
 

Abstract 
 

In this paper a numerical approach for the prediction of the unsteady aerosol formation 

and transmission process in a train cabin is presented. For that purposes models to 

simulate unsteady flows including the transient behaviour of two-phase atomization 

process and thermal air flow are employed. Results of aerosol distribution for 

coughing, speaking and breathing (with and without mask) in specified train cabin 

compartment are discussed. The dispersion of the exhaled droplets was analysed for 

a double cough, 10 s talking and continuous breathing of one source passenger. The 

results obtained show that the dispersion of aerosol particles in the cabin after 

coughing is two times deeper than when speaking, 2.5 times deeper than when free 

breathing and 17 times deeper than when breathing with a mask. Further, the results 

revealed that 2 minutes after the end of the coughing, only about 6% of active aerosol 

particles remain in the compartment and relatively clean air is again in the cabin.  

 

                                                 
*Corresponding author: Daniel.Schmeling@dlr.de 

German Aerospace Center (DLR), Bunsenstraße 10, 37073 Göttingen, Germany 
 

Numerical Simulation of the Aerosol Formation and 

Spreading in a Train Cabin 
 

M. Konstantinov1, D. Schmeling2* and C. Wagner1,2 

 
1Institute of Thermodynamics and Fluid Mechanics, Technische Universität 

Ilmenau, Ilmenau, Germany 
2Institute of Aerodynamics and Flow Technology, German Aerospace Center, 

Göttingen, Germany 



 

 

Keywords: aerosol dispersion, train compartment, computational fluid dynamics 

(CFD), thermal comfort model (TCM), cabin air flow, Lagrangian Multiphase Model. 

 

1  Introduction 
 

At the German Aerospace Center (DLR) the project Next Generation Train (NGT) 

addresses the question how the travel times of future trains can be reduced and at the 

same time how the safety, passenger comfort and environmental aspects can be 

improved (Konstantinov and Wagner, 2015). In connection with the risk of spreading 

of coronavirus SARS-CoV-2 the prediction of aerosol dispersion in train 

compartments became a major issue with regard to passenger safety and comfort.  

A better understanding of the infection with the SARS-CoV-2 virus and in particular 

addressing the question of whether travelling on long-distance trains represents an 

increased risk of infection stands in focus of the Deutsche Bahn (DB) (Gravert et al., 

2020). An overview of relevant Covid-19 infection risk publications in rail systems 

was presented at a rail industry forum (Rail Industry Coronavirus Forum, 2021). This 

paper indicated summarizes, that the coronavirus spreads through three main 

transmission routes: 

• Contact transmission – between persons or via contaminated surfaces. 

• Respiratory transmission – via small droplets (5-10 m) carrying the virus. 

• Respiratory transmission – via aerosol droplets (<5 m) that remain in the air 

for some time. 



 

A detailed report of the American Public Transportation Association (Chen et al., 

2012) revealed, that ventilation and flow control reduced the risk of contact with and 

spread of respiratory droplets and aerosol. 

Even if mean travel times in long-distance trains are still shorter than the mean 

passenger duration in an aircraft, the time-scales are comparable. Hence, looking at 

the aerosol dispersal and the reported infection transmissions in an aircraft is 

reasonable when addressing long-distance trains. The droplets exhaled by an index 

patient with infectious disease in an aircraft cabin have been investigated in detail in 

(Gupta et al., 2011) and in the report of the US Airliner Cabin Environment Research 

Program (Chen et al., 2012). In these works, the cases of coughing, speaking and 

breathing under typical aircraft ventilation conditions were experimentally and 

numerically investigated. In particular, for the numerical simulations monodisperse 

droplet sizes and concentrations were specified for different exhalation activities The 

investigation studied the transport of the expiratory droplets from an index patient 

seated at the centre of a seven-row, twin-aisle, fully occupied aircraft cabin. The 

droplets exhaled from the cough of the index patient followed mainly the bulk airflow. 

The droplet concentration in the vicinity of the passengers reduced over time due to 

the removal from the outlets and dispersion of the droplets. The total airborne droplet 

fraction reduced to 32% at 2 minutes and 12% at 4 minutes after the droplets entered 

the cabin. Most of the droplets were transported within one row of the index patient 

in the first 30 s and then distributed to the entire seven-row cabin with a uniform 

droplet distribution in 4 minutes. 



 

Performing Computational Fluid Dynamics (CFD) simulations with CFD code 

FLUENT, the dispersion and deposition of the expiratory droplets were predicted in 

(Chao and Wan, 2006). The results indicate that characteristics of dispersion and 

deposition of expiratory droplets are highly dependent upon droplet size.   

Droplet size distributions expelled during coughing and speaking and velocities of the 

expiration air jets of healthy volunteers were investigated in (Chao et al., 2009). The 

measured droplet size data were used for CFD simulations with the code FLUENT. 

The expiration air velocity was specified as 11.7 m/s for coughing and 3.9 m/s for 

speaking.  The numerical results indicate droplet size distributions in two cross-

sections 10 and 60 mm from the mouth opening as well as air temperature and air 

velocity distributions along a distance of 100 mm.  A more detailed experimental 

analysis of the modality of expired aerosol size distributions for breathing, speech and 

coughing is given in (Jonson et al., 2011), showing a bi-modal size distribution. 

In report of TRANSCOM/AMC (2020) experimental tracer aerosols were released 

from a simulated infected passenger, in multiple rows and seats in a Boeing 777 and 

in a Boeing 767 aircraft cabin, to determine the risk of exposure and penetration into 

breathing zones of nearby seats. One of their main findings was, that the penetration 

of aerosols occurs into the breathing zones of passengers seated in the same row and 

in numerous rows in front and back of the source.  

In summary, the existing literature on aerosol spreading in aircraft cabins reveals that 

only rather low aerosol concentrations were found on the neighbouring seats, 

however, there is a non-zero dispersion of the aerosols within the seat row and on 

multiple rows forward and rear wards. 



 

Considering the situation in trains again, the cough droplets dispersion processes 

inside three different train compartments were studies in CFD simulations to 

determine the droplets removal ability (Wang et al., 2014). Therein, the size of 

droplets generated by coughing is assumed to be 13.5 m. However, boundary 

conditions regarding side walls and heat-releasing passenger dummies were not 

considered in detail. Strongly deviating ventilation efficiencies were found for the 

considered three Chinese train cabins, confirming the importance of the ventilation 

concept for an efficient removal of aerosols. The dispersion process of respiratory 

droplets released by coughing of an individual source in a high-speed rail 

compartment was studied in the CFD simulations of Zhang and Li (2012). The droplet 

distribution characteristics and the maximum distribution distances under specified 

ventilation conditions were considered in this study. The coughing individual is 

located on an aisle seat. The duration of a single cough was assumed to be 0.4 s and a 

time-dependent coughing velocity profile was prescribed. Within the first 10 s after 

coughing, a separation phenomenon of the so-called “old” and “new” droplets was 

observed. The “old” droplets generated in the first 0.2 s escaped from the body plume, 

and were injected into the lower zone of the cabin. These droplets remained longer in 

the lower zone of the compartment. The “new” droplets generated in the next 0.2 s, 

had a relatively small velocity, and thus followed the upward body plume, entering 

directly the upper zone.  

In recent publications (Chong et al. 2021 and Ng et al. 2021) direct numerical 

simulations of a typical respiratory event are performed to quantify the fate of 

respiratory droplets. Their results on the evaporation process of the initial particle 



 

cloud reveal that the lifetime of the smaller droplets with initial diameter d ≈ 10 m 

gets extended by a factor of more than 30 times as compared to what was suggested 

with the classical model by Wells (1934) assuming a relative humidity of 50%. In the 

study of Ng et al. (2021) the initial distribution of the droplets was prescribed 

according to the distribution measured by Duguid (1946) for cough. A direct 

comparison was not possible because experimental data are taken after some time 

after cough, whereas numerical distribution was prescribed as initial conditions for 

DNS. The initial droplets were injected evenly in time with the same local inflow 

velocity of 11.2 m/s. Their results revealed that the droplets moved a distance of 0.8 m 

after 0.6 s of coughing. 

Currently, by threat of infection connected with SarsCoV-2, the investigation of 

effects of protection mechanism of face mask is vitally important. Kähler and Hain 

(2020) experimental investigated the air flow fields from human probands by 

coughing and breathing with and without different medical masks. In agreement with 

other studies their results demonstrate, that the flow resistance of the mask greatly 

limits the spread of droplets and aerosols in the room. 

Following the literature overview, it becomes apparent that there are only few studies 

which address the transient aerosol dispersion process in a train compartment, while 

on the other hand the strong differences of aerosol releasing events are highlighted. 

Accordingly, the aerosol propagation in a six-row long distance train segment 

passenger compartment is predict in a CFD transient simulation solving the Reynolds 

averaged Navier-Stokes (RANS) equation together with the k-omega SST turbulence 

model with Lagrangian Multiphase model. The cases of cough, speech and breath with 



 

and without mask are investigated. The aim of our study is the spatial and temporal 

distribution of aerosol particles during coughing, speaking and breathing in train 

compartment under air ventilation conditions.  

 

2  Numerical Method and Computational Details 

 

The here considered aerosol transmission simulations are based on the solution of the 

Reynolds-averaged mass, momentum and heat transport equations in combination 

with the Lagrangian Multiphase Model of spray formation and atomization (Crowe et 

al. 1998).  

The governing equations discussed below are discretized and integrated on a hybrid 

structured/unstructured mesh consisting of a total of 4 million cells and 4.5 million 

vertices which has been generated with the mesher of the commercial program 

StarCCM+. The grid covers the volume of a representative long-distance train 

segment with 6 rows and 24 passengers. This segment and the ventilation boundary 

conditions are presented in Fig 1. The cold air with Tin = 17°C propagates through the 

tiny hole channels in the ceiling. The outer temperature is 35°C. On the surfaces of 

walls and windows the corresponding wall heat transfer coefficients 1.2 W/m²K and 

2 W/m²K are prescribed. The passenger temperatures were calculated with the 

Thermal Comfort Model (TCM) (see Konstantinov and Wagner, 2015). This model 

required that the passenger body persists of 14 separate segments. For all passengers 

in the train cabin, i.e. 14 x 24 = 336, separate body segment boundary conditions are 

specified. The calculations were started from well-developed steady state case. In Fig. 



 

1 (a), the streamlines are color-coded with the velocity (upper legend), whereas all 

surfaces are color-coded with the temperature (lower legend). The main flow structure 

is represented by downward flow in the aisle (up to 0.4 m/s), flow towards the 

sidewalls in the leg room and rising flow along the warm windows and the heat 

releasing passenger manikins.  

Two different source locations are simulated separately: P42 and P52, see Fig. 1 (b). 

Thereby, P52 is selected as a representative aisle seat for a face-to-back seat 

arrangement and P42 as an aisle seat at the table with a face-to-face configuration. 

The following three variants of aerosol exhalation events are analysed: coughing, 

speaking and breathing. Thereby, the breathing case was considered with and without 

mask.  

The simulations were performed with the StarCCM+ codes solving the transient 

weakly compressible Reynolds-averaged Navier-Stokes equations together the k- 

SST model using an unsteady implicit time integration scheme with a time step of 

10−3𝑠 and second order finite differences in space. To predict the droplet motion the 

Lagrangian Multiphase model was used, which solves the equation of motion for 

representative parcels of the dispersed phase as they pass through the continuous 

phase. Here, dispersed phases modelled using the Lagrangian Multiphase model are 

called as Lagrangian phases. The parcels in the Lagrangian model (Crowe et al., 1998) 

are known as particle-like elements that are followed through the continuum. The state 

of each parcel is updated according to a selected set of models and can be optionally 

recorded as a track. For the aerosol computations, the primary Linearized Instability 

Sheet Atomization (LISA) model (Schmidt et al., 1999), the break-up model of Reitz-



 

Diwakar (1987), NTC collisions model (Senecal et al., 1999) and wall-impingement 

model of Bai and Gosman (1995) have been used. 

The Linearized Instability Sheet Atomization (LISA) model is a primary atomization 

model that represents the action of a pressure swirl atomizer. The model generates 

initial size and velocity values for droplets entering through hollow cone injectors 

active for the Lagrangian phase. The NTC collision model distinguishes between 

coalescence, separation and bouncing interactions. Bai-Gosman wall impingement 

model provides a methodology for modelling the behaviour of droplets impacting on 

a wall. In particular, this model attempts to predict how and when droplets break up 

or stick to the wall. 

To compute the aerosol propagation the so-called two-way coupling model was used.  

For Lagrangian simulations, the two-way coupling model allows the particle phase to 

exchange mass, momentum, and energy with the continuous phase. With the Two-

Way Coupling model, the reverse effect is accounted for, and Lagrangian source terms 

appear in continuous phase equations. 

The realistic chemical conditions of particles and their evaporation was not 

considered, for simplification water was chosen as liquid phase. This is possible 

because the small aerosol particles have a relative long lifetime up to 10 - 30 min 

depending on air change per hour (Yang et al., 2011). In recent publications (Lohse, 

2020 and Bourouiba, 2021) it was clarified that the cloud of smallest droplets reaches 

up to 8 meters and persists for up to 10 minutes. The neglect of evaporation is 

reasonable, since the exhaled aerosol droplets reach their final size within 

milliseconds (Morawska, 2006) and thus no further evaporation has to be considered. 



 

a) 

 

 
b) 

 
Figure 1: Streamlines and surface temperatures in a segment of the train cabin for summer 

conditions. Inflow (blue arrows) and outflow (red arrows) areas are additionally shown (a) 

and image of the 6-row, 24 seats numerical cabin segment for investigation with indication 

of test persons. The passengers, seats and tables are colored with surface temperatures (b). 

 

 

The aerosol formation through a mouth or a nose is modelled as Hollow Cone Injector 

(see Fig. 2), which is situated at the passenger’s head. A hollow cone injector injects 

parcels in a cone formation around a specified axis. An inner cone angle and an outer 

cone angle define the spray cone. The specified number of parcel streams are injected 

in random directions conforming to a uniform distribution on the surface of the cone. 

Given the direction, the velocity is obtained using the specified volume flow rate. The 



 

direction and size distribution are randomized and newly sampled each time-step. An 

injector diameter defines the value of the injector hole through which the droplet fluid 

flows. 

All types of transient aerosol dispersions were started from steady-state turbulent 

solution with heat transfer and radiation. We consider three general types of aerosol 

dispersion under summer ventilation case: coughing, speaking and breathing, whereas 

the injector positions for coughing and speaking are the same. The positions of 

injectors for the examined cases are shown in Fig. 2. For the case of free breathing 

with mask, an additional injector is defined (c).  

Figure 2: a) Scheme of Hollow Cone Injector, according to User Guide StarCCM+ (2014) 

and b) injectors positions for coughing and speaking, free breathing and breathing with 

mask. 

 

 

The flow boundary conditions at the nose and mouth of the index passenger were 

different depending on whether he/she was coughing, breathing or talking. In the 

following, the boundary conditions and the exhalation jet direction for coughing, 

breathing and talking processes of the index passengers are specified. For rest the 



 

passengers the mouth was assumed to be closed. In real situations all the passengers, 

including the index passenger will breath. 

The flow rate generated from a typical cough over time from a 

subject was presented in Chen et al. (2012). The results indicate that the cough began 

with a very short inhalation (<1% of the total exhaled air volume), a very high 

acceleration afterwards in exhalation and subsequently a decay. The pre-cough 

inhalation volume was very small and may be neglected. 

The temporal velocity distribution of the liquid phase during coughing was selected 

similarly to Chen et al. (2012). To enhance the effect of coughing, two coughs with 

interval 0.5 s were prescribed (see Fig. 3 (a)). The aerosol spreading after the cough 

event is calculated for 120 s. The nominal air exchange in the train compartment takes 

place in 150 s ((cabin volume) / (HVAC volume flow)), i.e. 24 air change rate per 

hour (ACH). 

  

  
Figure 3: Transient air velocity at Hollow Cone Injector for the coughing (a), speaking 

(b), breathing without mask (c) and breathing with mask (d). 



 

In the case of speaking, the air velocity distribution on the mouth boundary was 

chosen as depicted in Fig. 3 (b). It was assumed that a sentence consists of ten words 

of similar length. Consequently, the exhalation velocity oscillates between zero and 

6 m/s. In this case, only the exhalation velocities were considered. Inhalation 

velocities were neglected. We observe the aerosol spreading during one sentence, i.e. 

10 s of speaking, and one compulsive pause of 10 s.  

The current investigation of aerosol behavior during breathing considers two 

situations: with and without a face mask. In contrast to coughing, a significantly lower 

liquid volume flow (0.002 ml vs. 0.625 ml) and droplet sizes are reported, see Table 1.  

For free breathing the direction axis of injector is aligned with an angle of -45° with 

respect to the horizontal axis. Thus, the breathing with the nose is modelled (see Fig 

2b). The specified boundary air velocities at the nose for free breathing are presented 

in Fig. 3 (c). In this case, the inhalation and exhalation are modelled with a time period 

of 3 s. 

The mask effect is modelled with considerably greater injector diameter (see Table 1) 

and consequently due to the same volume flow rate, smaller initial velocities (peak 

magnitude of the velocity 6 m/s vs. 0.2 m/s). The fluid filtration through the mask and 

separation efficiency of the particles were not considered. Only exhalation is 

considered, inhalation is ignored. The injector direction axis is normal to the head. 

The initial air velocities for breathing with mask are presented in Fig. 3 (d). Here, due 

to the higher effective exhalation area, the magnitude of the velocity reaches peak 

values of only 0.2 m/s. 



 

For all considered cases, the transient volume rate of the liquid phase is given with 

corresponding time course. A total of 0.625 ml of liquid phase was injected for one 

cough, 0.01 ml for 10 s of speaking and 0.002 ml for one breath for both cases of 

breathing. 

In the current investigation we have chosen the statistical distribution of Rosin-

Rammler (Rosin and Rammler, 1933; Lefebvre, 1989). The Rosin-Rammler 

distribution was developed to describe the volume distribution of particles as a 

function of their diameter F(D): 

 

𝐹(𝐷) = 1 - exp[− (
𝐷

𝐷𝑟𝑒𝑓
)
𝑞

], 

where Dref is the Rosin-Rammler diameter and q is the Rosin-Rammler exponent. 

For coughing, the reference droplet size was chosen 10 m, for speaking 20 m, for 

free breathing 1m and for breathing with mask 0.5 m. These sizes represent the 

values in agreement with the literature. However, there is a wide range of literature 

on expiratory droplet size and concentration measurements for coughing, breathing, 

and talking processes (Duguid, 1946; Yang et al., 2007 and Fabian et al., 2008). There 

were differences in the finding as these measurements were performed on different 

subjects using different methods. Yang et al., (2007) found that the average mode size 

of droplets exhaled during coughing was 8.35 m.  

Following the literature (Gravert et al., 2020 and Rail Industry Coronavirus Forum, 

2021), the particle size for speaking is larger than for breathing. Moreover, the speech 

frequency is higher. In Gupta et al. (2011) and Chen et al. (2012) the uniform droplet 



 

diameter size of 30 m was specified. In Chao et al., 2009 the geometric mean 

diameter of droplets for speaking was 16 m, while Duguid (1946) reported 30 m.  

The droplet size for breathing is much smaller than for talking.  Fabian et al., 2008 

found that the droplets exhaled by the influenza infected subjects were mostly in the 

range of 0.3 to 0.5 m. In Gupta et al. (2011) the uniform droplet size of 0.4 m was 

used, while in paper of Johnson et al. (2011) the mean size of droplet by breathing is 

approximately 1 m.  

The injector data for all investigated cases are summarized in Table 1.  

 

Table 1: Injector data for coughing, breathing and speaking. 

Variant Cough Free Breath Breath with 

Mask 

Speech 

Particle Diameter: 

Minimum, [m] 

Maximum, [m] 

Reference, [m] 

Exponent 

 

1.0e-6 

1,0e-4 

1.0e-5 

2.0 

 

1.0e-7 

1.0e-5 

1.0e-6 

2.0 

 

1.0e-7 

5.0e-6 

5.0e-7 

2.0 

 

1.0e-6 

4.0e-4 

2.0e-5 

2.0 

Injector Diameter, [m] 0.007 0.007 0.11 0.007 

Inner Cone Angle, [rad] 0.5 0.5 0.5 0.5 

Outer Cone Angle, [rad] 0.7 0.7 0.7 0.7 

Temperature, [°C] 36.7 36.7 36.7 36.7 

Volume Liquid [ml] 0.625/cough 0.002/breath 0.002/breath 0.01/10s 

 



 

The velocity and volume flow rate of the liquid phase were specified with time-

dependent tables at injector settings. 

 

3  Discussion of Results 

 

Fig. 4 reveals the calculated droplet size distribution after a cough and for speaking at 

the end of a sentence at 10 s in comparison with measured data of Duguid (1946), 

Chao et al. (2009) and Yang, S. et al. (2007). Here, Np is the particle number and Npmax 

denotes the highest value of Np. After a cough, the calculated average droplet size is 

equal to 8.5 µm. This value corresponds to the average size mode of droplets exhaled 

during coughing found by Yang et al. (2007). The same droplet size of 8.5 µm was 

used in the calculations in Gupta et al. (2011) and Chen et al. (2012), but there all 

droplets had a uniform diameter. In numerical calculation for speaking in Gupta et al. 

(2011) the droplet size of 30 m was used. 

 

 

 



 

 

 
Figure 4: Calculated particle size distribution after one cough (a) and after a sentence at 10 s 

and experimental data of Duguid (1946), Chao et al. (2009) and Yang (2007). 

 

 

Fabian et al. (2008) found that droplet sizes during normal breathing exhalation were 

in the range of 0.3 to 0.5 m. In Johnson et al. (2011) the droplet sizes are measured 

in the range of 0.7 to 20 m, whereas in Gupta et al. (2009) the constant size 0.4 m 

was used for the calculations. Since no reliable droplet size distributions are currently 

known for the case exhalation with mask, we assumed a mean droplet size during 

exhalation with mask of 0.3 m. 



 

In our simulation the droplet size distributions shown Fig. 5 was predicted after 

exhalation. 

 
 

Figure 5: Calculated particle size distribution after an exhalation with and without mask. 

 

 

The particle distributions after the start of emission for the four different considered 

generation processes are presented in Fig. 6. Additionally, the velocity field in the 

cross section of the manikin is depicted as background for three instants in time: 0.3 s, 

1.5 s and 10 s (top to bottom). From left to right the series of images shows coughing, 

speaking, free breathing and breathing with a mask. As expected, the main differences 

are found comparing coughing with the other cases. Here, the high initial momentum 

of the particles results in a clearly visible jet of particles also influencing the flow field 

in the area in front of the manikin. For all other cases, only minor differences are 

found in the vicinity of the face of the source manikin. Thereby, the penetration depth 

of the aerosol jet decreases from speaking to free breathing and further to breathing 

with mask. 



 

 

 

 
Figure 6: Characteristic particles behavior in the first 10 s for the considered cases (from left 

to right: coughing, speaking, free breathing and breathing with mask). The velocity 

distribution in the cross-section of the manikin is shown, superimposed with the particles 

within and in front of this cross-section only. 

 

 

The calculated behavior of aerosol cloud dispersion in the initial phase develops 

similarly to results obtained in experimental boxes without additional ventilation (see 

e.g. Scharfman et al., 2016; Kähler and Hain, 2020; Hassan et al., 2022). 

At the beginning, almost all droplets move in one direction. Later, the directions of 

movement are divided. The smaller lighter and warmer droplets will gradually rise 

and the larger ones will fall down. In the further time, the dispersion of the droplets 

becomes dependent on convective airflow in the train segment. 



 

Fig. 7 shows the time-dependent length of aerosol propagation in the train 

compartment for all cases up to 20 s. The results show that the dispersion of aerosol 

particles in the compartment is significantly faster and deeper for coughing in contrast 

to talking and breathing. In the first 10 s, the particle cloud reaches a distance of 1.7 m 

when coughing. For speaking and breathing, the aerosol particles spread out during 

the same time for only approx. 0.7 m. For breathing with a mask, this distance is 

0.1 m. 

 

 
Figure 7: The horizontal length expansion of the droplet cloud as a function of time up to 

20 s. In both breathing cases, the continuous injection of droplets occurs; in the case of 

speaking, only one sentence is uttered within 10 s, and in the case of coughing, two coughs 

were uttered within 1.5 s. 

 

 

Further (after about 20 s), the droplets fly with convection flows also in cross and 

back directions. Note that here the results for continuous breathing are considered in 

contrast to coughing (double cough within 1.5 s) and speaking (one sentence within 



 

10 s). These results show that a distance of 1.5 m between passengers is not sufficient 

for coughing. 

3.1.  Flow Analysis of Coughing 

 

The dispersion of liquid particles after the coughing event were examined for two 

source locations, firstly the infected person was passenger P42 and at the secondly 

P52, see Figure 1 (b). 

Due to gravity and the ventilation in the compartment, the number of “active”, i.e. still 

flying in the compartment, particles reduced with time. The relative number of active 

droplets which are still in the compartment are presented in Fig. 8 for the two source 

locations. Here, additionally the curves for the fractions of particles that are smaller 

than 6 µm are shown in red. The graph reveals that after 20 s only about 40% of the 

initial number of aerosols are still active in the compartment, continuously falling to 

values around 5% after 120 s. 



 

 
Figure 8: Time diagram of active droplet size distribution for seats P42 and P52. 

 

 

Following the diagram with the time dependency of the active particles after a double-

cough event, the table 2 summarizes the calculated parameters. Herein, the numbers 

of active (total and <6 µm), removed (by the air flow) and stuck, i.e. to surface 

attached particles, are given for different points in time. The data reveals, that in case 

of P42 considerably more droplets remain stuck on the walls compared to case P52. 

This is caused by the fact, that more particles are allocated on the surface of the table 

(P42) compared to the back of the seat in front (P52). Simultaneously, significantly 

more droplets have been removed from the compartment in the case P52.  The largest 

differences between the two source positions were found at 60 s after the coughing 

event: here approx. 20% of the initial particles are still active for P42, whereas only 

16% are still active for P52. After 120 s this difference decreases, here 6% and 5% of 

remaining active particles are found for P42 and P52, respectively. A deeper look at 

the smaller particles, i.e. < 6 µm, revealed that after 60 s, 28% of the initial small 



 

particles are still active for P42, whereas for P52 only 20% are found. After 120 s 

these values go down to values as low as 10% and 7% for the both source positions.  

 

Table 2: Droplets number at different time for P42 and P52. 

Time, [s] 1.5 20 60 120 

Case P42 P52 P42 P52 P42 P52 P42 P52 

Active 9838 9849 3903 3763 1968 1612 622 477 

Remote 0 0 1 1919 247 2245 482 2449 

Stuck 0 4 5934 4179 7623 5996 8734 6927 

d < 6 m  2683 2660 1485 1165 756 528 261 176 

 

Aerosol propagation by coughing for passengers P42 and P52 at different moment of 

time are presented in Fig. 9. In the both cases intense particles-wall interaction is 

observed. Dependent on the particles’ kinetic energy, the rebound, splash or stick of 

droplets on the wall surface occurs. The large and weighty droplets sink down, the 

smaller (up to 6 m) rose firstly in the cabin and then are shifted with air flow field. 

The table in front of place P42 prevents droplets movement downwards. This slows 

down the removing the droplets from the cabin. In the case of P52 the splashing of 

droplets on the back of the front seat was observed. The similarly phenomenon occurs 

in the aircraft cabin too (Yan et al., 2020). In case P42 the particles move in table 

direction. Some of these particles later stuck to the table surface. In the other case P52, 

the particles tread the back seat. Part of the particles is reflected by the seat surface, 

another part sticks to it. During further aerosol dispersion, the particles with low 

kinetic energy stick to other solid surfaces (walls, windows, floor, etc.). Even if this 



 

part of the aerosol is not actively distributing in the compartment anymore, and thus 

cannot be inhaled by other passengers, the potentially contaminated surfaces will need 

a cleaning depending on the survival times of the viruses attached to surfaces. The 

latter is strongly depending on the material properties and also under deep scientific 

investigation (Casanova et al., 2010), however, not in the scope of the present 

manuscript.  

 
Figure 9: Time-development of aerosol dispersion for coughing from source location P42 

(a) and source location P52 (b). Supplemental movies available online. 

 

 

After the initial momentum of the aerosol particles has degraded due to friction, the 

total process of droplets motion can be explained with the behavior of the velocity 

fields in Fig. 10. Here two cross-sections near to passengers P42 and P52 are shown. 

In these sections two mutual vortices prevail, which retrieve the small particles.  First, 



 

the light droplets rise by convective flow towards window seat, and then they are 

pushed down in the aisle area.  

 

 
Figure 10: Air velocity fields (color coded magnitude) in two different cross sections in 

front of seat P42 (left) and P52 (right). 

 

 

After this discussion on the aerosol droplet propagation for coughing in the train 

compartment, we will briefly analyze two possible infection paths: firstly, the airborne 

transmission and secondly the smear transmission. Both paths are only addressed in 

the sense of the liquid volume evaluation. Real inhalation and smear infection via 

other surfaces than the passengers’ heads are not considered. Following these 

assumptions, the integrated concentrations on head levels are utmost importance. The 

dispersion of the liquid phase volume relative to the total exhaled liquid in % in the 

horizontal cross-section at the level of the mouth is shown in Fig. 11.  Immediately 

after the end of the double cough at t = 1.5 s, the higher concentration values of cough-

introduced liquid volume in the core of the stream are observed. Shortly later, at 

t = 20 s, the peak values of liquid volume fraction already disappeared completely, 

therefore, lower concentrations are found in the free space in front of the source. In 



 

order to better understand the distribution of the liquid concentration in the cross-

section, two different color scales were used. For t = 1.5 s in the zoom windows a 

scaling of 0.001 to 2 % was chosen, the main scaling for whole set is between 0.001 

and 0.02%. The relative volumes that are below this value were not considered. For 

source position P42, the liquid is additionally transported towards the windows above 

the tables. In the case of the P52, the particles first move downwards, thus reduced 

the liquid area in cross-section at t = 10 s. Then the lighter particles rise upwards with 

air vortex flow (see Fig. 10). Therefore, at t = 20 s the liquid concentration in this 

cross-section increases again. Finally, at t = 120 s, the liquid concentration in the train 

compartment is significantly reduced. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 
Figure 11: Relative liquid volume concentration to total exhaled liquid in % in the horizontal 

cross-section on the mouth level for coughing: (left) source on seat 42 and (right) source on 

seat 52. Top to bottom: time development. At time 1.5 s in zoom window, the distribution is 

displayed with scaling from 0.001 to 2%. The maximum values in some cells at this time are 

up to 3%.  

 

 

After the presentation of time-development dispersion of the airborne relative liquid 

volume, we evaluate the number of droplets stuck on the face of the passengers for a 

total time of 120 s.  



 

The relative count of droplets adhering to the passenger's face surface in % to total 

number of droplets sprayed into the train compartment by the emitters on seat P42 and 

seat P52 is shown in Fig. 12. 

 For case P42, the highest value (0.2 %) was determined for the passenger diagonal 

on the other side of the table (P31). The two other passengers P32 and P41, also sitting 

around the table, reveal the next highest amounts of adhered droplets to the heads. 

Further non-zero values were found for passengers P12, P21 and P52. The passengers 

whose heads look "grey" in Fig. 12 are not affected by droplets adhered to their heads. 

In the case of emitter P52 the peak value is found on the direct neighbor P51 (0.06%) 

is more than three times lower than the peak values found for source P42. Second 

highest value is detected for the passenger in front of the source (P42). However, there 

are six more seats with non-zero values of adhered droplets at the passenger heads. 

 

 

 

 

 

 



 

 

 
 
Figure 12: Relative number of droplets adhering to the passenger's face surface in % to the 

total number of droplets after double coughing by the emitter on seat P42 (top) and on seat 

P52 (bottom). The highest value by passenger: P31 (0.2 %) on emitter P42. 

 

 

The results show that the liquid concentration on the neighboring persons in case P42 

is 3 times higher compared to case P52. 

Closing this brief discussion of the possible contamination paths, we want to 

emphasize, that we are fully aware, that the presented evaluations represent neither 

the really inhaled aerosols nor the total smear infection path. Accordingly, a 

quantitative evaluation of total incorporated aerosols or even an infection risk is not 

feasible. However, the analysis of the relative liquid volume dispersal, regarding both 



 

airborne transmission and face covered surface are reasonable indicators for the 

possible transport of exhaled viruses to other passengers. 

3.2.  Flow Analysis of Speaking 

 

Fig. 13 presents the aerosol distribution within the train compartment when one person 

(P42 at the table) is speaking. The figure shows the initial process of particle 

generation during this one sentence. At the end of the sentence (i.e. after 10 s), no 

more particles are generated and the first particles have travelled about half the 

distance to the passenger on the opposite side of the table. After 20 s the particles have 

already reached the opposing passenger and are distributed above the table. 

  
 

Figure 13: Particle behavior during and after the speaking. The diameter of the particles is 

color-coded. Supplemental movie available online. 

 

 

The corresponding relative liquid volume concentration with regard to the total 

exhaled volume (see Table 1) in a horizontal plane at mouth level is shown in Fig. 14. 



 

As discussed with the previous picture, after one sentence, the volume of liquid is 

mainly concentrated in a "cloud" above the table. After about another 10 s, i.e. 10 s 

after the end of the sentence, the opposite passenger is reached by the exhaled liquid. 

Here it should be noted, that the concentration of liquid phase 10 s after speech 

(t = 20 s) is already as small as the liquid volume concentration 120 s after a cough 

event. This illustrates the much higher amount of fluid released during a cough event 

compared to “normal” speaking, which differs by a factor of about 100 for a double 

cough vs. 10 s speaking. In contrast to the double cough with aerosol initiation of 

1.5 s, the aerosol injection for speaking takes 10 s. 

 
Figure 14: Relative liquid volume concentration to total exhaled liquid in % in horizontal 

cross-section on the mouth level for speaking. 

 

 

Similar to the coughing case, we evaluated the total number of droplets sticking on 

the face of the passengers for the case speaking (without mask) after 20 s. Within the 

limitations of the evaluation procedure discussed above, we only found a non-zero 

value in the face area for the passenger opposite (0.03% to total number injected 



 

droplets) all other passengers did not receive any particles stuck to their heads. For 

the sake of brevity and the limited additional information of a graphical representation 

of this finding, we did not show the corresponding figure here. 

 

3.3.  Flow Analysis of Breathing 

At the edge of duct (modelling the nose openings) the transient air velocity is defined 

as shown in Fig. 3. During exhalation the particle cloud is formed and slowly 

separating from the emitter. During the following inhalation phase the particles closest 

to the emitter are slightly attracted due to the effect of the inhalation on the air flow 

in the compartment. However, this effect is small and only those particles which are 

still close to the emitter are affected. In the second exhalation phase a new particle 

cloud is produced which connects to the former one and forms an elongated area with 

increased aerosol concentrations. Afterwards, the effect of the flow field within the 

compartment on the particle movement starts do dominate and the initially produced 

particles lost all their initial momentum and start to move upwards.  

The dispersion in the full compartment for two instants in time and for breathing with 

and without mask is presented in Fig. 15.In the case of breathing, no large droplets 

form as in the case of coughing and talking.  Thus, the effect of gravity is smaller and 

there is no droplet movement downwards immediately after exhaling. The droplets 

first rise upwards and then move downwards with air convection flow in the aisle area. 

This effect is much stronger for breathing with mask (b) compared to free breathing 

(a). For the latter, the initial momentum of the exhalation through the nose forces the 



 

particles downwards at first. Further, for breathing with mask, the particles are directly 

kept in the thermal plume of the heat releasing passenger and thus transported upwards 

faster. Afterwards, they move downwards due to the air flow in the aisle of the 

compartment.  

In the case of breathing with a mask, hardly any forward movement is observed, see 

Fig 15 b. where almost no particles reach the are vertically above the table. Here, the 

light particles move upwards, which was also observed in experiments by Kähler and 

Hain (2020). Without a mask, the sideways turbulent flow that occurs during 

exhalation also transports the emitted aerosols forward. 

 
Figure 15: Comparison of particles spreading for free breathing (a) and breathing with a 

mask (b). Top and bottom, two instants in time (6.5 s and 12 s). The diameter of the 

particles is color coded. Supplemental movie available online. 

 

 

In the case with the mask the first particles arrive at the exhaust openings already after 

12 s. From 20 s, the continuous removal of the liquid droplets from the cabin begins. 

In the case of free breathing, the continuous removal of the liquid particles starts from 

25 s. The distribution of particle velocities in this developed phase of continuous 



 

droplet removal is shown in Fig. 16. In both cases, particle removal is observed 

through both outlet surfaces. By breathing with a mask, the droplets are transferred 

exclusively with convective airflow first upwards and then downwards in the aisle 

area. When breathing without a mask, the particles have a higher kinetic energy, move 

deeper into the cabin and later come to a quasi-equilibrium state. 

 

 
Figure 16: Vector representation of the particles velocities at quasi equilibrium state for 

both breathing cases, (a) without and (b) with mask. 

 

 

The behavior of relative liquid concentration in cross-section on a height of 1.1 m, i.e. 

the breathing zone of the sitting passengers, is plotted in Fig. 17 for five instants in 

time. The first thing to note is, that for breathing with mask the amount of liquid 

remains directly at the emitter for the first seconds. Afterwards, it follows the thermal 

plume upwards and then the forced ventilation downwards in the aisle region (see also 

Fig. 16 b), resulting in slightly increased concentrations of the liquid phase in the aisle 

region after 20 s, see forth images of Fig. 17 b. Here values up to 0.1 % of the exhaled 

liquid volume are found in the aisle. For the free breathing a slightly enhanced 



 

transport towards the neighboring passenger is found, this becomes evident in the time 

series of the relative liquid volume shown in Fig. 17 a. where the cloud containing the 

liquid volume reaches the neighbor on the window seat. 

 

 

 

 
Figure 17: Relative liquid volume to total exhaled liquid in % in horizontal cross-section on 

the mouth level for two instants in time and both breathing cases: (a) without and (b) with 

mask. For free breathing, the maximum value of color scale is 1%, and for breathing 

with mask 0.1%. 
 

 



 

The analysis of the results revealed, that wearing the mask is effective in preventing 

the aerosol spreading in horizontal direction. In the case of the mask, the smaller and 

lighter particles compared to free breathing (see Fig. 5) are first transported upwards 

by the convective flow and later move downwards towards the exhaust openings in 

the compartment. The main reason is the decreased exhalation velocity due to the 

dense membrane of the mask. At this point, it should be noted, that we assumed perfect 

masks with no leakage flows. It is well known, that this assumption does not hold 

when real passengers wear simple surgical masks. During breathing no droplets on 

the face surface of other passengers were found. Furthermore, our simulations assume 

that all passengers are seated. The possible movement of passengers in the cabin could 

lead to an enhanced aerosol dispersion during free breathing. 

 

4  Conclusions 

 

The presented numerical aerosol spreading predictions are based on the solutions of 

the URANS equation using a Multiphase Lagrangian Model and thermal comfort 

modelling for passengers. The applied simulation approach allows to predict the 

particles spread in the train compartment for coughing, speaking and breathing. 

Regarding the latter, two variants of breathing are investigated: free breathing and 

breathing with mask. Aerosol dispersion occurs in the train compartment under 

normal ventilation conditions.   The results obtained show that the spread of aerosol 

particles in the cabin after coughing is two times faster and deeper than when 

speaking, 2.5 times faster and deeper than when free breathing and 17 times faster 



 

deeper than when breathing with a mask.  In detail, in the first 10 s, the particle cloud 

reaches a distance of 1.7 m when coughing. For speaking and breathing, the aerosol 

particles spread out during the same time for only 0.8 m and for free breathing for 

0.7 m. For breathing with a mask, this distance is 0.1 m. 

The evaluation of the results showed that during coughing, the total percentage of 

liquid droplets decreases to 6 % after 2 minutes and relatively clean air is again in the 

cabin. However, during this time parts of the exhaled aerosols reached also the 

breathing zone of other passengers. The low concentrations of aerosol particles 

disperse in the full compartment, i.e. the full 6-row simulation area. The highest values 

were found for a face-to-face configuration with a table for the person sitting 

diagonally opposite to the source. In contrast to coughing, free breathing and speaking 

lead to a significantly lower aerosol dispersion in the cabin, but other passengers could 

still be easily affected. The results obtained show that the dispersion of aerosol 

particles in the cabin after coughing is two times deeper than when speaking, 2.5 times 

deeper than when free breathing and 17 times deeper than when breathing with a 

mask.  The higher initial momentum of the particles during speaking compared to free 

breathing reveals that the aerosol can reach the passenger sitting opposite. As a 

consequence, the passenger on the opposite side of the table is still slightly within the 

aerosol cloud, whereas for free breathing only the direct neighbouring seats could be 

affected. Comparison of breathing without and with mask points to important 

differences in aerosol dispersion in these cases. Looking at the effect of the mask 

during breathing, the presented work demonstrates clearly that the employment of a 



 

mask leads to low concentration of liquid particles, which predominantly rise above 

the test person's head and hardly show any forward movement.  
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