental data in this work can be helpful in verifying CFD models.

The surfaces on the front seat of HP1 contain droplets or droplet nuclei of both sizes larger and
smaller than 10 pm in diameter, while the seats of HP> and HP3; mainly contain droplet nuclei of
smaller than 10 pm in diameter, and their number concentrations are also much smaller than that
on HP;. Thus, it is reasonable to conclude that for the seats further away from the IP, the deposited
droplet nuclei should be mainly smaller than 10 um in diameter, and the deposited virus number
should be much smaller than that on nearby seats. For cleaning and disinfection, people should pay

special attention to the seats in front of infected passengers.

In public transport cabins, mixing ventilation strategy is commonly used. The mean flow velocity
at the area around the passengers is low and thus has limited effect on the cough jet which has a
relatively higher momentum. The passengers in front of a cough jet will directly be exposed to the
bulk flow of the cough jet. In this work, it is found that the backrest, serving as a partition, can
effectively block the cough jet and reduce the deposition on the front passengers. When the backrest
is 15 cm higher than the cough, the deposition on head and top surface was reduced to 5% of that
with that same height with the cough. The deposition reduction of the head area means that the
infection risk via contact by hand touching is reduced. The deposition reduction of the top surface
also reduces the contact transmission risk because when other passengers walk in the aisle, they
will receive less viruses by holding the top surface of the backrest. Therefore, it is suggested that
the backrest should be higher than the cough, and the height of 15 cm (i.e. the same height with the

head) was the minimum height to block the cough jet in a cabin environment. Although a larger
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amount of cough droplets will directly deposit on the back surface of the backrest, it does not pose
a higher infection risk because it is not a frequently touched area, but regular disinfection is still

needed.

The IP’s gasper jet can bend the cough jet and effectively reduce bioaerosol deposition, which is
an additional function except for providing thermal comfort. The IP’s gasper jet can reduce the
deposition to around 4% of that without the gasper jet, independent of the condition of other HPs’
gasper jets. Since some diseases, e.g. COVID-19 can be spread by infected people even they have
no symptoms, it is suggested to turn on all gasper jets in all passenger seats. Moreover, this work
finds that the IP’s gasper jet blowing downward in the middle between the front backrest and the
IP, can achieve similar reduction effect to that blowing at the face of the IP. It is possible to adjust
the gasper jet location and orientation in order to compromise between infection mitigation and

thermal comfort.

There are some limitations of this work. The flow due to background ventilation was supposed to
be negligible and the effects of movement of passengers was not studied. The gasper diameter
varies in different public transport cabins and gasper jet orientation is adjustable by passengers. In
this work we only considered the gasper with a diameter of 5 cm with jet blowing downward, and
further studies are recommended. In addition, infectious viruses can also be detected from speaking
or breathing aerosols, indicating the importance of breathing or speaking as the respiratory virus
source %, Breathing droplets have lower releasing velocity and smaller size than cough droplets.
Thus, the deposition and control measures for breathing droplets should be different from the cough
droplet deposition and further studies are needed. Furthermore, the relative humidity considered in
this work was 67% which was close to the environments of trains and buses, but higher than that

in aircraft cabins. Special attention should be paid in applying the current result because a higher
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relative humidity may result in the overestimation of the inertial deposition due to the smaller
evaporation rate. Finally, wearing a mask would affect cough jet and change the infectious virus
deposition. Further studies are needed to reveal the effect of wearing a mask on infectious virus

deposition.

5 CONCLUSIONS

In this work, bioaerosol deposition on nearby seats from a cough in a cabin environment was
studied. The effect of the seat setup and gasper jet on bioaerosol deposition was also quantified.
The deposited virus number on front seat is one order of magnitude higher than that on other nearby
seats. The front seat surfaces contain both large and small bioaerosols, while other seats only
contain the bioaerosols smaller than 10 um in diameter. Both the backrest and gasper jet can block
the cough jet and greatly reduce the deposition on nearby surfaces. They can be mitigation

measures against COVID-19 in a cabin environment.
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Table 1. The studied cases and parameters
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Case | Backrest Relative VofIP’s Position of IP’s | Velocity of HP’s
height H | Distance D | gasper jet (m/s) gasper gasper jet
(cm) (cm) (m/s)

1 -15 50 0 Middle 0

2 0 50 0 (i.e. closed) Middle 0 (i.e. closed)
3 15 50 0 Middle 0

4 30 50 0 Middle 0

5 0 20 0 Middle 0

6 0 80 0 Middle 0

7 0 50 0.7 Middle 0

8 0 50 1.5 Middle 0

9 0 50 2.5 Middle 0

10 0 50 1.5 Near HP 0

11 0 50 1.5 Near IP 0 (i.e. closed)
12 0 50 0 (i.e. closed) Near IP 1.5

13 0 50 1.5 Near IP 1.5

Table 2. Abbreviations of sampling areas and points

TS: | top surface of HP;’s backrest (mean of | TS, | top surface of HP»’s backrest (mean of 1,
11, mi, and 11) my, and 17)

HSi | head surface of HP;’s backrest (mean | HS; | head surface of HP,’s backrest (mean of
of fi, hy, and ny) £, hy, and ny)

BS: | back surface of HP;’s backrest (mean | BS, | back surface of HP’s backrest (i.e. az)
of ai, by, and c1)

1y left position of top surface of HP, I, left position of top surface of HP»

m middle position of top surface of HP1 | m> | middle position of top surface of HP»

I right position of top surface of HP; |93 right position of top surface of HP»

fi face of HP, t face of HP»

hi head of HP, h, | head of HP;

nj neck of HP, n2 | neck of HP;

ai upper point of back surface of HP; a> | upper point of back surface of HP»

b middle point of back surface of HP, m3 | middle position of top surface of HP3

C1 lower point of back surface of HP; m4 | middle position of top surface of IP

Figure 1. (a) the experimental setup and (b) top view of the room and schematic diagram of studied

cases

Figure 2. (a) the experimental setup and (b) schematic diagram of sampling position
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Figure 3. Bioaerosol distributions on sampling points of case 2 in which H =0 cm, D = 50 cm with
gaspers closed. (a) detailed viable virus distribution, (b) viable virus distribution on six sub-areas,

(c) comparison of HP; and HP», and (d) detailed droplet number distribution.

Figure 4. Viable virus distribution on seats under four relative heights of the backrest. Other

parameters: D =50 cm, V=0 m/s, IP’s and HP’s gaspers were closed.

Figure 5. Effect of the relative height of backrest on virus deposition at areas of back surface (BSi,
BS,), top surface (TSi, TS2), and head (HS:, HS>). PFU value was normalized by the PFU at

corresponding area of case 2 with height of 0 cm.

Figure 6. Effect of relative distance of two rows on normalized PFU at areas of back surface (BSi,
BS>), top surface (TSi, TS»2), and head (HSi, HS2). PFU value was normalized by the PFU at

corresponding area of case 2 with distance of 50 cm.

Figure 7. Viable virus number concentration and distribution on nearby seats under the ‘open’ or
‘closed’ status of gasper. Other parameters: H =0 cm, D = 50 cm, V= 1.5 m/s, and gasper jet was

above passenger’s face.

Figure 8. Effect of status of IP’s and HP’s gasper jet on normalized PFU at areas of back surface
(BS1, BS»), top surface (TSi, TS»), and head (HS:, HS,). PFU value was normalized by the PFU at

corresponding area of case 2 with IP’s and HP’s gasper closed.

Figure 9. Effect of position of IP’s gasper on normalized PFU at areas of back surface (BSi, BS»),
top surface (TSi, TS,), and head (HS:, HS»). PFU value was normalized by the PFU at

corresponding area of case 2 with IP’s and HP’s gasper closed.
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Figure 10. Effect of velocity of IP’s gasper jet on normalized PFU at areas of back surface (BSi,
BS>), top surface (TS1, TS2), head (HS1, HS>) of HP1 and HP2. PFU value was normalized by the

PFU at corresponding area of case 2 with IP’s gasper being closed.
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