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A B S T R A C T   

Ventilation systems for aircraft cabins are mainly used to maintain a comfortable environment in 
the cabin and ensure the health of passengers. This study evaluates the decontamination per
formance of two cabin ventilation systems, the displacement ventilation (DV) system and the 
mixing ventilation (MV) system, in preventing contamination by virus (COVID-19)-laden drop
lets. The Euler-Lagrange method was used to computationally model droplet dispersion of 
different diameters and their behavior in the two systems was contrastively analyzed. Statistics on 
droplet suspension ratios and duration as well as the infection probability of each passenger were 
also computed. It was found that11.07% fewer droplet remained suspended in the DV system 
were than those in the MV system 10s from droplet release. In addition, the number of droplets 
extracted from the exhausts in the DV system was 13.15% more than the MV system at the 400s 
mark. In the DV system, higher ambient wind velocities were also found to locally increase 
infection probability for passengers in certain locations.   

1. Introduction 

The large-scale and sustained outbreak of novel coronavirus COVID-19 in 2019–2022 has brought to the fore the need to prevent 
and control airborne virus transmission. Airborne disease transmission through droplets and aerosols contribute significantly to spread 
of infectious diseases [1], particularly in artificially ventilated enclosed spaces, such as aircraft, with numerous cases of the COVID-19 
being communicated via airborne transmission in flights [2]. Available evidence suggests that persons infected with COVID-19 
transmit it to others by discharging tiny droplets carrying the virus when they talk, sneeze, cough, and even breathe [3–6]. Hence, 
the behavior and spread of virus (COVID-19)-laden droplets in aircraft cabin ventilation systems needs to be studied further. 

The characteristics of air and droplets emitted during human breathing have been much examined in the literature, with Mie 
interferometric graphs being used to measure the size and dispersion of droplets, and image velocimetry being used to measure air 
velocity in flow fields [7]. Droplets exhaled by the human body are multi-component, including evaporable liquid water and 
non-volatile substances, lipids, proteins, sugars, and sodium chloride [8]. Early evaporation tests suggest that droplets consist of 93.2% 
water and 6.8% aforementioned non-volatile substances [9]. Christian et al. (2021) [10] computed the relationship between initial and 
final droplet size after evaporation in an acoustic levitation and argued that equilibrium droplet size in general approximated 20% of 
initial diameter. Nonetheless, the literature [8] shows that the final size of droplets is related to the amount of saliva non-volatiles in 
the subject. Moreover, the evaporation process is affected by ambient temperature and humidity [11]. The evaporation process 
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changes the diameter of the droplets; it also affects the diffusion of the droplets. 
The pattern of cough transmission from a single person has been considered in many literatures [7,10,12]. Yan et al. (2019) [13] 

found that small droplets of 3.5 μm–20 μm in diameter would be lifted by the heat plume flow from the human body in enclosed space; 
medium droplets (10–100 μm) and very small droplets (<5–10 μm) are more affected by ambient winds from the perspective of 
computational fluid particle dynamics (CFPD); and larger droplets (≥50 μm) follow a ballistic trajectory and are unable to be carried 
into the breathing zone. In addition, studies of the human respiratory tract [14] have found that particles smaller than 10 μm can enter 
the lower respiratory tract and lungs, while particles larger than 10 μm are more often trapped in the upper respiratory tract. 
Therefore, some scholars [15,16] have used 10 μm as the truncation diameter of the upper and lower respiratory tracts. Furthermore, 
research recently published by the U.S. Transportation Command (USTRANSCOM) and the Air Mobility Command (AMC) shows that 
droplet dispersion from a patient is localized in the cabin space, primarily affecting the patient’s row and the individuals in the pa
tient’s front and rear rows [17]. 

Due to its structure and dense population [18], aircraft cabin space is prone to airborne transmission; therefore, the selection and 
optimization of suitable ventilation systems must be studied. The ventilation system currently widely used in commercial aircraft is the 
mixing ventilation (MV) system, where the regulated airflow enters the cabin at a certain velocity from the ceiling or top of the 
sidewall, and the airflow leaves the cabin through an outlet near the floor [19]. However, previous studies have found that the MV 
system has poor control over pollutants [20–22], so more and more research is starting to focus on the development of displacement 

Fig. 1. Dimensions of the Aircraft Cabin. (a)Aircraft cabin with DV system, (b) Aircraft cabin with MV system, (c) The size of computational domain, 
(d)Mesh of computational domain. 
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ventilation (DV) systems [23]. DV systems employ lower airflow velocity dispersion, with inlets generally arranged at the lower 
sidewalls of the nacelle, while outlets are arranged near the trans-ceiling [24]. 

Current research on ventilation systems generally suggests that the DV system is superior to the MV system in terms of preventing 
pollution discharge. However, at present, there is little high-precision experimental data on the dispersion of droplets in DV and MV 
ventilated cabins. Most existing physical studies involve very few measurement points [25,26], as they are based on Mie scattering 
theory as the principle of measurement risk destruction of the native flow field by introducing too many measurement points. 

Numerical study was conducted to investigate the transport of jet droplets in a seven-row extended cabin by Gupta et al. (2011) 
[27]. Conclusions in detail was reached by investigating the transport of droplets from respiration and coughing. The risk of influenza 
transmission was further explored with one indicator patient in seven rows of passenger cabins [28]. They choose two different 
methods, deterministic and probabilistic, to measure influenza risk. Those studies provide an important theoretical basis for subse
quent CFD (computational fluid dynamics) research. Due to the limited computational resource, the passenger model is oversimplified 
to a combination of blocks in the simulated cabin for pollutant transport. 

Yan et al. (2017) [29] gave a detailed description of the distribution of pollutants in the cabin and studied the differences in the 
distribution of pollutants among infected people in different positions. However, in their study, the initial diameter distribution of 
particles was oversimplified and the evaporation of particles was ignored, and the ventilation system’s influence had not been 
discussed. 

In the past, the research indexes of ventilation system mainly focused on pollutant removal and human thermal comfort [30–32]. 
However, in the current epidemic situation, it is urgent to take infection probability as the main index of the ventilation system. While 
previous infection probability studies [29,33] focused on the change of passenger position, but ignored the influence of ventilation 
system itself on the transmission of pollutants. 

Based on the Euler-Lagrangian method, this study simulated the trajectory of droplet pollutants, and the fate of pollutant droplets at 
different times was analyzed under different ventilation systems. The Lagrangian-based Wells-Riley approach as a risk assessment 
indicator to re-examine the two ventilation systems in the cabin. By comparing the advantages and disadvantages of different 
ventilation systems, we found the DV system was not superior to the MV system locally. The influence of the ventilation system and 
wind velocity on infection probability was studied. The results of this study will provide inspiration for the improvement of ventilation 
system optimization in the future. 

2. Method 

2.1. Geometry and meshing 

Using 3D CFD modeling, a model of the cabin segment of the aircraft is built, with a maximum spatial size of 2.90 m × 2.08 m ×
2.25 m. The specific geometries are shown in Fig. 1. Fig. 1 (a) shows the aircraft cabin with DV system, and Fig. 1 (b) shows the aircraft 
cabin with MV system. Talaat et al. (2021) [52] found particulate pollutants released by human beings were mainly distributed in three 
rows, therefore, only three seat rows were modelled to reduce computational load. Each seat is decorated with a manikin, which was 
obtained from an open database (https://www.cfd-benchmarks.com/). Again, due to limited computing power, appropriate simpli
fications are made to the models [34], Specifically, reasonable conditional assumptions are made to achieve a certain degree of 
simplification of the calculation process while maintaining reasonable precision. A mouth opening is also created for each manikin 
with hydraulic diameters equivalent to 19.5 mm. Due to the symmetrical dispersion of the airflow field, only one half of the chamber is 
simulated. The cabin walls, ceiling and trunk are simplified as curved surfaces, while the seat handles, seat legs and windows are 
ignored. Fig. 1 (c) illustrates the main geometric dimensions of the aircraft. 

2.2. Governing equations 

A well-validated CFPD model [13,35,36] is used to model the continuous air and the evaporation process of liquid droplets. The 
continuous phase is described by Euler equations, and the internal air flow field is modelled using numerical methods to create a 
Navier-Stokes equation system containing mixed terms, with the following control Eqs. (1)–(4): 

∂
∂t (ρmixαair)+∇ ·

(

ρmixαair U
→

mix

)

= 0 (1)  

∂
∂t
(
ρmixαvap

)
+∇ ·

[

ρmixαvap U
→

mix − ρmixDk
(
∇αvap

)
]

= Svap (2)  

where ρmix is the density of the moist air; αair is the mass fraction of the dry air; αvap is the mass fraction of the water vapor; U→mix is the 
velocity of the moist air; Dk is the dispersion rate of the water vapor in the moist air; Svap is the water vapor source generated by the 
evaporation of droplets. 
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∂
∂t (ρminHmix)+∇ ·

[

ρmix U
→

mixHmix − ∇(λmixTmix)

]

=Qmd (4) 

The Lagrange method is used to track the transport and trajectories of discrete phase droplets, as shown in the following formula 
(5): 

md
dU→d

dt
= F→D + F→Bouy + F→BM (5)  

where F→D is drag force, and F→Bouy is buoyancy, and F→BM is the Brownian motion force. 

The drag force F→D is defined as formula (6): 

F→D =
CD

2
πd2

d

4
ρmix

⃒
⃒
⃒
⃒U
→

d − U→mix

⃒
⃒
⃒
⃒

(

U→d − U→mix

)/

Cc (6)  

where dd is the diameter of the droplet, and Cc is the Cunningham correction coefficient, which is used to correct the slip condition 
which can be caused by the scale of droplets. 

The drag coefficient CD is defined as formula (7): 

CD = a1 +
a2

Red
+

a3

Re2
d

(7)  

where a1, a2 and a3 are determined by the Reynolds number of droplets. 
The buoyancy force F→Bouy is defined as formula (8): 

F→Bouy =
πd3

d

6
(ρd − ρmix)g (8)  

And F→BM is considered negligible at the current size. 
Based on the available literature [13], it was directly assumed that the initial composition ratio of saliva is 1.8% non-volatile solid 

mixture and 98.2% vaporizable water. Evaporation is controlled by judging the relationship between the partial pressure of water 
vapor and the saturated vapor pressure on the surface of the droplet. Mathematically, evaporation is mainly determined by the 
diffusion mechanism and mass transfer rate, as shown in the following formula (9): 

dmd

dt
= −

dSvap

dt
= − πddDdynSh

Mv

Mm
ln

P − Pv,s

P − Pv,m
(9)  

where Ddyn is the dynamic diffusion rate of water vapor in the continuum; Sh is the Sherwood number; the molecular weights of the 
vapor and the mixed air are expressed as Mv,Mm respectively; P is the pressure of local environment; Pv,s is the partial pressure of the 
water vapor on the droplet surface; and Pv,m is the partial pressure of the droplet and the air mixture. 

The Phase change latent heat transfer is modelled as formula (10): 

mdCp,d
dTd

dt
= qmd − hlv

dmd

dt
(10)  

where qmd is the heat exchange rate at interface; hlv is the particulate matter latent heat; Supposing the temperature gradient inside the 
droplet is ignored. 

2.3. Model verification 

As shown in Table .1 that most of the previous research to simulate the flow field in the aircraft cabin used the RNG k-ε model, 
which results have been made comparison and demonstration with the PIV experimental data. 

Table 1 
Summary of CFD validation experiments for aircraft cabins.  

Authors Platform Instruments Validated numerical methods 

Zhang et al., 2009 [20] B767 mock-up (occupied) One UA RNG k-ε 
Zítek et al., 2010 [53] B767 mock-up (occupied) PIV (helium bubbles) Standard k-ε 
Liu et al., 2013 [54] First class of MD-82 (occupied) – RNG k-ε 
Yan et al., 2017 [29] Boeing 737-200 Exp. data with similar conditions RNG k-ε 
Zhao et al., 2019 [35] Rectangular space – SST k-w 
Haghnegahdar et al., 2010 [45] Respiratory tract model Exp. data with similar conditions SST k-w 
Yu et al., 2020 [36] Rectangular space – SST k-w  
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The SST k-ω model was used in the research for calculating droplet propagation in the respiratory flow field and hypothetical 
scenario. Laminar-to-turbulence airflow field predictions using the SST k-ω transition model [37]. Specifically, comparisons of airflow 
velocity magnitude and iso-surfaces show good matches between the employed SST k-ω transition model and the experimental 
measurements [38] have been done in the same subject-specific human airway model. 

In order to compare the differences between the two turbulence models in the cabin, we use the experimental data [39] as the 
comparison. The supply air volume was controlled to be 9.4 L/(s⋅ person), as recommended by ASHRAE (2007) [40]. Since passengers 
are the main heat source in the cabin, a convective heat load of 22.83 W/m2 was applied at each manikin. 

From Fig. 2 (a)&(b)&(c) we found that the RNG k-ε model is better fit the experimental results in our calculation model. Fig. 2 (d) 
shows the position of each line. 

Fig. 2. Comparison of velocity profiles between numerical predictions and experimental measurements 
(a) L1, (b) L2, (c)L3, (d)Diagrammatize. 
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(1) Considering the main particle size used in this study is 10 μm of the discrete term, which have a high flow field following, the 
accuracy flow field velocity would determine the accuracy of the calculation result.  

(2) The relative humidity in the cabin is controlled below 20% [41], the particle evaporation rate is fast, and the particles can reach 
the equilibrium state in a very short time. 

Therefore, in order to predict the particle trajectory more accurately in susceptible’s breath zone, we chose RNG k-ε model for 
calculation. 

The domains were discretized with a Polly-Hexcore mesh (Fig. 1 (d)), which was projected on the surface of the manikins and 
nearby walls to ensure y+ < 1. In order to verify the independence of the results from the mesh, coarse, medium, and fine meshes were 
chosen for comparison. The detailed mesh statistics and information are shown in Table 2. 

The velocity comparison was set for a straight segment L0 of 1.1 m length and parallel to the board. It can be seen from Fig. 3 that 
changing the mesh density did not cause a significant difference in the air velocity dispersion in L0. Considering fluctuations in ve
locity, the maximum velocity error between the medium and fine mesh is only 0.03 m/s. Given the acceptable range, the medium size 
was chosen to balance accuracy and computational efficiency. 

2.4. CFPD validation model 

The evaporation process of the continuous and discrete phase models was verified separately to ensure the accuracy and reliability 
of the entire model. When validating the evaporation process of the discrete term, a simple calculation model was separately set up to 
verify the evaporation rate. 

The evaporation model used in this case relied on the relative humidity and temperature in the environment. It was assumed that 
the volatile substance content of the multi-component droplet solution is 98.2%, while the non-volatile substance content is 1.8% [13]. 
The boundary conditions are listed in Table 3. 

As shown in Fig. 4, the error of the simulated model compared to a reference experiment [42] was within a controllable range. The 
error in the time consumed for evaporation from the initial droplet size to a certain diameter is also acceptable. It can also be seen from 
the figure that the ratio of the final droplet diameter to the initial diameter is 1:4. In the simulation, the time it took for the 100 μm 
droplet to evaporate to non-volatile substance is about 6.4s, while a 10 μm droplet took only 0.065s for its volatile parts to evaporate 
completely. 

2.5. Boundary conditions 

The outlet of the ventilation unit is set as the pressure outlet and the inlet of the ventilation is set as the velocity inlet. The center 
plane (Y = 0 m) is set as a symmetric plane, and symmetric boundary conditions are applied on the axial section of the aircraft cabin. 
The mouths of the nine manikins are set as velocity inlets. The visible wall surface is set to trap mode, with deposits occurring as soon as 
droplets touch the seat, bulkhead, floor, luggage compartment, or the human body; exhausts and air inlets were set to escape mode, 
with droplets recorded as they leave the outlet. The trap or escape boundary condition means that the boundary acts as a sink for the 
droplet mass when it hits the wall [43]. To generate thermal buoyancy flow, the surface temperature of the human body is set to 327 K 
and the equivalent heat flux [44] set to 22.83 W/m2. The initial temperature of the cabin is 298 K, radiative heat transfer in the cabin is 
ignored, and the other walls’ temperatures are assumed consistent with the ambient temperature. 

Since the discrete phase in the flow field does not have periodic characteristics, the sliding wall boundaries in the front and rear 
spaces were used to make the continuous flow field retain periodic characteristics, while the left side of the model uses symmetrical 
surfaces. The sliding wall boundary means the wall has no shear force with the fluid. For several reasons, periodic boundary conditions 
are not used on the front and back boundaries, some of which are: (1) Discrete phase do not have periodicity on the front and back 
boundaries; (2) Periodic conditions cannot be used simultaneously with the DPM model; (3) periodic boundary conditions bring about 
non-physical sedimentation of droplets. Setting the front and rear walls as a sliding wall surface, adopting an escape mode for the 
action of discrete phase, and increasing the number of seat rows to three rows improved the simulation accuracy of droplet dispersion 
in the cabin. 

In order to accurately simulate the airflow field and discrete term dispersion generated by passenger’s coughing and breathing, the 
experimental data [29,45] is selected and fitted (Fig. 5 (a)&(b)), and then the fitted equations used as boundary conditions. At the 
beginning of the calculation, the flow field of the ventilation system is first calculated. After the flow field stabilized, droplets are 
emitted from the mouth of the manikin in 2B (Fig. 1). The other uninfected passengers maintain a normal breathing pattern, and the 
breathing phase differences in the patterns are random. Coughing behavior is accompanied by the release of droplets. For different 
research contents, two boundary conditions are used: 

Table 2 
Mesh independence verification generates information.  

Mesh type Minimum mesh size (mm) The number of nodes 

Coarse 8 5, 808, 072 
Medium 4 9, 736, 293 
Fine 2 12, 345, 632  
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(1) Seven droplet sizes (1 μm, 2.5 μm, 5 μm, 10 μm, 30 μm, 50 μm, 100 μm) are tested. To pass the dimensionless sensitivity test [29] 
for particles number, the number of droplets released is 10000 of each droplets size.  

(2) In the calculation of infection probability, we use the monodisperse distribution defined by Weibul’s probability density 
function (shown in Fig. 5(c)) for the calculation of the passenger infection probability [46]. 

2.6. Probability of infection assessment method 

It is considered in the literature that the degree of COVID-19 infection is positively correlated with the amount of infectious agents 
that susceptible are exposed to Ref. [36]. In order to evaluate the risk of local infection in the DV and MV systems, a previous 
calculation method for inhalation area [47] was improved. The trajectory of droplets was counted in the hemispherical area (Fig. 5(d)) 
with a radius of R in front of each passenger’s mouth. This value represents the infection probability of the passenger. 

Fig. 3. Mesh Independence Verification results.  

Table 3 
Validation model boundary conditions.  

Boundary conditions The parameter value 

Inlet velocity 0.1 m/s 
Droplet size 10 μm, 100 μm 
Temperature 25 ◦C 
Type of injection Single 
Relative humidity 0%  

Fig. 4. Validation of evaporation modeling.  
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Fig. 5. Boundary conditions at the outlet of the human mouth. (a) Cough, (b) Breathing, (c) Initial droplet diameter distribution, (d)Diagrammatize 
of the inhalation area. 
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The Wells-Riley model has been widely used to assess the risk of respiratory disease transmission, as shown in Eq. (11). A quantum 
refers to the quantity of discrete term matter needed to infect a normal person. It can consist of numbers of particles that are thought to 
be randomly distributed in the air of a closed space [48]. 

P=
C
S
= 1 − exp

(

−
Iqpt
Q

)

(11)  

Where P is the infection probability for the susceptible, C is the quantity of infection cases, S is the quantity of susceptibles, I is the 
quantity of infectors, q is the generation rate of quanta (quanta/h), p is the individual lung ventilation rate (m3/h), t is the time interval 
of exposure (h), and Q is the ventilation rate (m3/h). 

The CFD-integrated Wells-Riley model was applied by many researchers [28,29,49]. particle source in-cell (PSI–C) scheme based 
on Lagrange method can integrate the mass of fine particle over time to obtain the concentration of the discrete phase in cell [29], as 
shown in Eq. (12): 

Cj =

(
M
∑n

i=1dtij
Vj

)

(12)  

where M is the mass flow rate in each particle trajectory, Vj is the volume of the calculated volume cell, dtij is the time that particle i 
spends in trajectory in cell j. 

The calculated concentrations of pollutants inhaled by susceptible populations can be used to determine the risk of infection for 
each susceptible population as Eq. (13) [49,50]: 

Pi = 1 − exp
(
− Cq,i pt

)
(13)  

where Pi is the infection probability for the susceptible i, Cq,i is the concentration of pollutants inhaled by susceptible i, p is the res
piratory flow rate of susceptible, and t is the individual exposure time. 

3. Results and discussion 

3.1. Analysis of flow fields in different ventilation systems 

From the velocity contours of the air flow field in Fig. 6, it was found that in the DV system (Fig. 6 (a)), the flow field is mainly 
vertical upward near the passenger’s body in the 2A position (Fig. 1), which is consistent with the direction of the heat plume of human 
body. Moreover, the forced convection caused by the ambient wind enhances the convection on the human body, while the flow 
between the passenger’s body in the 2B and 2C positions (Fig. 1) was vertically downward. The contours also indicated that the forced 
convection caused by the ambient wind suppresses the heat plume near the human body. When the simulated flow field was compared 
with the PIV experiment results in the literature [51], the errors (shown in Fig. 7) were within an acceptable range. Their model and 

Fig. 6. Contours of the air flow velocity field. (a)DV system, (b) MV system.  
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experiment results are based on similar cabin structures. The differences in calculation results were found to be mainly due to the 
difference in symmetry condition and details of the geometric model. 

The direction of the flow field in the mixing ventilation (MV) system (Fig. 6 (b)) appears opposite in situation to the DV system. It 
was also found that in the DV system, there is a larger flow rate near the floor, while in the MV system, the larger flow rate appears 
under the baggage compartment (Fig. 8 (a)&(b)). The flow field on the left side of the passenger in the C2 position (Fig. 1) moves 
downwards, flowing out of the cabin space from the bottom of the seat. In Fig. 8 (c), two points, L4 and L5, directly in front of the 
passenger in position 2B were monitored in the ventilation system’s steady state. L4 was 120 mm away from the center of the pas
senger’s mouth in position 2B (Fig. 1), and L5 was 360 mm away from the same passenger’s mouth. 

3.2. The dispersion of suspending droplets in the displacement ventilation system and the mixing ventilation system 

Comparing the results shown in Fig. 9, the transient dispersion of different sized droplets in the environment was found to show 
significant differences; The way droplets spread determines the safe distance between the infected passengers and the uninfected 
passengers. There are many factors that affected the droplets’ distance of travel, such as the heat plume of human body, and ambient 
wind, but the biggest influencing factor in the early stage was the air flow generated by cough. 

After examining the dispersion of various droplets diameter droplets in the cabin (Fig. 9 (a) & (b)), large droplets of initial diameter 
100 μm almost completely escaped from exhaust or trapped on the wall in the DV system. But large droplets under the MV system were 
partially settled and re-blown to the upper cabin by updrafts, which increased the probability of droplet dispersion of large diameter 
droplets. 

The droplets of initial diameter 10 μm spread more uniformly in the flow field, which also made this (medium) size of droplet the 
most powerful carrier of the COVID-19 virus. It can also be seen from Fig. 9 (c) and (d) that the DV system had more suspended droplets 
than the MV system in the passenger’s inhalation area. 

As shown in Fig. 9 (e) and (f), droplets of initial diameter 1 μm were found to spread slower after outflow, and under the DV system, 
these smaller droplets tended to accumulate on the cabin window, affecting the respiratory safety of passengers on the inner seats. 
Under the MV system, the smaller diameter droplet migrates toward the upper space of the cabin. 

3.3. Comparison of the fate of droplets in different ventilation systems 

To compare the number of suspended droplets under the two ventilation systems, the number of droplets of each diameter was 
normalized relative to the initial number. In order to measure the statistical results of the fate of droplet pollutants of various diameters 
in different cabin ventilation systems, we calculated the droplet propagation in the cabin according to the initial diameter distribution 
of a fixed number of particles. Limited by compute resources, the simulation time was limited to 400s for all cases in Fig. 10. In the DV 
system, the largest droplet with an initial diameter of 100 μm completely settled or escaped within 8s, and the medium droplet with an 
initial diameter of 5 μm basically settled or escaped within 110s, while 3.52% of the small droplets with initial diameter of 1 μm 
remained in the air at 400s. In the MV system, 1% of the large droplets with an initial diameter of 100 μm remained in the air after 30s, 
and all droplets with a medium initial diameter escaped or settled within 140s. However, 24.26% of all droplets with an initial 
diameter of 1 μm still remained suspended in the air at 400s. 

The fraction of droplets remaining suspended for each initial diameter of droplets was recorded, and Fig. 10 compares the number 
of suspended droplets in the air of the two ventilation systems. It was found that the DV system is generally better than the MV system 
over the equal durations in escaping or settling droplets. The escape or sedimentation behavior of different initial diameter droplets 
meant obvious advantages in the DV system. 

Comparing the fate of droplets in the two ventilation systems in Fig. 11, it was found that the number of suspended droplets on the 

Fig. 7. Velocity comparison of 1.2 m height in the DV system flow field.  
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DV system was lower than the initial release quantity, and the DV system is more conducive to the trap or escape of droplets in the 
aircraft cabin. This is also consistent with previous studies. The droplets suspended in the DV system was 11.07% less than those in the 
MV system at 10s from the start of droplet release. In addition, the number of droplets that escaped through the exhausts in the DV 
system was 13.15% more in the DV system than in the MV system at 400s. The statistical results only include the droplets of 
monodisperse distribution. 

3.4. Infection probability in different ventilation systems 

The statistical results of infection probability of DV system and MV system at different positions are shown in Fig. 12. The infection 
probability of passengers in DV system is higher than that in MV system in some positions, and the infection probability in window 
position 1A, 2A and 3A is higher than that in MV system. However, the risk at position 1C, 2C, 3C near the channel was significantly 
higher in the MV system than in the DV system. This result is due to the flow field inside the ventilation system; The DV system 
concentrates the droplets on the side near the window easier than the MV system. 

For rear passengers, the DV system is superior to the MV system only in the aisle. In general, DV system can remove pollutants better 
than MV system. From the perspective of the risk of contamination in the passenger inhalable area, DV system is not superior to MV 
system locally. The statistical results only include the droplets of monodisperse distribution. 

3.5. Influence of inlet velocity on infection probability in DV system 

By changing the inlet velocity of DV system, the influence of the air mass flow rate of ventilation system on the infection risk of 
passengers was studied. Fig. 13 shows the comparison of infection risk of passengers in DV system when the inlet velocity is 0, 0.5, 1 
and 1.5 m/s respectively. 

Fig. 13(a) shows the maximum risk at 1 m/s as the DV system inlet velocity increases. For passengers near aisle 1C, the minimum 
value was 1 m/s, and the infection probability increased by 22.21% when the wind velocity continued to increase to 1.5 m/s. As can be 
seen from Fig. 13(b), the infection probability of passengers does not decrease with the increase of wind velocity. After the increase 
from 1 m/s to 1.5 m/s, the infection risk of passengers on both sides of the infected person has different changes. The infection 
probability of passengers decreases by 9.14% at 2A, while it increases by 11.44% at 2C. This could be attributed to the complex 
geometry of the cabin, resulting in changes in the direction of air flow. In Fig. 13(c), the infection rate remained high even for rear 
passengers without ventilation system. The infection risk of infected passengers in the rear row decreased with the increase of wind 
velocity, and the increase of wind velocity in the ventilation system reduced the possibility of droplet pollution spreading to the rear 
row. 

Compared with the condition without ventilation system, increasing the air flow rate of DV system effectively reduces the prob
ability of infection of passengers, especially in the rear seat. The high inlet velocity is conducive to the overall reduction of suspended 
droplets in the air. However, the intensification of air flow rate in the cabin increases the proportion of droplets in the passenger 
inhalation area in some positions, due to the complex flow field structure, and different turbulence intensity. The statistical results only 
include the droplets of monodisperse distribution. 

By changing the inlet air velocity of the DV system, the effect of the ventilation system inlet velocity on the discharge of droplet 
pollutants was studied. The statistical results covered droplets of all diameter sizes. The fate of droplets at different inlet velocities are 

Fig. 8. Velocity monitoring at L4 and L5 in the flow field. (b) L4, (b) L5, (c) Diagrammatize.  
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Fig. 9. Snapshot of droplets with different diameter at t = 24s. (a)Initial diameter of 100 μm in DV system, (b) Initial diameter of 100 μm in MV 
system, (c)Initial diameter of 10 μm in DV system, (d) Initial diameter of 10 μm in MV system, (e)Initial diameter of 1 μm in DV system, 
(f) Initial diameter of 1 μm in MV system. 
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compared in Fig. 14. The number of suspended droplets was greatest, when ventilation is not used. At 400s, the number of droplets 
escaped from the outlet was largest with an inlet velocity of 1 m/s. It was also found that the proportion of droplets suspended in the air 
was the lowest at the same time point when the inlet velocity was 1.5 m/s. This might be due to the increased rate of gas displacement 
in the aircraft cabin. The statistical results only include the droplets of monodisperse distribution. 

4. Conclusions 

In this study, two aircraft cabin ventilation systems were analyzed from the perspective of dynamic droplet dispersion. When 
compared with previous studies of cough droplets in an enclosed space, it was found that the dispersion results of droplets in different 
ventilation environments have a huge difference. This was mainly determined by the ventilation system and complex geometric space 
composed of the cabin and passengers. The simplified polydisperse droplets were tracked and the results also showed that their 
dispersion results were significantly different from those in a poorly ventilated environment. 

Our research presents some unique points, arguing that in a crowded cabin environment, the use of ventilation systems locally 
increases the infection probability. After exploring the displacement ventilation system’s inlet velocity, it was learned that higher inlet 
velocity can be used to improve the efficiency of a displacement ventilation (DV) system in reducing suspended droplets, which is 
consistent with literature records. In addition, the droplets suspended in the DV system were 11.07% lower than those in a mixing 
ventilation (MV) system at 10s from the start of the droplet releasing. The number of droplets escaped through the exhausts in the DV 
system was also 13.05% more than in the MV system at 400s. 

By using the CFPD method to visualize the trajectory and fate of virus-laden droplets under ventilation environmental conditions 
and to simulate the condensation/evaporation effect between environmental water vapor and droplets, we made some novel findings: 
(1) Large droplets that settle rapidly in a windless environment may be re-lifted by the ambient wind in an MV system and eventually 
taken to the occupant’s inhalation area. (2) DV systems work better than MV systems in reducing suspended droplets, but the prob
ability of infection of local passengers by the window positions in a DV system is greater than in MV systems. (3) Increasing the wind 

Fig. 10. Number fraction of suspending droplet with different initial diameters.  

Fig. 11. The fate of droplets in different ventilation systems.  

Z. Liu et al.                                                                                                                                                                                                              



Heliyon 9 (2023) e13920

14

Fig. 12. Risk probability of infection of passengers at each location under two ventilation systems. (a)Row1, (b) Row2, (c) Row3.  
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velocity of a DV system can accelerate the reduction of the number of suspended droplets in the air, but it will also increase the degree 
of droplets diffusion and increase the probability of infection at some locations. 

In future studies, experimental studies on sneeze shields/guards will be conducted to further investigate their effects on cabin 
airflow, especially in relation to passenger comfort and noise generation. The effect of evaporation of the deposited droplets on virus 
transmission will also be further investigated experimentally. 

Fig. 13. Risk probability of passenger infection at different flow velocities. (a) Row1, (b) Row2, (c) Row3.  
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