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Abstract

Overhead gaspers provide directional fresh airflow, and thus affect the local airflow pattern and
contaminant distribution. To investigate the impact of gaspers on airborne disease transmission in an
aircraft cabin with a personalized displacement ventilation system, numerical calculations were
conducted in a seven-row, single-aisle, fully occupied, economy-class aircraft cabin with the
computational fluid dynamics (CFD) simulation method. We first investigated the impact of source
gasper direction and flow rate on the airborne transmission near the contaminant source. We then
investigated the protective effect of the receptor’s gasper. For a source passenger’s gasper, the direction
and flow rate of the gasper flow either increased or decreased the air contaminant transmission to other
passengers. Directing the source gasper to the abdomen with a medium flow rate performed best by
reducing the receptors’ mean exposure index by at least 45%, as this approach minimized the
contaminant circulation in the cabin. Turning on a receptor passenger’s gasper could be an effective
strategy to protect the receptor, and the working mechanism was revealed. The gasper-induced jet flow
entrained the surrounding air into the jet region, and the protective effect was related to the contaminant
concentration at ceiling level. With a suitable gasper direction and flow rate, the gasper jet formed a
virtual barrier between the source passenger and the receptor. When the contaminants were transported
upwards to a receptor’s breathing zone, turning on the receptor’s gasper reduced the contaminant

concentration, since the downward gasper jet altered the airflow pattern in front of the receptor.
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1. Introduction

According to the International Air Transport Association (IATA), more than 3.7 billion passengers
travelled by air in 2022, an increase of 73% over 2021 [1]. The rapidly growing number of air
passengers increases the risk of airborne disease transmission in aircraft cabins because of the high
occupant density and long exposure time, as has been widely reported [2-6]. The air distribution system
plays a major role in controlling air quality in aircraft cabins [7-10]. Therefore, it is crucial to investigate
the impact of air distribution systems on airborne disease transmission in aircraft cabins for the health

of the general public.

Mixing ventilation systems are commonly utilized in commercial airliners to provide a suitable cabin
environment. A mixing ventilation system supplies fresh air to the cabin at ceiling and/or shoulder level
and removes the cabin air through the side walls at floor level. However, mixing ventilation is not
efficient in controlling contaminant transport [11-14]. Displacement ventilation systems have been
found more effective than mixing ventilation systems in removing contaminants and improving cabin
air quality [15]. The reason is that the displacement ventilation system supplies fresh air at floor level
and removes the cabin air at ceiling level; thus, the airflow pattern is consistent with the thermal plumes
created by passengers. In addition, personalized ventilation systems have been developed to effectively
reduce the infection risk in cabins by supplying fresh air directly to the breathing zone of the passengers
[8, 16-19]. For instance, You et al. [19] proposed an innovative personalized displacement ventilation
system with individual diffusers installed on the floor under the seats. Clean air was supplied directly
to the passengers in the row behind, and then exhausted at ceiling level. They found that the personalized
system reduced the average exposure in the cabin by more than 50% compared with traditional mixing

and displacement ventilation systems [13, 19].

In addition to the main ventilation system, a system of gaspers is also available in most commercial
airliners for individual ventilation and thermal regulation. Gaspers are a system of small, circular,
adjustable vents installed above the seat for each passenger. Previous studies have indicated that gasper
jets alter the air distribution and thus have a substantial impact on contaminant transport in the cabin
[20-26]. For example, Dai et al. [20] used a high precision hot-wire anemometer to collect velocity and
turbulence intensity data in the flow field of gasper isothermal jet. They found that the flow field was
complicated near the nozzle but could be simplified as a round jet when fully developed. Shi et al. [21]
employed computational fluid dynamics (CFD) to simulate gasper-induced jet flow, and found that
when the gasper jet was discharged, the disturbances developed into vortices, forming coherent
structures. These coherent structures grew continuously as they were transported downstream, greatly
enhancing the mixing process between the gasper-induced jet and the ambient fluid. Li et al. [22] used
a Particle Image Velocimetry (PIV) system to investigate the interactions between gasper jets and the

main ventilation. They found that the gasper significantly increased the air velocity in target passenger’s



breathing zone. However, opening the gasper with medium or high flow rate decreased the air velocity
around the adjacent passenger. As for the impact of gaspers on air quality, Li et al. [23] measured the
distributions of air velocity, temperature, and contaminant concentrations in an MD-82 cabin with two
of five gaspers on. Although the gaspers directed clean air toward the passengers, the air quality in the
breathing zone was not improved in this case. You et al. [24-26] statistically investigated the impact of
gasper-induced jet flow on receptors’ exposure to contaminants exhaled by an index passenger in cabins
with mixing ventilation. According to their results, although the gaspers’ on/off distribution
significantly influenced the infection risk for each passenger, the overall effect of turning on a
passenger’s gasper on the mean infection risk for the passengers was not conclusive. In other words,
turning on a passenger’s gasper could result in either a positive or negative impact on his/her infection

risk.

Although the above studies have provided great insight into gasper-induced jet flow and its influence
on air quality, there is a lack of systematic studies of the impact of gasper settings on airborne disease
transmission in cabins, as passengers usually adjust the direction and flow rate of gaspers to help achieve
their preferred cabin environment [27-29]. Moreover, Li et al. [23] reported that the contaminant was
pushed down to the lower part of the cabin when the gaspers were on. This indicates that turning on
gaspers may increase the exposure risk for other passengers, especially in a cabin with a personalized
displacement ventilation system. The reason is that gasper-induced jet flow is directed downwards,
while the main flow and thermal plume generated by passengers travel upwards. However, the
interaction of the flows from different directions and the impact of this interaction on contaminant
transport have not been well explored. Therefore, further efforts should be made to systematically
investigate the impact of gaspers on airborne disease transmission in aircraft cabins with personalized

displacement ventilation.

To investigate air distributions in cabins, the experimental measurements were more reliable but
expensive and time consuming, while CFD simulation could effectively provide more detailed
information [30]. Considerable efforts has been made to seek more reliable and accurate turbulence
models, especially for complex flows [24, 26, 31]. For instant, Shi et al [31] systematically evaluated
the performances of most prevalent models in simulating stratified flows, including six Reynolds-
averaged Navier—Stokes models and one large eddy simulation model. They found that the shear stress
transport (SST) k—w model was the best for the strongly stratified jet. You et al. [24] used measured
data to evaluate the performance of the re-normalization group (RNG) k—¢ model and the SST i—w
model for predicting air distribution in cabins with gasper on, and the SST ki~ model was found to be
more accurate in gasper-induced jet dominant region. Therefore, CFD is a reliable tool for modelling

gasper-induced jet flow in aircraft cabins.



To fill the research gap and provide a reference for gasper settings from the perspective of public health,
the present study first investigated the impact of source gasper direction and flow rate on airborne
disease transmission near the source in a seven-row, single-aisle, fully occupied, economy-class aircraft
cabin with the CFD method. Next, we evaluated the protective effect of the receptor’s gasper. Finally,
we identified the most effective gasper settings for source passengers and the working mechanism of

the receptor’s gasper.

2. Methodology for airflow simulation

The CFD method was adopted in this study for calculating air distribution and airborne disease
transmission, and ANSYS Fluent was used [32]. The SST k- model [33] was used for predicting the
steady-state air distribution in aircraft cabins with gaspers on, considering that this model performs best
for a jet flow [21, 24, 25, 31]. In the SST k- model, the turbulence kinetic energy (k) and the specific

dissipation rate (w) are obtained from the following transport equations [32]:
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where g;, and g, are the turbulent Prandtl number for k and w, respectively. Meanwhile, G, represents
the generation of k due to mean velocity gradients; G,, represents the generation of w; Y, and Y,

represent the dissipation of k and w, respectively, due to turbulence; and D, is the cross-diffusion term.

The Eulerian method [34] was used to simulate contaminant transport in aircraft cabins, as this method

has been widely used in previous studies on airborne disease transmission [35-38]:

opp 0 09 _
at +axi<p¢Ui r¢,axi)_5¢ )

where ¢ is contaminant concentration, t is time, p is density, U; is air velocity, I is the diffusion
coefficient, and Sy is the mass flow rate of contaminant source per unit volume. This study used User-

Defined Scalar (UDS) to simulate the contaminant, and a scalar transport equation was activated in

ANSYS Fluent.

In this study, the Boussinesq approximation was adopted to consider the buoyancy effect [39]. The
SIMPLE algorithm [40] was employed for coupling pressure-velocity equations. The PRESTO! scheme
was used for discretizing pressure, and the second-order scheme was used for all the other variables.
This investigation assumed that the calculation reached convergence with velocity residuals at 10,

turbulence residuals at 10, and the energy residual at 10,



Note that there is no experimental airflow data available in the literature for the interaction between
displacement ventilation, gasper-induced jet flow, and thermal plume. As this study aimed to investigate
the impact of gasper-induced flow on the contaminant transport, experimental data from You et al. [24]
was used to validate the airflow simulation. The experimental measurements were conducted in a half-
row, single-aisle aircraft cabin mock-up with mixing ventilation, as shown in Fig. 1(a), with dimensions
of 1.75 m in width (x), 0.9 m in depth (y), and 2.2 m in height (z). The main airflow was provided by a
linear diffuser on the aisle ceiling with a velocity of 1.44 m/s. Additional air was supplied through a
gasper installed on the inclined ceiling at a flow rate of 1.2 L/s. The air was exhausted at floor level.
The total flow rate of the cabin mock-up was 27.1 L/s, corresponding to an air change rate of 33.5 ACH.
A heated box was placed inside the cabin with a heat load of 75 W to represent a passenger. A PIV
system was used to obtain the airflow in the measuring area, as shown in Fig. 1(b). The velocity profiles
along three lines were compared with the simulation results for validation. For further details, readers

may refer to the original experimental work [24].
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Fig. 1. Sketch of (a) the aircraft cabin mock-up with a gasper on (revised from [24]), and (b) the

measuring area.

The comparison of the simulated horizontal velocity component and vertical velocity component with
the experimental data along Lines 1-3 are shown in Fig. 2. The simulated velocity component profiles
agreed well with the measured data. Therefore, the complex interaction of the main flow, gasper-

induced jet flow, and thermal plume can be accurately predicted.
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Fig. 2. Comparison of the simulated and measured (a-c) horizontal velocity component and (d-f) vertical

velocity component along Lines 1-3.

3. Case setup

A seven-row, single-aisle, fully occupied, economy-class aircraft cabin with a personalized
displacement ventilation system is illustrated in Fig. 3(a). In this system, 42 individual diffusers (300
mm in height and 80 mm in width) were installed, one diffuser under each seat, to provide clean air
directed towards the breathing zone of the passengers in the row behind the seats. A system of gaspers
was installed on the ceiling. The total flow rate of supply air was 320.46 L/s [19], corresponding to an
air change rate of 39.7 ACH. The cabin air was exhausted through two slots with a width of 4 mm at
the ceiling center. The turbulence intensity at the diffusers and gaspers was assumed to be 10%, and the
turbulence length scale was set as the opening width [13]. The temperature of the supply air was 19.3 °C
[13]. The surface temperatures of the floor, sidewalls, ceiling, and passengers were 23.8 °C, 24.5 °C,
25.0 °C, and 31.0 °C, respectively [13]. In some aircraft types such as Boeing 737 or Airbus A320, a

separate class is outfitted with 25 rows of seats [41]. Therefore, a 25-row section model with wall



boundaries for the front and rear surfaces closely resembles a real-life scenario. Accordingly, we also
simulated the air distribution in a 25-row section of an aircraft cabin to provide momentum and thermal
data for the front and rear surfaces of the seven-row section model. The breathing flow rate caused by
constantly exhaling or constantly inhaling was not considered in this study. Contaminants were released
continuously with zero momentum from a cube (100 mm in side length) in front of the mouth of the
source passenger. For a specific receptor, we used the exposure index [42] to quantify the relative intake
of contaminants exhaled by the source passenger, as this index has been widely adopted in previous
studies [19, 43-45]. The exposure index € was defined as the ratio of the contaminant concentration in
a receptor’s breathing zone to the contaminant concentration in the return air [42]. The breathing zone
was assumed to be a hemisphere in front of the shoulders, centered on the mouth and nose, with a radius

of 20 cm [46], as shown in Fig. 3(b).

(a) (b)

Exhaust

Gasper

Breathing
£one

Mouth

Abdomen

Fig. 3. (a) Schematic of a seven-row section of the single-aisle, fully occupied, economy-class aircraft

cabin and (b) the breathing zone and gasper directions in the side view.

To investigate the impact of gaspers on near-source transmission, we considered three source locations
according to symmetry: the source passenger seated at 4A (window seat), 4B (middle seat), and 4C
(aisle seat). The other passengers’ gaspers were assumed to be closed. For the source passenger’s gasper,
the flow rates of 0.66 L/s (half-open) [23] and 1.32 L/s (fully open) were considered, and turning the
gasper off was used as a benchmark. In a previous study, Fang et al. [27] experimentally found that
more than 68% of participants adjusted the gaspers to target their bodies above waist level. Therefore,
in the present study, three directions were considered (see Fig. 3(b)) for the source passenger’s gasper
direction: to the head (H), to the mouth (M), and to the abdomen (A). A total of 21 cases were calculated.
To investigate the impact of the receptor’s gasper, we focused on the three most at-risk receptors with
the highest exposure for each seat type, and the gaspers of other receptors were assumed to be closed.

Another 18 cases were calculated, and the total number of cases in this study was 39.



A grid-independence test was conducted in a one-row section of the cabin with three grid resolutions,
a coarse grid of 0.48 million, a moderate grid of 1.20 million, and a fine grid of 3.24 million. As shown
in Fig. 4(a), we compared the air velocity along the vertical centerline of the aisle (Line 1) and the
gasper-induced jet flow direction (Line 2). The results in Fig. 4(b)-(c) clearly showed that the moderate

grid was adequate to capture the main flow and jet flow in the cabin.
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Fig. 4. (a) The one-row section of aircraft cabin for grid independence test, and comparison of the

velocity profiles at (b) Line 1 and (c) Line 2.

With the above moderate grid resolution, the grid distribution employed in this study is shown in Fig.
5. The smallest meshes used around the exhaust and gaspers were 1 mm (labeled as @) and 1.4 mm
(labeled as @), respectively. The size of the mesh on the passenger surfaces was 25 mm to depict the

complex geometry. In other areas, the mesh size increased gradually by a factor of 1.2 to a maximum

size of 60 mm. This led to a total grid number of 8.36 million for the seven-row section model.



Fig. 5. Grid distribution for the seven-row section of aircraft cabin.

4. Impact of source gasper on near-source transmission

To investigate the impact of gaspers on near-source transmission, we first analysed the airflow pattern
and exposure index of the receptors when the source passenger was in different seat locations with all
gaspers off as the benchmark. We then compared the exposure index under different source gasper
settings, including directions and flow rates. Finally, we assessed the performance of different gasper

settings in reducing overall exposure to obtain the optimal gasper setting for source passengers.

4.1 Gaspers off

When all gaspers were turned off, the air distribution in the cabin was dominated by the main flow and
thermal plume. The airflow pattern in the cross section located 0.05 m in front of the mouth of the
passengers in the fourth row (CS4) is shown in Fig. 6(a). The red arrows represent the general airflow
structure. At breathing level, the air at the window seat moved towards the sidewall, while the air at the
aisle seat moved towards the aisle. The air at the middle seat moved upwards due to the thermal plume.
At ceiling level, the air ascended to the exhaust in the ceiling center. In the lower part of the aisle, the
air descended to the floor and then moved to the region under the seats on both sides. The airflow pattern
in the horizontal section at breathing level (HS) is shown in Fig. 6(b). It can be seen that the airflow at

breathing level was forward.
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Fig. 6. The airflow patterns at (a) CS4 and (b) HS, (c-e) the exposure index, and (f-h) the C*

distributions at CS4 and HS with source passenger in the window seat, middle seat, and aisle seat.

The exposure index of the receptors with source passenger in different seat locations are shown in Fig.
6(c)-(e). The red star represents the source location. When the source passenger was in the window or
middle seat (see Fig. 6(c) and (d)), passengers with higher exposure index were clustered in the few
rows directly in front of the source passenger. However, when the source passenger was in the aisle seat

(see Fig. 6(¢)), passengers behind the source passenger had higher exposure risk.
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To analyse the contaminant transmission route, we also compared the dimensionless contaminant
concentration C* (normalized by the contaminant concentration of return air) distributions at CS4 and
HS with different source locations, as shown in Fig. 6(f)-(h). When the source passenger was in the
window or middle seat, the contaminants moved forward due to the forward airflow at breathing level
(see Fig. 6(f) and (g)). When the source passenger was in the aisle seat, a considerable amount of the
exhaled contaminants was transported downwards to the aisle floor (see Fig 6(h)), moved to both sides,
and finally entered the breathing zone of the passengers in the back rows. Therefore, the passengers

behind the source passenger were exposed to a higher concentration of contaminants.

4.2 Source gasper on

The relative positions of the source passenger and his/her gasper were different for each source location,
as shown in Fig. 7. The green arrows represent the general direction of the gasper-induced jet flow.
When the source passenger was seated in the window seat, the source gasper was in front of the right
side of the source passenger, and the gasper flow thus moved backwards and left towards the sidewall.
In contrast, when the source passenger was seated in the middle or aisle seat, the gasper of the source

passenger was in front of the left side of the source passenger. Therefore, the gasper flow moved

backwards and right towards the aisle.
4C 4B 4A

Sidewall

Fig. 7. Relative positions of source passengers and gaspers in the top view.

4.2.1 Window seat

When the source passenger was in the window seat 4A, three directions (see Fig. 3(b)) and two flow
rates of the source gasper were considered. We compared the exposure index under different source
gasper settings, as shown in Fig. 8(a)-(c). To keep the paper concise, only the results for some of the
cases are presented, and the remaining results can be found in Appendix. The results show that opening
the source gasper increased the exposure index of receptors behind the source passenger, particularly
when the flow rate was high. For instance, when the source gasper was fully open towards the mouth
(see Fig. 8(b)), the exposure index of five of the receptors behind the source passenger was above 1, in
contrast with the benchmark case, where the exposure index of all receptors behind the source passenger

was less than 1 (see Fig. 6(c)).
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To clarify the influence mechanism of the gasper, we further analysed the airflow pattern and C*

distribution at CS4, HS, and the longitudinal section for passengers in column A (LSA), as shown in

Fig. 8(d)-(f). When the source gasper was open, as the gasper-induced flow was towards the sidewall

(see Fig. 7), the jet flow entrained the contaminants backwards to the sidewall. With a higher flow rate,

the gasper jet flow gained more momentum and transported the contaminants further towards the rear

rows. Simultaneously, a portion of the contaminants was transported to the floor and then entered the

breathing zone of rear receptors by upwards flow from the diffusers, as shown in Fig. 8(e). However,

when the gasper was half-open to the abdomen, the jet flow was blocked by the body of the source

passenger, as depicted in Fig. 8(f), preventing the backward transmission of contaminants. Therefore,

the exposure index of rear receptors was not notably increased (see Fig. 8(c)).
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4.2.2 Middle seat
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When the source passenger was in the middle seat 4B, three directions (see Fig. 3(b)) and two flow rates
of the source gasper were considered. The exposure index under different source gasper settings are
shown in Fig. 9(a)-(c). The results indicate that when the source gasper was open, the exposure index
of receptors behind the source passenger even on the opposite side of the aisle was increased, while the
exposure index of receptors in front of the source passenger was decreased. To explain this phenomenon,
we analysed the airflow patterns and C* distributions at CS4, HS, and the longitudinal section for
passengers in column B (LSB), as shown in Fig. 9(d)-(f). When the source gasper was open, as the
gasper-induced flow was towards the aisle, the jet flow entrained the contaminants backwards to the
aisle (see Fig. 7). If the gasper was open at a high flow rate, the gasper-induced flow gained more
momentum, and entrained the contaminants further backwards even across the aisle (Fig. 9(e)).
However, with a lower flow rate, the momentum of gasper-induced flow was insufficient to transport
the contaminants across the aisle (see Fig. 9(d) and (f)). Instead, the contaminants were transported to

the aisle, carried by the main flow to the aisle floor, and finally moved to the receptors in the rear rows.
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under different gasper settings with source passenger seated in the middle seat 4B.
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4.2.3 Aisle seat

When the source passenger was in the aisle seat 4C, three directions (see Fig. 3(b)) and two flow rates
of the source gasper were considered. We compared the exposure index under different source gasper
settings, as shown in Fig. 10(a)-(c). It can be seen that when the source gasper was half-open to the
abdomen, the exposure index of almost all receptors was reduced (see Fig. 10(b)). As for other source
gasper settings, the exposure of receptors behind the source passenger even on the opposite side of the
aisle was increased, while the exposure of receptors in front of the source passengers was decreased,

which was similar to the situation when the source passenger was in the middle seat with the gasper on.

Next, we analysed the airflow pattern and C* distribution at CS4, HS, and the longitudinal section for
passengers in column C (LSC), as shown in Fig. 10(d)-(f). The results indicate that the airborne
transmission routes varied under different source gasper settings. For example, when the source gasper
was half-open to the head, as illustrated in Fig. 10(d), some of the exhaled contaminants were entrained
by the gasper-induced jet flow and directly entered the breathing zone of the receptors on the opposite
of the aisle. Meanwhile, the other portion of contaminants were transported downwards to the aisle
floor and then entered the breathing zone of the receptors in the rear rows. When the source gasper was
fully open to the abdomen, as shown in Fig. 10(f), the gasper-induced flow entrained a considerable
amount of the exhaled contaminants across the aisle to the floor. The contaminants were then
transported to the breathing zone of the receptors in the rear rows. However, when the source gasper
was half-open to the abdomen, the contaminants were not transported across the aisle due to obstruction
by the body of the source passenger. Instead, the contaminants were carried by the main flow and then

exhausted directly through the ceiling center, as shown in Fig. 10(e).
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(d) Half-open to the head (¢) Half-open to the abdomen (f) Fully open to the abdomen

Fig. 10. (a-c) Exposure index, and (d-f) the airflow patterns and C" distributions at CS4, HS, and LSC

under different gasper settings with source passenger seated in the aisle seat 4C.

4.3 Assessment of different source gasper settings

For a quantitative assessment of the performance of different source gasper settings, Table 1 displays
the mean exposure index of all receptors (€,,.4,,) and the number of receptors with an exposure index
above 1 ( No) for different source gasper settings with different source locations. It can be seen that
the source passenger’s setting could result in either a positive or negative impact on the mean exposure
index of all receptors. Taking the source passenger seated at 4C as an example, when the source gasper
was half-open to the abdomen, the mean exposure of all receptors was 0.16, which was 45% lower than
the benchmark (0.29). In contrast, when the source gasper was half-open to the head, the mean exposure

was 0.56, almost twice the benchmark level.

Table 1. €04, and No,~q for different gasper settings with different source locations.

Head Head Mouth Mouth Abdomen Abdomen

Source  Assessment Gasper
half- fully half- fully

location  indicator off half-open  fully open
open open open open

n €mean 0.57 0.32 0.58 0.37 0.50 0.26 0.27
No.-, 6 4 10 4 7 3 4

IB €mean 0.67 0.51 0.70 0.53 0.54 0.30 0.48
Nog~q 5 3 7 2 3 2 4

AC Emean 0.29 0.56 0.55 0.39 0.48 0.16 0.35
Nogsq 1 4 10 5 6 1 3
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The number of receptors with an exposure index above 1 should also be considered in addition to the
mean exposure. Taking the source passenger seated at 4A as an example, when the source gasper was
fully open to the mouth, although the mean exposure (0.50) was lower than the benchmark (0.57), the
value of No,-, (7) was higher than the benchmark (6). Thus, more receptors were exposed to high

infection risk when the source gasper was fully open to the mouth.

Among all gasper settings for each source location, keeping the gasper half-open towards the abdomen
resulted in the lowest €04, and No,-q, and it reduced the €,,,,4,, by at least 45%. This is because more
contaminants were exhausted directly through the ceiling center, and the contaminant circulation in the
cabin was reduced. Therefore, keeping the gasper half-open to the abdomen is recommended for source

passengers.

5 Impact of receptor’s gasper

To evaluate the effectiveness of gaspers in protecting receptors, we first identified the most at-risk
receptor for each seat location as the target receptors. We then compared the exposure index of a given
target receptor under different receptor gasper directions and flow rates to quantify the impact of the
receptor’s gasper settings. Furthermore, we analysed the airflow pattern and C* distribution to

characterize the working mechanism of the gasper.

5.1 Window seat

According to the exposure index in Section 4, the highest exposure index among all receptors in the
window seat was 9.29 (see Fig. 6(d)). This receptor was seated at 4A, with the source passenger in 4B
keeping the source gasper off, as shown in Fig. 11(a). We considered different directions and flow rates
of the receptor’s gasper, and the calculated exposure index of the receptor 4A is shown in Fig. 11(b).
Turning the receptor’s gasper off was used as the benchmark, with an exposure index of 9.29. When
the receptor’s gasper was directed to the head or mouth, keeping the gasper fully open performed better,
whereas a half-open gasper was worse than the benchmark. For example, when the receptor’s gasper
was half-open to the head, the receptor’s exposure index was 25.40, almost three times the benchmark.
In contrast, the exposure index was only 2.74 when the gasper was fully open to the head, 71% lower
than the benchmark. Possible reasons are as follows. In the benchmark case, as shown in Fig 11(c), the
air at source passenger 4B moved leftwards, rightwards, and upwards, resulting in high contaminant
concentration at 4A, 4C, and ceiling level. When the receptor’s gasper was open, the jet flow from the
ceiling entrained the contaminants into the receptor’s breathing zone, as shown in Fig. 11(d), resulting
in higher contaminant concentration compared with the benchmark. With a high flow rate, the entrained

contaminants were quickly carried away to the sidewall and the back row, as shown in Fig. 11(e).
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Fig. 11. (a) The relative positions of the source passenger and the receptor, (b) exposure index of the
receptor 4A, and (c-g) airflow patterns and C" distribution at CS4 and LSA under different receptor

gasper settings.

Additionally, when the receptor’s gasper was directed to the abdomen, opening the gasper with a
medium flow rate performed much better than the benchmark. As shown in Fig. 11(a), the gasper jet
when directed to the abdomen was positioned between the source passenger and the receptor. When the
gasper was half-open as in Fig. 11(f), the gasper jet formed a virtual barrier between the source
passenger and the receptor and thus reduced the contaminant concentration in the receptor’s breathing
zone [47]. However, with a high flow rate, as shown in Fig. 11(g), the gasper jet from the ceiling
entrained the contaminants at ceiling level, resulting in a higher contaminant concentration in the

receptor’s breathing zone compared with the low flow rate scenario.
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5.2 Middle seat

Among all receptors in the middle seats, the highest exposure index was 4.74 (see Fig. 9(b)). This most
at-risk receptor was seated at 5B, with the source passenger in 4B keeping the source gasper fully open
to the head, as shown in Fig. 12(a). The exposure index of the receptor SB under different gasper settings
is shown in Fig. 12(b). The results indicate that opening the receptor’s gasper performed better than the
benchmark. The exposure index of the receptor 5B with the gasper turned on ranged from 2.19 to 3.93,
all lower than the benchmark. In the benchmark case, the contaminants were transported backwards at
breathing level from the source passenger to the receptor, as indicated by the yellow arrow in Fig. 12(c),
and the contaminant concentration at ceiling level above 5B was low. When the receptor’s gasper was
open, the jet flow from the ceiling entrained the clean air into the receptor’s breathing zone, as shown

in Fig. 12(d) and (e), resulting in a lower contaminant concentration compared with the benchmark.

Gasper Gasper 6
w | 474
-
Fully open § 41
( — 'E
' Z
22
-
@
0

D
o K OQ”'

Receptor 5B Source 4B Gasper settings

(b)

(c) Gasper off (d) Half~open to the mouth (¢) Fully open to the abdomen

Fig. 12. (a) The relative positions of the source passenger and the receptor, (b) exposure index of the
receptor 5B, and (c-e) airflow patterns and C" distribution at CS5 and LSB under different receptor

gasper settings.

5.3 Aisle seat

Among all receptors in the aisle seats, the highest exposure index was 7.98 (see Fig. A.3(c)). This most
at-risk receptor was seated at 4C, with the source passenger in 4B keeping the source gasper fully open

to the abdomen, as shown in Fig. 13(a). The exposure index of the receptor 4C under different gasper
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settings is shown in Fig. 13(b). Turning the receptor’s gasper off was used as the benchmark, with an
exposure index of 7.98. The results showed that opening the receptor’s gasper performed better than
the benchmark. Possible reasons are as follows. When the receptor’s gasper was turned off, the
contaminants was transported to the receptor at thigh level by the jet flow of the source’s gasper, and
then carried by the thermal plume upwards into the receptor’s breathing zone, as indicated by the yellow
arrow in Fig. 13(c). If the receptor’s gasper was open, the downward gasper jet altered the air flow
pattern in front of 4C. For instance, the airflow in front of 4C was downward when the gasper was half-
open to the mouth as shown in Fig. 13(d). Thus, the jet flow could effectively decrease the contaminant

concentration in the receptor’s breathing zone, and a stronger gasper jet performed better (see Fig. 13(e)).
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'

Fig. 13. (a) The relative positions of the source passenger and the receptor, (b) exposure index of the
receptor 4C, and (c-e) airflow patterns and C* distribution at CS4 and LSC under different receptor

gasper settings.

5.4 Protective effect and working mechanism

As illustrated in previous sections, the impact of the gasper on the three most at-risk receptors varied
with different gaper settings. As summarized in Table 2, the mean exposure index was also calculated
to evaluate the overall impact of turning on the receptor’s gasper. When the receptor’s gasper was turned

on, the overall mean exposure index of three target receptors was 5.75, 21.7% lower than the benchmark
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(7.34). Therefore, turning on a receptor’s gasper with an appropriate setting could be an effective

strategy to protect the receptor.

Table 2. Exposure index of the target receptor for different receptor’s gasper settings.

Gasper on
(6 £ ]
Receptor T ©  Head Head Mouth Mouth Abdomen Abdomen
0 :

i half-open fully open half-open fully open half-open fully open
4A 9.29 25.40 2.74 11.51 3.38 3.19 8.28
5B 4.74 3.25 3.93 2.19 3.77 3.08 241
4C 7.98 7.62 6.60 3.89 3.50 4.73 4.09

Overall Mean 7.34 5.75

Based on the analysis of the impact of the gasper on the three most at-risk receptors, the working

mechanism of a receptor’s gasper can be described as follows:

e The gasper-induced jet flow entrained the surrounding air to the jet region, leading to either a
positive or negative impact on the receptor’s exposure. Since the gaspers were mounted on the
ceiling, if the contaminant concentration at ceiling level was low, the gasper flow entrained
clean air to the lower part of the cabin and thus reduced the concentration in the receptor’s
breathing zone. If the concentration at ceiling level was high, directing the gasper with a low
flow rate to the mouth or head resulted in a high contaminant concentration in the receptor’s
breathing zone.

e With a suitable gasper direction and flow rate, the gasper jet formed a virtual barrier between
the source passenger and the receptor. This mechanism reduced the contaminant transmission
to the receptor’s breathing zone.

e  When the contaminants were transported upwards to the receptor’s breathing zone, turning on
the receptor’s gasper reduced the contaminant concentration, since the downward gasper jet

altered the airflow pattern in front of the receptor.

6. Discussion

To evaluate whether the selected cases in Section 5 were representative, we analysed the transmission
route of the contaminants for each receptor from the calculations in Section 4 (see Fig. A.10-13). For
the first typical scenario, the contaminants entered the receptor’s breathing zone either from ceiling
level or horizontally at breathing level. We designated this scenario as the ceiling/breathing (C/B)
scenario. For the other typical scenario, the contaminants were transported upwards to the receptor’s
breathing zone from floor level or from thigh level due to the thermal plume before entering the

receptor’s breathing zone. This scenario was designated as the floor/thigh (F/T) scenario. The calculated
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probability of each scenario and the exposure range of receptors for each seat type are shown in Fig. 14.
When the gasper of the source passenger was off, as depicted in Fig. 14(a), the C/B scenario had a
higher probability of occurrence. Moreover, as shown in Fig. 14(b), receptors under the C/B scenario
had higher mean and peak exposure values. Therefore, the C/B scenario was the most common and
dangerous scenario when the source gasper was turned off. For the receptor in the window seat in
Section 5.1, the source gasper was off and the contaminants were transported at breathing level into the
receptor’s breathing zone. Thus, it was a representative case. When the source gasper was open, as
depicted in Fig. 14(c) and (d), the C/B scenario also had a higher probability of occurrence, but with a
lower mean exposure index compared with the F/T scenario. Therefore, both the C/B and F/T scenarios
were typical. For the receptor in the middle seat in Section 5.2 and the receptor in the aisle seat in
Section 5.3, the source gasper was open and the contaminants were transported from breathing level

and thigh level, respectively. Therefore, all three of the selected cases in Section 5 represent typical

scenarios.
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Fig. 14. When the source gasper was turned off, (a) the probability and (b) exposure of receptors for
different scenarios and receptor seat types; and when the source gasper was turned on, (c) the probability

and (d) exposure of receptors for different scenarios and receptor seat types.
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Fig. 15 shows the airflow pattern at the window seat in longitudinal section LSA. In the middle section,
the airflow under the seat was backward, while it was forward in the front and rear sections. This is
because of the cabin’s partitions at the front and the back of the cabin. The difference in airflow structure
would further affect the contaminant transmission. In this study we only investigated the seven rows in
the middle of the cabin. For the front or rear section of the cabin, the results and conclusions may be
different. Further studies are needed to examine the effects of longitudinal flow and extend our findings

to the whole cabin.
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Fig. 15. The airflow pattern at LSA in a 25-row, single-aisle, fully occupied, economy-class aircraft

cabin.

This study only considered three most at-risk receptors, and the gaspers of other passengers were
assumed to be closed. Note that each passenger may choose whether to turn on his/her gasper. Other
possible gasper on/off distributions were not addressed in this study, and current results were not
sufficient to provide recommendations for gasper settings. Moreover, as mixing ventilation is
prevalently used in commercial airliners, it is worthwhile to compare the performance of gaspers in
different ventilation systems. Therefore, follow-up studies are needed for practical applications in the

future.

7. Conclusions

This study aimed to investigate the impact of gaspers on airborne disease transmission in an aircraft
cabin with a personalized displacement ventilation system. We conducted numerical studies in a seven-
row section of a single-aisle, fully occupied, economy-class aircraft cabin with the CFD simulation
method. We first investigated the impact of source gasper direction and flow rate on the airborne
transmission near the source. Next, we investigated the protective effect of the receptor’s gasper. Within
the scope of this study, the following conclusions can be made:

e For a source passenger’s gasper, the direction and flow rate of the gasper flow either increased
or decreased the air contaminant transmission to other passengers. Directing the source gasper
to the abdomen with a medium flow rate significantly mitigated the overall exposure, as this
approach minimized the contaminant circulation in the aircraft cabin. This setting was
recommended for the source passenger, and could reduce the mean exposure index by at least

45% compared to the benchmark.
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e For areceptor’s gasper, turning on the gasper with an appropriate setting could be an effective
strategy to protect the receptor. The working mechanism of a receptor’s gasper can be
summarized as follows:

(1) The gasper-induced jet flow entrained the surrounding air into the jet region, leading to
either a positive or negative impact on the receptor’s exposure. The protective effect depended
on the contaminant concentration at ceiling level.

(2) With a suitable gasper direction and flow rate, the gasper jet formed a virtual barrier between
the source passenger and the receptor. This mechanism reduced the contaminant transmission
to the receptor’s breathing zone.

(3) When the contaminants were transported upwards to the receptor’s breathing zone, turning
on the receptor’s gasper reduced the contaminant concentration, since the downward gasper jet

altered the airflow pattern in front of the receptor.
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Fig. A.1. Exposure index under different gasper settings with the source passenger seated in the window

seat 4A.
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with the source passenger seated in the window seat 4A.
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Fig. A.3. Exposure index under different gasper settings with the source passenger seated in the middle

seat 4B.
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Fig. A.4. The airflow patterns and C" distributions at CS4, HS, and LSB under different gasper settings

with the source passenger seated in the middle seat 4B.
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Fig. A.5. Exposure index under different gasper settings with the source passenger seated in the aisle

seat 4C.
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Fig. A.6. The airflow patterns and C" distributions at CS4, HS, and LSC under different gasper settings

with the source passenger seated in the aisle seat 4C.
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Fig. A.7. The airflow patterns and C” distributions at CS4 and LSA under different gasper settings with

the receptor seated in the window seat 4A.
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Fig. A.8. The airflow patterns and C" distributions at CS5 and LSB under different gasper settings with

the receptor seated in the middle seat 5B.
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Fig. A.10. Distribution of scenarios for all receptors when the gasper of the source passenger was off.
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