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Abstract 

CFD simulation is an accurate and reliable method to predict the risk of airborne cross-infection in a room. 

This paper focuses on the validation of a 3-D transient CFD model used to predict personal exposure to 

airborne pathogens and infection risk in a displacement ventilated room. The model provides spatial and 

temporal solutions of the airflow pattern in the room (temperature, velocity and turbulence), as well as 

contaminant concentration in a room where two thermal manikins simulate two standing people, one of 

whom exhales a tracer gas N2O simulating airborne contaminants. Numerical results are validated with 

experimental data and the model shows a high accuracy when predicting the transient cases studied. Once 

the model is validated, the CFD model is used to simulate different airborne cross-infection risk scenarios. 

Four different combinations of the manikins´ breathing modes and four different separation distances 

between the two manikins are studied. The results show that exhaling through the nose or mouth disperses 

exhaled contaminants in a completely different way and also means that exhaled contaminants are received 

differently. For short separation distances between breathing sources the interaction between breaths is a 

key factor in the airborne cross-infection for all the breathing mode combinations studied. However, for long 

distances the general airflow conditions in the room prove to be more important. 

1. Introduction 

CFD has been used to obtain spatial and temporal solutions of the characteristics of indoor airflow patterns 

over the last 40 years. The first numerical results of CFD in indoor environments were based on predicting 

velocity fields and air distribution in rooms [1-4]. Later, analysis of different air diffusers and airflow patterns 

generated in ventilated spaces also became an important issue in CFD studies [5-9]. 

As the capacity of computers and numerical models grew, CFD simulations of indoor environments became 

more complex. Airflow patterns, temperature fields and the contaminant distribution of occupied rooms 

using different heating, cooling and ventilation systems were numerically analyzed for many years. These 

simulations included thermal loads, such as people and airborne contaminants (VOCs, particles or airborne 

pathogens) [10-18]. 



People were first considered as thermal loads, and later a person’s breathing was also taken into account as 

a source of contaminants. A person infected by any virus or bacteria, such as measles, flu or tuberculosis, 

may exhale small droplet nuclei that are basically carried by the airflow [19,20]. These particles may be 

rebreathed by other people in the room causing a risk of infection. Realistic cases of airborne cross-infection 

situations have been studied by means of CFD using, in many cases, experimental measurements to validate 

models and their results. Particularly after the SARS outbreak in 2003, the need to obtain fast and reliable 

answers to the origin and mechanisms of airborne infection transmission linked to CFD began to take on a 

key role in this research field [21-25]. In recent years, CFD simulations have been used to analyze and 

understand the diffusion of exhaled contaminants in different indoor environments, such as operating 

theatres and isolation rooms [26-31], hospital wards [32,33] offices [34,35] or rail and aircraft cabins [36-38]. 

All this research evidences that CFD is an important tool vis-à-vis obtaining answers to the complex airborne 

infection route. Particular effort has been made to study the human breathing processes involved in the 

airborne transmission routes of diseases, such as coughing [39-41], sneezing [42,43] or breathing exhalation 

and inhalation [44-49]. 

However, transient analysis of breathing processes and the dispersion of exhaled contaminants remains 

limited. Human respiration processes, such as breathing, are transient and change their characteristics over 

a short period of time. This makes it difficult for experimental techniques to take measurements at the same 

pace as breathing conditions change [40,50,51]. Most CFD simulations consider the breathing process as 

steady, and assume a constant exhalation velocity value. This simplifies the problem studied. However, the 

dynamic characteristics of the breathing process are not studied and, therefore, accuracy when predicting 

the dispersion of exhaled contaminants may be reduced. 

This paper proposes a transient study of the dispersion of exhaled contaminants and of the interaction 

between the respiration flows of two people in a displacement-ventilated room. In order to achieve this 

objective, a CFD model reproduces with a high degree of accuracy the experimental tests carried out in a 

full-scale test room with two breathing thermal manikins [52]. The exhalation of the source manikin (SM) 

contains a tracer gas simulating fine droplets (<5µm in diameter) which may contain biological 

contaminants. This work focuses only on the spread of these small exhaled droplets that follow the air 

stream because of their small size [19]. The second manikin, considered the target (TM), is placed in front of 

the SM and is susceptible to inhaling the contaminants exhaled by the source and so become infected by 

certain pathogens. CFD simulations allow a realistic analysis of the dispersion of exhaled contaminants over 

time and a study of how they influence the TM’s microenvironment. The amount of contaminants inhaled by 

the TM at different instants is also studied. The target manikin’s risk of airborne cross-infection is studied 

considering different separation distances between the manikins (0.35 m, 0.50 m, 0.80 m and 1.10 m). The 

experimental results [52] are used to validate the numerical simulations. 

The second objective of this paper is to analyze the same risk situation between the two manikins but 

modifying their breathing modes in order to predict how this parameter impacts on the dispersion of 

exhaled contaminants and therefore on personal exposure caused to the TM. Four combinations of 

exhalation modes are studied (see Table 1). The two manikins always inhale through the nose. 



Table 1: Exhalation modes for the two manikins. The manikins always inhale through the nose. 

Test 
Target Manikin 

(TM) 
Source Manikin 

(SM) 

MM Mouth Mouth 
NM Nose Mouth 
MN Mouth Nose 
NN Nose Nose 

 

Each test is studied for four different separation distances between the two manikins (0.35 m, 0.50 m, 

0.80 m and 1.10 m), thereby obtaining 16 different simulated situations. 

2. Experimental method 

The numerical results obtained with CFD are validated with results of experimental tests carried out in a test 

room at Aalborg University, the room measuring 4.1 m in length, 3.2 m in width and 2.7 m in height (Fig. 1). 

In the middle of the left-hand wall a semi-cylindrical displacement diffuser is mounted. This measures 0.6 m 

in height and has a 0.1 m radius, and provides a cold air supply at 16ºC with an air exchange rate of 5.6 h. 

Two rectangular exhaust openings measuring 0.3 m  0.1 m each are placed in the two upper corners of the 

same wall as the diffuser. A radiator measuring 0.55 m  0.40 m  0.05 m is also placed in the middle plane 

of the test room. The heat load of the radiator is maintained at 300 W.  

 

Fig. 1 Setup of the test room with the two thermal breathing manikins (SM: source manikin, and TM: target manikin) separated by a 
distance d=0.50 m, the semi-cylindrical displacement diffuser (DD) and the radiator (R). All measurements are in meters 

Two thermal breathing manikins are placed in the room facing each other (Fig. 1). The manikins are placed 

along the central plane of the room. The source manikin (SM) is considered to be an infected person and 

exhales contaminants simulated using a tracer gas, N2O. This contaminant source provokes a risk situation of 

contagion to the susceptible person located in the same room. The target manikin (TM) simulates the 

susceptible person. 

The SM was always 0.80 m from the radiator. Four different distances (d) between the manikins (0.35 m, 

0.5 m, 0.8 m and 1.1 m) are used to study its influence on the cross-infection risk. The manikins are 1.68 m 

tall, average-size women. Each manikin is responsible for 94 W of heat load. The breathing functions of the 

manikins were performed by artificial lungs, presenting a sinusoidal airflow shape.  



In the experiments, both manikins exhale through the mouth and inhale through the nose. The nostrils have 

an angle with the horizontal plane of about 45 and an angle with the intervening angle of 30 between the 

vertical planes. The mouths have a 123 mm2 opening and a semi-ellipsoid form. The respiratory minute 

volume is 11.34 l/min for SM and 9.90 l/min for TM. Breathing frequency is 19.9 min-1 and 15.0 min-1 for SM 

and TM, respectively. This kind of manikin has been used in many previous studies. A detailed study of the 

similarities and differences in the breathing dynamics process between these manikins and human subjects 

has recently been published [53]. For more details concerning the experimental setup and data acquisition 

see [54]. 

3. Computational model 

This section gives details of the numerical model used to accurately predict the cross-infection risk between 

two people located in a displacement ventilated room as well as all the phenomena involved, such as 

temperature and velocity gradients or contaminant dispersion. 

3.1. Equations 

The computational model solves the chemical species, continuity, momentum, energy and turbulence 

conservation equations given that the problem is three-dimensional, transient and non-isothermal and 

involves two species. The effect of radiation is included using the surface-to-surface radiation model. The 

RNGk- model that accounts for low-Reynolds-number effects in conjunction with enhanced wall treatment 

which combines a two-layer model with enhanced wall functions is used in these simulations. The pressure-

velocity coupling was resolved using the PISO scheme. A second-order implicit transient formulation is 

chosen which is unconditionally stable with respect to time-step size. A second-order upwind discretization 

scheme is used for all equations [55]. 

3.2. Geometry and grid 

The computational geometry replicates in detail the experiments carried out in the full-scale chamber (Fig. 

1). Most of the chamber geometry is created with a hexahedron. Only near the manikins and the diffuser has 

a tetrahedral mesh been used. A conformal mesh joins both blocks of cells. Due to their geometry 

complexity and the expected high velocity and temperature gradients, mesh refinement was performed 

around the two manikins, the radiator, the two exhausts, and the diffuser. The mesh is significantly refined 

at the manikins’ faces and in the exhalation zone in order to accurately simulate the interaction between the 

two breathing flows. Coarse mesh with hexahedral cells was considered for the rest of the room, totaling 

over one and half million volumes. Details about the manikin geometry and mesh sensitivity study are 

reported in a previous work [56]. 

3.3. Boundary and initial conditions 

A ventilation flow rate of 196 m3/h reaches the room at a temperature of 16.1 °C through the wall-mounted 

semicircular diffuser. The boundary condition for the semicircular diffuser is a uniform velocity of 0.289 m/s 

normal to the curved. A sub-domain with a thickness of 0.05 m in front of the semicircular diffuser was 

defined. A momentum/volume source of 1.375 kg s-2 m-2 directed normally to the inlet boundary was given 

in the sub-domain, generating a radial airflow with constant velocity at the supply covering [57]. 



The boundary condition for the two exhaust openings is pressure-outlet. The heat power of the radiator is 

300 W and the heat load for each manikin is 94 W. The walls of the test chamber are well-insulated and can 

be considered adiabatic. 

The breathing function is a very important point in simulation. The two manikins breathe following a 

sinusoidal function. There is a half period during which the manikin is exhaling and another half in which the 

manikin is inhaling. The volume rate is 0.57 l/exhalation for the SM and 0.66 l/exhalation for the TM. 

Breathing frequency is 20 breaths/minute for the SM and 15 breaths/minute for the TM. The temperature of 

exhaled air is always 34C. The mass fraction of N2O in the exhaled air of the SM is Ya= 0.027. Velocity is 

normal and uniform in the opening areas: mouth and nostrils. The sizes of the mouth and nostril opening 

areas differ, such that velocity must be adjusted in order to maintain the same volume rate in exhalation and 

inhalation. Table 2 shows the velocity boundary conditions of the two manikins. 

Table 2. Breathing boundary conditions for the two manikins. 𝒗 > 𝟎 denotes exhalation and 𝒗 < 𝟎 denotes inhalation. Mouth area is 
122 mm

2
 and nostril area is 225 mm

2
. 𝑨 = 𝟐𝝅/𝟑 , 𝑩 = 𝝅/𝟐. Figures show the exhalation mode of each manikin for the different 

tests (inhalation was always through the nose). 

Test Target Manikin Source Manikin 

MM 

 

𝑣𝑚𝑜𝑢𝑡ℎ = {
4.210 sin 𝐵𝑡 if  𝑣 > 0 

0 if  𝑣 < 0
 

 

𝑣𝑛𝑜𝑠𝑡𝑟𝑖𝑙 = {
0 if  𝑣 > 0 

2.293 sin 𝐵𝑡 if  𝑣 < 0
 

𝑣𝑚𝑜𝑢𝑡ℎ = {
4.840 sin 𝐴𝑡  if  𝑣 > 0 

0 if  𝑣 < 0
 

 

𝑣𝑛𝑜𝑠𝑡𝑟𝑖𝑙 = {
0  if  𝑣 > 0 

2.636 sin 𝐴𝑡 if  𝑣 < 0
 

NM

 

Mouth = Wall 
 
 
𝑣𝑛𝑜𝑠𝑡𝑟𝑖𝑙 = 2.293 sin 𝐵𝑡  

𝑣𝑚𝑜𝑢𝑡ℎ = {
4.840 sin 𝐴𝑡  if  𝑣 > 0 

0 if  𝑣 < 0
 

 

𝑣𝑛𝑜𝑠𝑡𝑟𝑖𝑙 = {
0  if  𝑣 > 0 

2.636 sin 𝐴𝑡 if  𝑣 < 0
 

MN

 

𝑣𝑚𝑜𝑢𝑡ℎ = {
4.210 sin 𝐵𝑡 if  𝑣 > 0 

0 if  𝑣 < 0
 

 

𝑣𝑛𝑜𝑠𝑡𝑟𝑖𝑙 = {
0  if  𝑣 > 0 

2.293 sin 𝐵𝑡 if  𝑣 < 0
 

Mouth = Wall 
 
 
𝑣𝑛𝑜𝑠𝑡𝑟𝑖𝑙 = 2.636 sin 𝐴𝑡   

NN 

 

Mouth = Wall 
 
 
𝑣𝑛𝑜𝑠𝑡𝑟𝑖𝑙 = 2.293 sin 𝐵𝑡 

Mouth = Wall 
 
 
𝑣𝑛𝑜𝑠𝑡𝑟𝑖𝑙 = 2.636 sin 𝐴𝑡    

 

There are two places in transient simulations and experiments where an error might occur: during start-up 

and when letting simulations and experiments run sufficient time to achieve characteristic eddy turnover 

time [58]. In the experiments, at least four hours are needed to stabilize room conditions before 

measurements are taken. In the computations, the initial conditions for transient simulations are obtained 

for a steady simulation and the first 30 minutes of the transient simulation are discarded.  



Large eddy turnover time is a characteristic timescale for the domain 𝑙0/𝑣0 where 𝑙0 is the largest scale of 

the room and 𝑣0 is the characteristic velocity. In the full-scale test chamber, 𝑙0 =  4.1 m, and an estimation 

of 𝑣0 can be performed by dividing the ventilation flow rate by a half section of the test chamber. Eddy 

turnover time is thus about five minutes. In order to obtain a suitable temporal average, a total time of 

12 minutes is simulated. To capture the effects of the smaller time scales related to the breathing process a 

time step of 0.025 s is selected. 

Over a 12-second period, SM performed four full breaths (exhalation and inhalation) with TM performing 

three full breaths during the same period. Each 12 seconds, both manikins start a new breathing cycle. 

During the 12 minutes of simulation, 60 cycles of 12 seconds are simulated for each test. Figure 2 shows the 

exhalation flows during a 12-second cycle for the two breathing manikins. 

 

Fig. 2: Instantaneous inhaled and exhaled flow for each manikin in a 12-second cycle. Semi-periods of exhalation of contaminated air 
by the SM are shaded in red, and the semi-periods of inhalation of contaminated air of the TM are shaded in blue. 

4. Results and discussion 

4.1 Experimental validation of the CFD model 

Experimental validation of the CFD model using experimental results [52] was performed in two different 

stages. The purpose of the first stage is to analyze exhalation flow and dispersion of the exhaled 

contaminants by a single manikin, considered the source manikin (SM), focusing particular attention on the 

exhalation jet and the interaction with the indoor airflow pattern. For this stage, the experimental setup and 

corresponding numerical model are exactly the same as described in the previous sections but omitting the 

TM. Results show a satisfactory agreement of temperature and velocity distribution in the room, airflow 

pattern from the diffuser, and centerline of the exhalation jet between the numerical simulation and 

measurements. Detailed information about this process is published in [56]. 

During the second stage, the TM is added to analyze cross-infection of two people facing each other at 

different distances in displacement ventilation (DV) conditions. Experimental results [54] with the two 

manikins exhaling through the mouth and inhaling through the nose and four different distances between 

the manikins, 0.35, 0.50, 0.80 and 1.10 m, are used to validate the Test MM numerical model. A mixture of 

air and N2O with a mass fraction Ya=0.027 is exhaled by the SM. Mean N2O concentration is measured near 
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the TM at three different positions (Fig. 3): the chest, Cchest, the nose, Cnose, and 10 cm above the head of the 

TM, C10. 

 

Fig. 3: Sketch of the test room with the manikins and the location of the N2O concentration probes at the TM. The separation 
between manikins in the picture is 0.80 m. All measurements are in meters. 

Fig. 4 shows the time averaged experimental and numerical N2O concentration values in each location 

scaling with the mean exhaust concentration of the room CR. There is reasonable agreement between 

numerical and experimental results. 

 
 (a) (b) (c) 

Fig. 4: Mean experimental and numerical dimensionless N2O concentration at a) Cnose, b) C10, c) Cchest. Both manikins breathe out 
through the mouth, test MM. 

The N2O concentration in the nose position of the TM, which corresponds to Cnose, (Fig. 4a) decreases with 

the separation between the manikins. Although the numerical model predicts the same tendency for the 

four distances, its results show a lower contaminant concentration. The same observation can be found 

above the head position (Fig. 4b) except for the separation distance of 0.35 m where the numerical 

prediction is higher than the experimental result. At the height of the chest (Fig. 4c), the contaminant 

concentration measured and predicted by the numerical model is close to zero due to the thermal 

stratification of the ventilation strategy that keeps the area below exhalation free of contaminants. 

Figure 5 shows the contours of the average N2O concentration scaled with the N2O concentration exhaled by 

the SM, Ya, in the middle plane of the room. For short distances between manikins (0.35 and 0.50 m), 

exhalation through the mouth of the SM directly penetrates the breathing area of the TM, increasing the 

contaminant concentration significantly (Fig. 5a and Fig. 5b, respectively). For a separation distance of 

0.35 m there is a strong interaction between the two exhalation jets, which have a high momentum, and 
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thermal plumes leading to a high turbulence level in front of the TM’s face. However, for longer distances 

(0.8 and 1.1 m), exhalation has greater difficulty penetrating the TM’s microenvironment (Fig. 5c and Fig. 

5d). TM exhalation through the mouth interacts with the exhaled contaminants and pushes them backward, 

keeping the inhalation region free of contaminants. Moreover, the thermal plume of the TM influences the 

contaminant distribution making them rise to the upper part of the room and increasing the contaminant 

concentration in C10. (See also Fig. 4b and Fig. 4c.). 

The results shown here correspond to mean values although the process is highly transient such that 

previous comments should be tempered by taking into account the analysis of transient data. 

 

Fig. 5: Mean concentrations of N2O in the central plane for the four distances. Test MM. a) d=0.35 m; b) d=0.50 m; c) d=0.80 m and 
d) d=1.10 m 

4.2 Transient analysis 

The experimental data do not allow any detailed temporal evolution of the breathing since it is too fast a 

process for the spectroscopy photoacoustic experimental technique. In this section, the evolution in time of 

the exhalation process of the two manikins considering different exhalation modes and different distances 

between them is analyzed. The predicted amount of inhaled contaminant by TM is evaluated. 

First, Fig. 6 shows the numerical results of the mass fraction of N2O inhaled by the TM during test MM over 

12-second cycles. It is important to remember that the two manikins, TM and SM, perform three and four 

complete breaths, respectively, during that time (see Fig. 2). The phase-averaged method was used to show 



these results. The solid line represents the phase-average values and vertical bars represent the minimum 

and maximum values for 60 cycles. 

  
 a) d=0.35 m b) d=0.50 m 

  
 c) d=0.80 m d) d=1.10 m 

Fig. 6: Concentration of N2O inhaled by the TM during 12 sec cycles. N.B. the differences of scales. 

When the distance between the manikins is 0.35 mo 0.50 m (Fig. 6a) and Fig. 6b, respectively) the pattern of 

inhaled contaminants is repeated with great accuracy each 12 s (little cyclical dispersion) as evidenced by the 

relatively small size of the bars. Moreover, the concentration of contaminants inhaled during the two 

seconds of each inhalation varies enormously, particularly in the second and third inhalation. Moreover, the 

maximum inhaled concentration peak is found at different time points. For a separation distance of 0.35 m, 

it is found at 7.5 seconds from the beginning of the cycle but for a 0.50 m separation distance this peak is 

found at 10 seconds. The separation distance influences the time in which the SM exhalation reaches the TM 

breathing area. While for 0.35 m the exhalation from the SM reaches the inhalation area of the TM in 1.4 

seconds if there is no perturbation by the TM’s exhalation, for 0.50 m this exhalation takes 1.7 seconds to 

reach the TM. From the above discussion, the significant role played by the breathing frequency and the 

phase difference between breaths on the amount of N2O inhaled is clear, at least when the TM exhales 

through the mouth and the separation distance is 0.50 m or less. 

For d=0.80 m (Fig. 6c) or 1.10 m (Fig. 6d), the concentration during each inhalation is more even and the 

cyclical dispersion is notable. This behavior can be observed in the four tests when there is a large separation 

between manikins (d=0.80 m y d=1.10 m). This is most likely due to the non-stationary nature of the airflow 

pattern in the area between the two manikins in particular and to the room as a whole. The non-stationary 

behavior of the general flow in the room can clearly be seen through the changes in the thermal plumes on 

the heat sources (manikins and radiator) and concurs with previous observations [56]. 
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Secondly, the rate of contaminant that the TM inhales in each of the three inhalations it makes during all the 

12 s cycles is shown in Fig. 7. This figure shows the rate of N2O inhaled by the TM for the four tests simulated 

and for the four separation distances. For Test MM and d=0.35 m, 6% of the total amount of N2O inhaled is 

inhaled in the first inhalations, 54% in the second inhalations and 40% in the third inhalations of each 12-

second cycle (Fig. 7a). For d=0.50 m, the results are similar. This less noticeable variability is also seen for the 

case in which the SM exhales through the mouth (test NM) at short distances (d=0.35 m and d=0.50 m) and 

for test MN when d=0.35 m. In the remaining cases, the proportion of contaminant inhaled in each of the 

three inhalations is virtually the same. 

It could be concluded that when the SM exhales through the mouth and there is a short distance to the TM 

(d  0.50 m), contamination from the TM depends on the frequencies and respiratory phase differences 

between the two manikins. In the remaining cases, with the sole exception of test MN for d=0.35 m, the 

frequencies and respiratory phase differences between the two manikins barely affect the TM 

contamination. 

 
a) Test MM b) Test MN 

 
c) Test NM d) Test NN 

Fig. 7: Percentage of N2O inhaled in each of the three inhalations of the 12 s cycle. 

Finally, in order to evaluate and increase knowledge of the dispersion of exhaled contaminants and the 

interaction between the two breaths, Fig. 8 analyzes the temporal evolution of the N2O inhaled by the TM 

for the four tests studied at a separation distance of 0.50 m. As seen in the previous sections, a separation 

distance of 0.50 m is sufficient to observe the development of the SM exhalation jet and the interaction with 

the TM’s breathing. The isoconcentration values of N2O are also shown in Fig. 9 for all the tests at the same 
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separation distance, 0.5 m for the two first seconds of the cycle. The video shows the results equivalent to 

those of Fig. 9 for a full 12-second cycle. 

Comparing the tests corresponding to SM exhalation through the mouth, Figures 8a and 8b, to the tests 

where SM exhales through the nose, Figures 8c and 8d, significant differences can be seen. When the SM 

exhales through the mouth, the TM’s three inhalations differ enormously but are repeated with small 

variations each 12 seconds. Nevertheless, when the SM exhales through the nose, the three inhalations are 

very similar, yet there is little repetition each 12 seconds. Furthermore, the MM and NM tests show there 

are higher maximum mass fraction values of inhaled N2O but that maximums vary over time depending on 

the breathing interaction. 

The MM test shows the greatest variations (Fig. 8a). During the first instants of each 12-second cycle, the 

first TM exhalation jet pushes back the first contaminated exhalation from SM, keeping the inhalation area 

clean during the first inhalation (Fig. 9a). However, 10 s after the beginning of the cycle the SM exhalation jet 

has reached the TM when the TM is starting to inhale. In that case, there is a maximum peak of inhaled 

contaminant by the TM. 

For the NM test, the risk situation is maintained over time (Fig. 8b) since TM exhalation through the nose 

disturbs the SM exhalation that can directly penetrate the TM’s breathing area (Fig. 9b) very little. However, 

for the MN and NN tests, when the SM exhales through the nose the maximum values of inhaled 

contaminant are lower but are almost the same values, and are repeated over time. This means that the 

direct influence of the SM exhalation jet over the breathing area of the TM is lower (Fig. 9c and Fig. 9d). 



 

 a) Test MM b) Test NM 

  

 c) Test MN d) Test NN 

Fig. 8: Concentration of N2O inhaled by the TM during 12-second cycles for all breathing modes and d=0.50 m. 

When the SM exhales through the nose, tests MN and NN, the exhaled flow of contaminants becomes more 

complicated (Fig. 9c and Fig. 9d). The flow characteristics are different for the interaction of the two jets. The 

jet exhaled by the nose first heads downwards and then, as it loses its initial momentum, is dragged upwards 

by buoyancy. When the TM exhales through the mouth there is scarcely any interference between the 

exhalations of the two manikins (see t=1.0 s and t=1.5 s of Fig. 9c), and the dispersed jet of the SM’s previous 

exhalation reaches the TM when it is starting the first inhalation (t=2.0 s of Fig. 8c and Fig. 9c). When the two 

manikins exhale through the nose, their jets interact, favoring dilution of the N2O (see t=1.0 s and t=1.5 s of 

Fig. 9d) such that when the TM commences the first inhalation (t=2.0 s of Fig. 9d) the air close to its nose has 

a low concentration of N2O (Fig. 8d). As there is no direct influence of the SM’s exhalation on the breathing 

area of the TM, the values of inhaled contaminant are more stable over time (Figures 8c and 8d). 
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Fig. 9: Isoconcentration environments Y=0.05 Ya, shaded in velocity module for a separation between manikins of d=50 cm. The times 
indicated in each figure correspond to those of Fig. 2. 



 

 

 

 

 c) Test MN d) Test NN 

Fig. 9 (cont.) Isoconcentration environments Y=0.05Ya, shaded with velocity module for Test MN and Test NN with a separation 
between manikins of d=50 cm. The times indicated in each figure correspond to those of Fig. 2. 



4.3 CFD predictions of the risk of cross infection 

If the SM represents a person infected with an airborne transmission disease and N2O represents pathogen-

bearing droplet nuclei, the risk of infection for another person located in the same area (not taking into 

account the susceptibility of contracting the disease) will be proportional to the amount of N2O inhaled by 

the TM. Nevertheless, the quantity of pathogens exhaled by a person infected in each breath depends on a 

number of variables. The parameter used to quantify the risk of infection should be independent from the 

amount of pathogens exhaled. Normalized infection time tin is defined as the time required for the TM to 

inhale the same amount of N2O as is given off by the SM in a breath. The numerical results give the amount 

mass of N2O inhaled by the TM during the 12 minutes (720 seconds) simulated. Bearing in mind the mass of 

N2O exhaled by the SM in one exhalation it is easy to determine tin. In this case the following expression is 

used to calculate the values of Fig. 10.  

𝑡𝑖𝑛 =
720 seconds × (mass of N2O exhaled by the SM in one exhalation)

mass of N2O inhaled in 720 seconds
 

The normalized infection time is related to the concepts of quantum of infection [60] and airborne infection 

risk [59]. If, for instance, the SM exhaled a quantum in each breath, tin would be the time required for the TM 

to have a 63.2% chance of infection [30]. 

 

Fig. 10: Infection time for the four breathing modes and the four manikin separation distances. 

Figure 10 shows that, regardless of the breathing modes, infection time increases with separation distance. 

At almost all distances, the lowest infection time is for test NM, when the TM exhales through the nose and 

the SM exhales through the mouth. This result agrees with the previous analysis of maximum peaks of 

inhaled contaminants found for that test and continuously over time, Figure 8b. However, the highest 

infection time is found for test MM, when both manikins exhale through the mouth. It is very interesting to 
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remember that this test has high peak values of inhaled contaminant but also instances where contaminant 

inhalation was almost zero. This fluctuating behavior is due to a phase difference between breaths. 

5. Discussion 

The present study provides a numerical analysis of airborne contamination between two manikins facing 

each other in a room with displacement ventilation. The transient numerical models reproduce the 

experimental setup in detail [54]. Agreement between the numerical predictions obtained during test MM 

(see Fig. 4) shows that the numerical model is able to predict the dispersion of exhaled contaminants with a 

satisfactory accuracy. 

Four breathing modes and four separation distances between manikins are analyzed. Sixteen cases are thus 

studied in a four by four matrix. The results of CFD predictions are an extremely valuable tool for studying, 

analyzing and gaining insights into the mechanisms of airborne transmission routes. Of particular interest is 

the analysis of the contaminant dispersion over time, for different separation distances and when they have 

different breathing modes.  

A priori, the riskiest exhalation mode of SM is from the mouth because contaminants are able to penetrate 

the TM’s breathing region very directly, especially if the two manikins are close to each other (see Fig. 9). 

However, the penetration of the contaminants exhaled by SM in the TM’s breathing area also depends on 

the TM’s breathing mode. Exhalation through the TM’s mouth can clean the TM’s breathing area of 

contaminants, while exhalation through the TM’s nose is not able to remove contaminants from the 

breathing area. This marks a clear difference between the two cases, with the MM test being the one with 

the highest infection time and the NM test the one with the lowest infection time (see Fig. 10). 

When the SM exhales through the nose it is difficult for the exhalation jet to penetrate into the breathing 

area of the TM even when the manikins are close to each other. The downward direction of exhalation 

through the nose leads to the contaminants mixing with the room air before ascending due to buoyancy and 

reaching the breathing area of the TM if the manikins are close to each other (see Fig. 9). This means that 

the inhaled contaminants for tests MN and NN are very constant over time and do not show very high peak 

values (see Fig. 8). Generally speaking, the exhaled contaminants are more likely to reach the breathing area 

of the TM more diluted when SM exhales through the nose. 

When there is a short distance between manikins and, more importantly, if the SM also exhales through the 

mouth (see blue cases in Table 3), the amount of contaminant inhaled by the TM is strongly determined by 

the mutual interaction between the breaths of the two manikins but is barely influenced by the general flow 

pattern in the room. Both circumstances should be taken into account when planning experimental and 

numerical assays. The time required to simulate numerically and the measuring time in the experimental 

assays is considerably reduced. However, the time-step of the numerical simulations and the response in 

frequency of the experimental techniques should be able to reflect the transitory nature of the respiratory 

cycles. 

In contrast, when the manikins are further apart or when the TM exhales through the nose (see green cases 

in Table 3), the flow pattern in the room has a greater influence on cross-infection than the manikins’ 

frequencies and respiratory phase differences. Similar to what was mentioned in the previous paragraph, in 

order to obtain reliable statistical averages long simulation and sampling times are required although 

acquisition frequency and time-step do not need to be very demanding. 



Table 3: Summary. Dark blue (DB): cases where the predominant effect is the interaction between both breaths. Dark green (DG): 
cases where the predominant effect is the general air flow pattern of the room. Light colors (LB, LG): similar to the corresponding 
dark color but less pronounced behavior. 

 Distance between manikins 
Test 0.35 m 0.50 m 0.80 m 1.10 m 

MM DB DB LG DG 
NM DB DB LG DG 
MN DB LB DG DG 
NN LB DG DG DG 

 

Finally, it is also important to show that a certain breathing mode combination of the two manikins can 

evidence very high values of inhaled contaminants at specific instances but a low value of cross-infection risk 

during a global period of time, for example test MM. This analysis is only possible by means of CFD due to 

the low frequency of the experimental contaminant concentration measurements. 

Conclusions 

In this study, the full interaction between two breaths is studied by means of CFD and shows accurate 

results. The main conclusion of this research is to evidence the high capacity of numerical simulations to 

analyze the dispersion of exhaled contaminants over time, including interaction with other breathing sources 

and in different situations. At look at the results provides certain key conclusions in the study of airborne risk 

situations in indoor environments: 

 The different modes a person may use for breathing can directly influence the microenvironment 

around them as well as the interaction with another person’s breathing. This means that exhaling 

through the mouth or through the nose may disperse exhaled contaminants in a completely 

different way and may also prevent exhaled contaminants from being received differently. 

 The aerodynamic information obtained with CFD complements experimental measurements and 

increases knowledge of the mechanism involved in the airborne transmission route of contaminants. 

 For short separation distances (<0.5 m) between breathing sources, the microenvironment and the 

interaction between breaths is a key factor in the dispersion of contaminants for all the breathing 

mode combinations studied. However, for long distances (>0.5 m) the interaction between breaths, 

for example if they are in phase or not, is not an important issue. For these cases, the general airflow 

conditions in the room or the macroenvironment prove to be more important. 
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