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Abstract: Airborne pollutant transport in an aircraft cabin is greatly affected by the created airflow.
The seat layout can impact the flow and thus the pollutant transport. Most studies have adopted
symmetric upright seats for simplicity. The influence of seat inclination and seat misalignment on
airflow and pollutant transport is still unclear. This investigation adopted a validated computational
fluid dynamics (CFD) method to study the airflow and airborne pollutant distribution in a single-aisle
cabin with seven rows of seats. The pollutant was assumed to be released from a passenger seated in
the middle of three adjacent seats. A total of five different seat layouts were considered, including
all of the upright seats, the inclination of three adjacent seats, the inclination of all of the seats in
half a cabin, the inclination of all of the seats in a whole cabin, and the misalignment seat rows
across the aisle. The flows in both the cross and longitudinal sections were compared. The pollutant
concentrations in the respiratory zone of the passengers in different seats were adopted to evaluate
the cross-contamination. The results revealed that the symmetric seat layout aids to circumscribe the
released pollutant in a small region and reduces the cross-contamination either by maintaining the
upright seats or inclining all of the seats. Contrarily, any inclination of seats or a misalignment of
seat rows should be avoided during the pandemic since an asymmetric seat layout would generate
asymmetric flow and strengthen the spreading of pollutants.

Keywords: aircraft cabin; airborne pollutant; airflow; cross-contamination; CFD

1. Introduction

Air travel is related to respiratory infection transport worldwide [1]. On a flight
from London to Hanoi, an asymptomatic passenger with COVID-19 was thought to have
infected at least 12 passengers [2]. The SARS-CoV-2 is mainly transmitted by short-range
aerosol or droplets, long-range aerosol, and surface touch or via the fomite route [3]. Long-
range aerosol transport is subjected to the flow in an enclosed space and has been studied
extensively recently [4–7]. Due to the stealth transport, the long-range aerosol transport
must be paid with sufficient attention in a compact aircraft cabin.

Mixing ventilation is currently used on commercial aircraft [8,9]. Conditioned air is
supplied into the cabin at a relatively high speed near the upper sidewalls and the internal
air is exhausted out of the cabin near the floor. The seat layout exerts an impact on the
cabin geometry and thus may affect the formed cabin airflow therein. Most previous
studies adopted a simplified seat geometry [9–16], in which the seat cushion was horizontal
and the seatback was upright. Realistic aircraft seats were also used in some studies,
which captured more details of the streamlined profiles of the seats [4,17–25]. The adopted
manikins varied greatly, ranging from heated rectangular boxes [11,13–16,20,21], to models
with realistic body profiles [4,9,10,12,17–19,22]. Table 1 summarizes the seat structure and
manikins in the published studies, in which the seat layouts and manikins were symmetric.
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Table 1. Summary of symmetric, upright seat layout and manikins in representative published studies.

Airplane
Model Seat Number Seat Shape Seat Structure Manikins Method References

B767 49 in 7 rows Simplified seats Upright Realistic body
profiles Measurement Zhang, 2013 [9]

B767 49 in 7 rows Simplified seats Upright Tealistic body
profiles CFD Zhang, 2013 [10]

B767 28 in 4 rows Simplified seats Upright Rectangular
boxes CFD Zhang, 2007 [11]

B767 49 in 7 rows Simplified seats Upright Realistic body
profiles CFD You, 2019 [12]

B737 42 in 7 rows Simplified seats Upright Realistic body
profiles CFD You, 2019 [12]

B737 42 in 7 rows Simplified seats Upright
Rectangular
boxes and
cylinders

CFD Cao, 2022 [13]

B737 42 in 7 rows Realistic
airplane seats Upright Realistic body

profiles Measurement
Li, 2015 [17],
Li, 2017 [18],

Wang, 2017 [19]

B737 36 in 6 rows Realistic
airplane seats Upright

Rectangular
boxes and
cylinders

Measurement Li, 2021 [20]

B737 42 in 7 rows Realistic
airplane seats Upright

Rectangular
boxes and
cylinders

Measurement Liu, 2021 [21]

B737 42 in 7 rows Realistic
airplane seats Upright Realistic body

profiles CFD Yan, 2017 [4]

Even with symmetric geometry in the cabin, there is still a risk of cross-transport. This
was because the jet flows from the air-supply inlets in both sides collided in the middle
and swung across the aisle [17–19]. The saddle-shaped counter-rotating airflow shifted
right-to-left and left-to-right periodically [7], which enhanced cross-transport. It was found
that in a single-aisle cabin where the seats and manikins were upright and symmetric, the
airflow in the cabin tended to be symmetric, but pollutants could still transmit laterally.
A considerable amount of the exhaled contaminants was transported from the release
source into the aisle and dispersed to the other half of the cabin [12]. Similarly, in another
single-aisle aircraft cabin [20], the measurement showed that the released particles were
transported to the other side of the cabin. In a twin-aisle aircraft cabin, the rather symmetric
airflow in the cabin was solved by a validated CFD program [11]. The above studies
adopted a simplified upright seat layout.

In a realistic cabin, passengers may incline the seats during the flight, which alters the
symmetry of the cabin structure, and thus modifies the airflow therein. Some studies have
already accounted for the inclined seats [23,25–27] when investigating the cabin airflow
and pollutant transport. The seats inclined at 15◦ in a fully occupied, twin-aisle cabin were
claimed to generate a longitudinal flow at around 0.2 to 0.3 m/s [26]. Another study [27]
simulated the SARS-CoV-2 transport in a twin-aisle first-class cabin with all passengers
lying flat. Table 2 summarizes the representative published studies in which the seats and
manikins were inclined with certain angles. So far, the exact impact of seat inclination on
airflow patterns and pollutant transport have not been well investigated.
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Table 2. Summary of inclined seats in representative published studies.

Airplane
Model Seat Number Seat Shape Seat Structure Manikins Method References

Unknown 49 in 7 rows Simplified Seats All seats inclined
(15◦)

Rectangular
boxes CFD Gupta, 2010 [26]

B787-9 39 in 5 rows Simplified Seats All seats lying flat Cylinders CFD Wang, 2021 [27]

B737 60 in 10 rows Realistic
airplane seats

All seats inclined
(12.1◦) Cylinders CFD Khaled, 2021 [23]

B737 3 in 1 rows Realistic
airplane seats

All seats inclined
(unknown angels) Realistic body CFD Yan, 2021 [25]

The asymmetric seat inclination and misalignment may lead to asymmetric airflow and
the cross-transport of pollutants. In a half-occupied, twin-aisle cabin mockup, the airflow
was found to be asymmetric because of the asymmetric air supply velocity profiles and also
the asymmetric manikin occupation mode [14,15]. In a twin-aisle airliner cabin, the seating
patterns of passengers were reported to exert a significant impact on the localized airflow
and contaminant transport [16]. The airflow in a single-aisle cabin with five passengers in
each row (3 passengers + 2 passengers) was found to be asymmetric due to the asymmetric
cabin geometry [22]. The asymmetric airflow would enhance the cross-transport of airborne
pollutants [15]. Table 3 summarizes the asymmetric seat arrangements in the representative
published studies. Different seat occupancy was addressed in these studies, while the seat
misalignment had not been focused on so far.

Table 3. Summary of asymmetric seat layouts in representative published studies.

Airplane
Model

Seat
Number

Reasons for
Asymmetric

Structure
Seat Shape Seat

Structure Manikins Method References

Unknown 21 in 3 rows Seat occupancy
rate: 15/21

Simplified
Seats Upright Rectangular

boxes CFD Wan, 2009 [14]

Unknown 28 in 4 rows Seat occupancy
rate: 14/28

Simplified
Seats Upright Rectangular

boxes CFD Zhang, 2009 [15]

Unknown 18 in 4 rows Seats staggered Simplified
Seats Upright Rectangular

boxes CFD Sagnik, 2008 [16]

MD-82 25 in 5 rows 3 + 2 passengers
in each row

Realistic
airplane seats Upright Realistic

body profiles Measurement Li, 2016 [22]

The above review revealed that an asymmetric configuration of the aircraft cabin
will lead to asymmetric airflow patterns and thus enhance the cross-transport of airborne
pollutants. However, the exact impacts of seat inclination and seat misalignment on
airflow and airborne pollutant transport is still unclear. The objective of this investigation
was to evaluate how the seat inclination and misalignment would affect airflow and
airborne pollutant transport. A CFD program was used to explore the airflow and airborne
pollutant transport in a single-aisle aircraft cabin mockup. Both the seat inclination and
seat misalignment were considered.

2. Method

This section addresses the designed cases with different seat layouts in a single-aisle
aircraft cabin and numerical solution strategies.

2.1. Case Design and Boundary Conditions

A fully occupied, single-aisle aircraft cabin containing seven rows of seats was chosen
for study. The dimension of the cabin was 5.852 m (Z) × 3.253 m (X) × 2.155 m (Y). A total
of 42 thermal manikins were seated inside the cabin. The size of the manikin was close to
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an adult, with a sitting height of 1.26 m and a total surface skin area of 1.91 m2. All of the
seats and manikins were upright and symmetric in the reference case, as shown in Figure 1.
Conditioned air was supplied into the cabin from the slot opening below the ceiling on
both sides. The cabin air was extracted from the slot outlets near the floor. The width of
the side air-supply opening was 15 mm. The air-supply direction was slightly downward
at a 30◦angle from the horizontal direction. The width of the bottom air-exhaust opening
was 65 mm. ASHRAE Handbook [28] recommends a minimum flow rate of 9.4 L/s per
passenger. Therefore, the total air supplied into the cabin was 1436 m3/h, corresponding
to an average ventilation rate of 9.5 L/s per person. The cabin geometric model and the
adopted design parameters were identical to those used in our previous measurement
study [20].
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Figure 1. Geometric model of the aircraft cabin in the reference case (Case 1).

To investigate the impact of the seat layout on the cabin flow and the airborne pollutant
transport, both the seat inclination and the seat misalignment were studied. The seat
inclination was divided into three scenarios. Figure 2a addresses the scenario with three
adjacent seats 4A to 4C inclined. Figure 2b presents the scenario with all of the seats A to C
in half a cabin inclined, while in Figure 2c all of the seats in the whole cabin were inclined.
When inclining the seats, the seats were pressed backward with the seatback inclined 30◦

from the vertical position. The misalignment of the seats across the aisle is illustrated in
Figure 2d without inclining the seats. This was to examine the impact of only the seat
misalignment on the flow and pollutant transport. Table 4 summarizes the case design in
this investigation. Case 1 was set as the standard reference case, with all of the seats in an
upright and symmetric layout. Cases 2 to 4 addressed the seat inclination, while the seat
misalignment was considered in Case 5. When inclining the seats, the manikins were also
inclined with their backs against the seatbacks.
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Table 4. Case design overview.

Case Seat Layout Illustration Assumed Pollutant
Source Position

1 Upright seats in symmetric layout Figure 1 4B, 4E
2 Only seats 4A to 4C inclined Figure 2a 4B
3 Seats inclined in half a cabin Figure 2b 4B, 4E
4 All seats inclined but in symmetric layout Figure 2c 4B
5 Misaligned seat rows Figure 2d 4B, 4E

As shown in Table 4, the airborne pollutant was assumed to release from the exhalation
of the passengers seated in 4B and 4E in Case 1, Case 3, and Case 5. In Case 2 and Case 4,
the pollutant was assumed only in 4B, considering the geometry in the cabin was almost
symmetric. When releasing pollutants, the realistic breathing cycle through only the nose
was considered. To reduce the computing load, only the manikins seated in the fourth row
were assigned respiration. According to [29], two nostril openings each with an area of
0.65 cm2 were set up, as shown in Figure 3. The breathing profile was close to a sinusoidal
wave with a cycle period of 4.4 s and a peak inhalation and exhalation rate of 0.37 L/s as:

Q = 0.37 sin (1.43 t) (1)

where Q is the transient respiration rate, L/s. The θm and Φm of the exhalation jets were
60◦ and 69◦, respectively, as shown in Figure 3, according to the recommendation in [29].
The exhaled air temperature was assumed to be 33 ◦C. The above breathing profile was
adopted as the boundary condition at the nostril openings.
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Figure 3. Model for breathing simulation: (a) geometric model of the manikin, (b) front view of the
manikin head, (c) side view of the manikin head, (d) breathing cycle.

Table 5 lists the major thermo-flow boundary conditions. The aircraft cabin at the
cruising stage was considered. The cabin air pressure was set to 85 kPa, which was lower
than that at sea level. The cabin surfaces were assigned with a fixed temperature, while
the seat was treated as adiabatic. The manikin skin surface temperature was assigned to
30.1 ◦C [26,30] to reproduce the metabolic heat release.

Table 5. Major thermo-flow boundary conditions.

Parameter Value Parameter Value

Cabin air pressure 85 kPa Ceiling temperature 22 ◦C
Ventilation rate per person 9.5 L/s Lighting temperature 29.4 ◦C

Width of air-supply opening 15 mm Side wall temperature 22 ◦C
Air-supply speed 2.43 m/s Floor temperature 23 ◦C

Air supply direction from the horizontal 30◦ Manikin skin
temperature 30.1 ◦C

Air-supply temperature 19.4 ◦C Exhalation air
temperature 33 ◦C

Width of air-exhaust opening 65 mm Seat Adiabatic

2.2. Numerical Model and Solution Strategies

To solve the governing equations of fluid flow, heat, and species transport, this investi-
gation used a commercial CFD software program (ANSYS Fluent 19.0). The RANS CFD
solved a series of differential equations that can be cast into the general scalar format as:

∂

∂t
(ρφ) +

∂

∂xj

(
ρujφ

)
=

∂

∂xj

(
Γφ,e f f

∂φ

∂xj

)
+ Sφ (2)

where ρ is the air density, ϕ stands for the velocity component, internal energy, and species
concentration in the momentum, energy, and species equations, respectively, t is time,
uj is the velocity component in three directions (xj, j = 1, 2, 3) of a Cartesian coordinate
system, Γϕ,eff is the effective diffusion coefficient, Sϕ is the source term. This study adopted
the species model to model the airborne pollutant transport, considering that the exhaled



Appl. Sci. 2022, 12, 4538 7 of 20

particles commonly ranged from 0.3 µm to 0.5 µm [31]. Such ultrafine particles could be
simplified as a species of gas. The species fraction was set to 1 at the nostril openings.

Most previous investigations [10,12] used the RNG k-ε model to model the turbulent
flows in the aircraft cabin. Li et al. [32] also recommended the RNG k-ε model for its
comparable performance with the RSM model but less computationally demanding in
aircraft cabins. Therefore, this investigation adopted the unsteady RNG k-ε model for
turbulence simulation. The numerical method uses the SIMPLE algorithm to couple the
pressure and velocity equations. The discretization scheme for pressure is PRESTO! The
second-order upwind schemes were adopted to discretize the convection and viscous terms
of the governing equations. The steady-state airflow pattern in the cabin was resolved first
and set as the initial condition for the transient solution. According to Wang et al. [21], the
time step should be less than the jet collision cycle. Therefore, this investigation adopted
a time step of 0.1 s in the transient simulation. The results were judged to have reached
convergence when the relative residuals of all of the independent variables were less
than 10−3.

ANSYS ICEM was used to create the geometry and generate grid meshes. Because of
the complexity of the geometric model, this study used the tetrahedral grid scheme. We
tested three different grid sizes with a total grid cell number of 6.05 million, 10.09 million,
and 18 million. The grid independence analysis results can be found in Figure A1. The
grid cell number of 10.09 million was found to provide grid-independent results. The grid
cell sizes at the air-supply inlets, manikin surfaces and seats, and the internal space were
10 mm, 25 mm, and 50 mm, respectively. A grid size function with a growth rate of 1.2 was
adopted to increase the grid size gradually.

The normalized pollutant concentration C* was employed to evaluate the cabin air
quality as:

C∗ =
Clocal − Cin
Cout − Cin

(3)

where Clocal , Cin, Cout were the concentration in the respiratory zone, the concentration
in the air supply, and the average concentration in the exhaust outlet, i.e., the average
concentration in the final returning air duct, respectively. The value of Cin was zero in this
investigation. The respiratory zone was defined as a cubic with a size of 0.305 m around
the nose of each passenger.

2.3. Numerical Model Validation

To validate the CFD model, the measurement data obtained from an aircraft cabin
mockup [20] were used. Figure 4 shows the geometry of the cabin mock-up, which was
similar to that used in Case 1 as the reference case. However, only the front six rows
of seats were seated with the thermal manikins. The total air-supply rate into the cabin
was 9.5 L/s per passenger, of which 60% was from the side air supply and 40% from
the middle ceiling air supply. The air distribution in the cross-section across the fourth
row and the steady-state concentration fields in the cross-section across the fourth row
and the longitudinal section across the Cth column were measured. The polydisperse
Di-ethyl-hexyl-sebacate (DEHS) particles were released on the head of manikin 4B by a
perforated plastic ball at a fixed rate. The test instruments used to measure airflow were
three ultrasonic anemometers mounted on a guide rail. The resolution of air velocity was
0.005 m/s with an accuracy of 1%. The particle concentration was measured with an
aerodynamic particle size spectrometer (type: 3321; TSI, USA). The resolution of particle
counting was 0.001 particles/cm3, with an accuracy of ±10% plus the statistical deviation.
Only the particles at 1 µm were analyzed. More details on the boundary conditions and the
measurement can be found in [20].
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Figure 4. The geometry of the cabin mock-up.

Again, the RNG k-ε model together with the standard wall function was adopted for
turbulence modeling. The steady-state flow field was solved first and then the transient
solution to both flow and particle concentration was switched on. Both the flow and
temporal particle concentrations for a total of 700 s were solved.

3. Results
3.1. Model Validation Results

Figure 5a compares the simulated and measured steady-state airflow distribution in
the section across the fourth row. The experimental test data can also be found in one of our
previous publications [20]. The downward jet flow in the aisle was relatively strong, which
separated the two large vortexes on both sides of the cabin. The major flow pattern and
the velocity magnitudes were in good agreement between the CFD and the measurement.
However, there were some deviations in the downward jet directions in the aisle. This was
ascribed to the unstable swinging flow in the aisle, which was beyond the capability of the
steady-state modeling.
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Again, the RNG k-ε model together with the standard wall function was adopted for
turbulence modeling. The steady-state flow field was solved first and then the transient
solution to both flow and particle concentration was switched on. Both the flow and
temporal particle concentrations for a total of 700 s were solved.

3. Results
3.1. Model Validation Results

Figure 5a compares the simulated and measured steady-state airflow distribution in
the section across the fourth row. The experimental test data can also be found in one of our
previous publications [20]. The downward jet flow in the aisle was relatively strong, which
separated the two large vortexes on both sides of the cabin. The major flow pattern and
the velocity magnitudes were in good agreement between the CFD and the measurement.
However, there were some deviations in the downward jet directions in the aisle. This was
ascribed to the unstable swinging flow in the aisle, which was beyond the capability of the
steady-state modeling.
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Figure 5. Validation of CFD model: (a) comparison of airflow field in a cross-section across the
fourth row, (b) the steady-state concentration fields of dimensionless particle concentrations by
measurement, (c) the steady-state concentration fields of dimensionless particle concentrations by
CFD simulation.

Figure 5b,c compare the CFD modeled and measured steady-state dimensionless con-
centration fields of particles in the cross-section across the fourth row and the longitudinal
section across the Cth column. The simulated particle concentration fields were generally
similar to the measurement results. In the cross-section, the high particle concentration
was concentrated in the region near the ceiling above seats 4B and 4C, and the particle was
transmitted to the left half cabin, which was captured well by CFD. In the longitudinal
section, the particles were spread further forward in the measurement than in the CFD,
which may be caused by both the longitudinal airflow and the turbulence. It should also
be noted that during measurements, the movement of the three-dimensional guide rails
mounting the measuring instruments could induce certain disturbances to the flow field
and promote particle dispersion.

To further evaluate the CFD results, the normalized root-mean-square error (RMSE)
was used to describe the discrepancy with the measurement data [13,32] as:

RMSE
(
Cpi, Cmi

)
=

√√√√∑n
i=1
(
Cpi − Cmi

)2

∑n
i=1 Cmi

2 (4)

where Cpi and Cmi represent the predicted results and measured data, respectively, such
as air velocity and particle concentration at certain locations. Dimensionless velocity and
concentration were defined as:

V∗ =
Vlocal

V
, C∗ =

Clocal − Cin
Cout − Cin

, andCin = 0 (5)

where V is the average velocity at all of the measured locations, and Vlocal and Clocal are the
air velocity and particle concentration, respectively, at a given location [13,32].
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The factor of two observations (FAC2) [33] is another metric used to evaluate the
discrepancy between the measurement and the modeling as:

FAC2 =
1
n∑n

i=1 Ni with Ni =


1 f or 0.5 ≤ Cpi

Cmi
≤ 2.0

1 f or Cmi ≤ W and Cpi ≤ W
0 else

 (6)

where W is the absolute difference. W was 0.003 [33] for the normalized contaminant
concentration.

As shown in Table 6, the RMSEs in this study were smaller than those reported in [13].
The FAC2 for particle concentrations was 0.67, which was greater than 0.5. In summary, the
CFD simulation provided the airflow field and particle concentrations in generally good
agreement with the experimental measurements.

Table 6. The RMSE discrepancy between the measurement and the CFD modeling for the velocity
and particle concentration.

Velocity Concentration

Validation in this study 0.396 0.481
Validation in the literature [13] 0.455 0.551

3.2. Flow and Pollutant Transport in the Reference Case (Case 1)

Figure 6a shows the modeled airflow distribution in the cross-section across the thighs
of the manikins in the fourth row when adopting the symmetric, upright seat layout. The
airflow from the air-supply inlets in both sides of the aircraft cabin swept the ceiling and
then travelled down in the aisle. Two large vortices in the cabin were formed with relatively
low speeds in the respiratory zone of the passengers seated in the middle and aisle seats.
Part of the airflow in the aisle went outward above the thighs and flowed upward. The other
flow swept the floor and went to the air exhaust. With a symmetric geometry setting in the
reference case, the computed airflow was nearly symmetric. The flow in the cross-section
was relatively strong, which would aid in exhausting the pollutants but also result in cross-
contamination. Figure 6b shows the airflow distribution in the longitudinal section across
the center of seat 4B. The airflow mainly flowed upward due to the flow recirculation,
blocked by the upright seats, and the thermal buoyancy, as shown in Figure 6b. The
velocity magnitude near the passengers in the longitudinal section was generally smaller
than 0.3 m/s.
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3.3. Influence of Cabin Seat Inclination on the Transport of Pollutants 

Figure 6. The modeled airflow distributions in Case 1: (a) airflow field in the cross-section across the
fourth row, (b) airflow field in the longitudinal section across the Bth column.

To assess the pollutant spread and possible exposure, the discrete pollutant source
was hypothetically set to passenger 4B and 4E, respectively. Figure 7a shows the modeled
steady-state, averaged normalized pollutant concentrations in respiratory zones of different
passengers for the source at 4B, and Figure 7b is for the pollutant source at 4E. The red
arrow in the figure designates the pollutant source location. The pollutant spreading region
was concentrated in two rows in front of and two rows behind the source, as shown in
Figure 7c,d. The pollutant concentrations near the source were generally higher. The
concentration in the half cabin where the pollutant source was located was also higher than
that in the other half cabin without the pollutant source. This was due to the formed air
curtain in the aisle as shown in Figure 6a. With a symmetric seat arrangement, the pollutant
spread between sources of 4B and 4E was quite similar. The above results were used as the
reference benchmark when changing the seat arrangements in the following investigation.
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3.3. Influence of Cabin Seat Inclination on the Transport of Pollutants 

Figure 7. Normalized pollutant concentrations: (a) in respiratory zones of passengers in different
seats for pollutant source at seat 4B, (b) in respiratory zones of passengers in different seats for
pollutant source at seat 4E, (c) concentration distribution on a horizontal plane of the passenger’s
nostril height for pollutant source at seat 4B, (d) concentration distribution on a horizontal plane of
the passenger’s nostril height for pollutant source at seat 4E.
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3.3. Influence of Cabin Seat Inclination on the Transport of Pollutants

This section examines the impact of seat inclination on the change in the cabin airflow
and the transport of pollutants. Figure 8a shows the modeled airflow distribution in a
section across the seats of the fourth row, in which seats 4A to 4C were inclined, i.e., in
Case 2. As can be seen by comparing Figure 8a with Figure 5a, the inclination of seats 4A to
4C had only a small impact on airflow. However, the uprising flow in front of seats 4A to
4C was weakened somehow, because the trunks of passengers were moved back with the
inclined seats and thus there was a larger separating distance between the human bodies
and the section. The uprising plume flow decreased with the separating distance from the
human bodies. Consequently, the pollutant released at 4B would be better confined in the
half cabin with seats A to C. Figure 8b presents the average pollutant concentrations in
respiratory zones of the 21 passengers in seats D to E and the comparison between Cases 1
and 2. It is thus not surprising that the concentration in Case 2 was slightly lower than that
in Case 1.
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(a) airflow field in a section across the fourth row, (b) average pollutant concentration in respiratory
zone of the 21 passengers seated in D to E for the pollutant released from 4B, (c) average pollutant
concentrations in respiratory zone of the passengers in each row for the pollutant released from 4B,
(d) airflow in the longitudinal section from 3B to 5B.

Figure 8c presents the modeled average pollutant concentrations in passengers’ respi-
ratory zones of each row between Cases 1 and 2. The seat inclination resulted in an increase
of 87% in pollutant concentration in rows 5 to 7, but a decrease of 54% in concentration in
rows 1 to 3. This was because there was a smaller separating distance between seats 4A
to 4C and seats 5A to 5C. The effect of the seat inclination was somewhat similar to that
of positioning the pollutant source to a closer distance with rows 5 to 7, while a longer
distance was presented with rows 1 to 3. Figure 9a,b present the modeled flows in two
cross-sections when all of the seats A to C were inclined, i.e., in Case 3. The figure shows
that some of the flow from the left half cabin crossed the aisle, and went to the right side.
This shows that the asymmetric seat layout had clearly led to the asymmetric flow pattern.
Consequently, the cross-pollutant transport across the aisle would be enhanced. Figure 9c
presents the modeled average pollutant concentration in the respiratory zone of the half
cabin opposite to the pollutant source. For the pollutant released from 4B, there was nearly
no difference in the pollutant concentrations in the respiratory zone of the 21 seats of D
to E. This was because the airflow from the left air supply had suppressed the airflow
from the right air supply in the section across the head of 4B, as shown in Figure 9a. This
made the pollutant from the right side of the cabin difficult to transmit to the left side of
the cabin. However, for the pollutants released from 4E, the seat inclination in Case 3 has
resulted in the concentration in the respiratory zone of the 21 seats of A to C increasing
by approximately 81%. The major reason was that the flow above seats of 4D to 4E went
across the aisle as shown in Figure 9b.
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Case 3: (a) airflow field in the cross-section across the head of 4B, (b) airflow field in the cross-section
across the head of 4E, (c) average pollutant concentration in respiratory zone of the 21 passengers
seated in opposite to the half cabin with pollutant source.

Figure 10a shows the modeled airflow distribution in a section across the fourth row
with all of the inclined seats, i.e., in Case 4. Since the seat layout was symmetric, the solved
airflow was also nearly symmetric. By comparing this with the airflow in Case 1, the airflow
in Case 4 was slightly weaker due to a slightly farther distance of the section with the
human body. With a symmetric flow pattern, the modeled average pollutant concentration
in the respiratory zone of the 21 passengers in seats D to F was nearly identical between
Cases 1 and 4, as shown in Figure 10b. This implies that the inclination of all of the seats
did not alter the macroscopic flow in the cabin and the pollutant transport across the aisle
very much.
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Figure 10. Airflow and normalized pollutant concentrations with all of the seats inclined in Case 4:
(a) airflow field in the cross-section across the fourth row, (b) average pollutant concentration in
respiratory zone of the 21 passengers seated in opposite to the half cabin with pollutant source.

To evaluate the impact of seat inclination on the longitudinal transport of pollutants in
Cases 3 and 4, the modeled average concentrations in the respiratory zone of the passengers
in each row and the comparison with Case 1 are presented in Figure 11a. The pollutant
source was at 4B. With inclined seats in Case 4, the pollutant concentrations were higher
than those in Case 1 in rows of 1 to 3 but lower than those in Case in rows of 5 to 7.
However, there was not much difference in the concentrations between Cases 1 and 3.
Among the three cases, the concentration in row 4 was the highest and the concentration
decreased gradually with an increase or decrease in the seat rows. Figure 11b shows the
modeled airflow distribution in the longitudinal section. When the seats were inclined, the
longitudinal airflow was generated only near the passengers. The above results indicate
that the seat inclination did not impact much the longitudinal airflow pattern and the basic
pollutant distribution in the longitudinal section.
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Figure 11. Comparison of normalized pollutant concentration and airflow in Cases 1, 3, and 4:
(a) average pollutant concentrations in the respiratory zone of the passengers in each row for the
pollutant released from 4B, (b) airflow distribution in the longitudinal section from 3C to 5C.

3.4. Impact of Misalignment of Seat Rows on the Transport of Pollutants

Figure 12a presents the modeled airflow in the section across the heads of the passen-
gers sitting in seats 4A to 4C. The supplied airflow in the right half cabin with seats 4A to
4C went to the left half cabin and the flow swept the legs of passengers sitting in seats 5D
to 5F. Similarly, as shown in Figure 12b the supplied airflow in the left cabin with seats 4D
to 4F went to the right half cabin and swept the thighs of the passengers seated in 4A to 4C.
The above clearly indicated that the seat misalignment promoted the flow across the aisle,
which might enhance the cross-contamination in the cross-section.
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Figure 12. Airflow and normalized pollutant concentration distribution when misaligning the seat
rows in Case 5: (a) air flow distribution in the cross-section across the heads of passengers in 4A to 4C,
(b) airflow distribution in the cross-section across the heads of passengers in 4D to 4F, (c) comparison
of the average pollutant concentration in respiratory zone of passengers in the half cabin opposite to
the pollutant source between Cases 1 and 5, (d) comparison of the average pollutant concentrations in
respiratory zone of the passengers in each row for the pollutant source at 4B, (e) airflow distribution
in the longitudinal section from seats 3C to 5C in Cases 1 and 5.

Figure 12c shows the modeled average concentration in respiratory zones of the
21 passengers in the half cabin opposite to the pollutant release source in Cases 1 and 5,
in which the pollutant sources at 4B and 4E were considered. When compared with the
symmetric seat layout in Case 1, the seat misalignment increased the pollutant concentration
in the respiratory zone of seats 4D to 4F for the pollutant source at 4B by 24%. The
pollutant concentration increased by 64% for the pollutant source at 4E. This implied that
the misalignment of seat rows had clearly weakened the block effect of the air curtain in
the aisle.

Figure 12d presents the modeled average pollutant concentration in the respiratory
zone of each row for the pollutant source of 4B. The pollutant concentrations in Case 5 were
higher than those in Case 1 in rows 1 to 3 and lower than those in Case 1 in rows 5 to 7.
This implied that the seat row misalignment did not much impact the basic distribution of
the pollutant concentration in the longitudinal section. There was also a minimal difference
in the airflow between Cases 1 and 5, as shown in Figure 12e.

4. Discussion

In this investigation, the validated CFD model was used to study the airflow and
pollutant transport in five cases. This study adopted a simplified manikin geometry
model to simulate a passenger. The body profiles of the manikins would affect the airflow
pattern and the transport of pollutant in the vicinity of the body [34,35]. However, a high-
resolution streamlined body geometry would demand tremendous computing resources.
Most investigations [11,14,22,23] adopted simplified manikins for simplicity. In addition,
previous investigation [36] found that there was no big difference in the macroscopic airflow
patterns between a real-shaped manikin and a simplified manikin. Therefore, this study
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used a rectangular block to represent a passenger. Furthermore, this investigation used the
same manikin model for all of the passengers, which was apart from reality. The diversity
of passenger geometry, such as the geometry of adults, children of different ages, and even
adults with different weights, could be accounted for in future exploration. Note that the
passengers in different body geometries could cause different heights in their breathing
zones, for which the pollutant concentrations might vary greatly.

In addition, numerous combinations of seat inclination existed in reality, with an
inclined seat at a random position. The remaining seat inclination situations could still
be further investigated in the future. Moreover, during the flight multiple passengers are
breathing at the same time in the cabin. The passengers with pollutant release may be in
random seats. Due to the limitation of computing resources, this investigation considered
only three typical situations of seat inclination and focused on the pollutant release from
the exhalation of only one passenger.

In this study, the modeled pollutant concentrations in the half cabin opposite to
the pollutant source were adopted to evaluate the cross-contamination. The changes in
modeled pollutant concentrations in each row with different seat layouts were used to
study the longitudinal transport of pollutants. The results implied that it is crucial to
maintain the symmetric seat layout to minimize the cross-transport of pollutants. The
asymmetric seat layout either by inclining random seats or misaligning the seat rows would
strengthen the cross-contamination in an aircraft cabin.

5. Conclusions

This investigation used the validated CFD program to evaluate the impacts of seat
inclination and misalignment of seat rows on the airflow and pollutant transport in a
single-aisle aircraft cabin. The conclusions are as follows:

The inclination of only three adjacent seats in a whole cabin did not change the flow
and the pollutant transport in the cross-section very much. However, the seat inclination
resulted in an increase in the pollutant concentration in the respiratory zone of the rear
three rows while the pollutant concentration in the respiratory zone of the front three rows
decreased, if the pollutant was released from a passenger in an inclined seat.

The inclination of all of the seats in a half cabin while the other half cabin without
seat inclination and the misalignment of seat rows resulted in a highly asymmetric seat
layout. In such situations, the supplied air jets from both sides could easily penetrate the
air curtain in the aisle and promote cross-contamination.

There was no meaningful difference in the flows and pollutant concentration distri-
bution when maintaining the symmetric seat layout with either all of the upright seats
or all of the inclined seats. A symmetric seat layout aids in circumscribing the released
pollutants in a small region and reducing the contamination both in the cross and the
longitudinal sections.

Based on the above findings, it is highly recommended to maintain all of the seats in
an upright manner or be inclined completely on flights. Any random inclination of seats
or misalignment of seat rows that results in a highly asymmetric seat layout should be
avoided during the pandemic.
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