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Abstract 

 

Room airflow interaction, particularly in the breathing zone, is important to assess exposure to 

indoor air pollution. A breathing thermal manikin was used to simulate a room occupant with 

the convective boundary layer (CBL) generated around the body and the respiratory flow. 

Local airflow against the face of the manikin was applied to increase the complexity of the 

airflow interaction. CO2 was released at the armpits and N2O at the groin to simulate the 

respective bio-effluents generated at these two body sites. The tracer gas concentration at the 

mouth/nose of the manikin was measured with gas analyzers with short and long response 

times, respectively. The tracer gas concentration was characterized by the mean, standard 

deviation and 95th percentile values. The results revealed that the measurement time needed 

to determine, with sufficient accuracy, these parameters decreased substantially with 

a decrease in the response time of the gas analyzer. When only CBL was present, shorter 

measurement time was needed for the accurate concentration measurement of the tracer gas 

released close to the breathing zone. For more complex flow, as a result of CBL interaction 

with the exhalation flow, the needed measurement time was longer. It has been concluded that 

the accurate exposure assessment requires that the concentration measurements are performed 

only during the inhalation period. Therefore, gas analysers with low response time and 

sampling time that is considerably shorter than the inhalation period have to be used. 
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1. Introduction 

Indoor air quality affects occupants’ health, comfort and performance. Building materials, 

office equipment, and occupants are some of the indoor pollution sources. Occupants pollute 

indoor air by continuous body released bio-effluents and by the exhaled air as well as by 

bioaerosol shedding from their skin, clothes and hair [1, 2]. Various human activities like 

cooking, smoking, vacuuming, cleaning, walking, etc. are also major contributors to the 

indoor air pollution burden [3-8]. The released pollution may cause SBS symptoms [9]. 

Therefore, the exposure assessment is important.  

 

One of the paths of the occupants’ exposure to the indoor pollution is respiration, i.e. 

inhalation of the polluted air. Airflows in rooms and around a human body transport pollution 

to the breathing zone and thus, modify the exposure. The convective boundary layer (CBL) 

around the human body in a calm environment, the transient flow of respiration and the flow 

generated by ventilation are some of the flows interacting in the breathing zone of the 

occupants. The convective boundary layer has been studied and described [10-17]. The 

importance of the CBL with respect to the transport of pollution to the breathing zone has 

been documented [10, 11, 18]. The contaminated exhaled air disturbs the CBL, can penetrate 

it, and spreads to other occupants [19]. Depending on the air distribution method the 

ventilation flow may be assisting, transverse, or opposing the CBL [20]. In general, the 

airflow interaction in a person’s micro-environment is one of the most important factors 

influencing the exposure to the pollution released close to the body [10, 11, 19-24]. The 

interaction of flows around the human body is complex and transient in time [25, 26]. 

Understanding the characteristics of different airflow interactions in the breathing zone will 

contribute to the accurate assessment of the exposure to the indoor pollutants and to a better 

design of efficient air distribution systems providing the occupants with high quality of the 

inhaled air and thermal comfort. Therefore, the accurate measurement of the flow 

characteristics such as air speed, temperature, and the gaseous contaminants concentration is 

important.  

 

The concentration of gaseous contaminants that people are exposed to indoors changes 

randomly in time. It can be described by time averaged concentration, standard deviation of 

the concentration fluctuations, and their 95
th

 percentile. Most often, the exposure and its 

impact on the occupants’ health is assessed from the mean concentration measurements. 



3 

 

However, it is still not clear whether the 95
th

 percentile of the concentration should be 

considered as more relevant for the exposure assessment.  

In previous studies the physical experiments were typically performed in full-scale test rooms, 

and the human body was simulated by using breathing thermal manikins [27, 28]. A tracer gas 

was used to simulate the gaseous contaminants, e.g., a tracer gas mixed with the exhaled air 

was used to simulate respiratory pollution or it was released either from different sites on the 

manikin’s body to simulate bio-effluents or in different locations in room to simulate 

particular pollution sources. Typically, to assess the transport and the exposure, the tracer gas 

concentration measurements were performed in the breathing zone of the manikin (close to 

the nose or the mouth). Two important factors have to be considered for the accurate exposure 

assessment, namely, the complex airflow interaction around the human body, particularly in 

the breathing zone, and the characteristics of the measuring instruments and the method of 

data analyses. The breathing thermal manikins with complex body shapes and the average 

person size allow for the mimicking of the CBL around the body and the human breathing 

cycle and mode with sufficient accuracy required for many studies. Different ventilation flows 

can also be organized in the full-scale rooms. This allows us to simulate with good 

approximation, the airflow interaction around the human body and to study its impact on the 

exposure. Furthermore, the measurement of the tracer gas concentration may be critical for 

the exposure assessment. Since the nature of the flow characteristics is stochastic, the 

dynamic characteristics of the measuring instruments are important. In general, the 

instruments used for the concentration measurements are slow and their response time and 

sampling period are considerably longer than the breathing cycle of a sedentary person 

(approx. 2.5 s inhalation, 2.5 s exhalation and 1 s pause). This may lead to an inaccurate 

exposure assessment because concentration measurements are performed during the entire 

breathing cycle instead of only during the inhalation period, i.e. the tracer gas concentration is 

measured also during the exhalation phase of the breathing cycle when an the airflow clean of 

tracer gas is generated.  It has been shown that an open-path Fourier transform infrared (OP-

FTIR) spectrometer can be used to ensure faster spatial tracer gas distribution in an empty 

room when compared to multipoint-sample concentration measurements [29]. However, the 

data at a particular point cannot be obtained faster than one sample per 6 minutes, which is 

too slow, and the measurement principle requires that the optical path between the emitter of 

the infrared radiation and the detector should be ensured which is often impossible in practice. 

This method can be used to measure spatial concentration distributions of one or two gases 
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emitted from sources with either constant emission or with a simple pattern of emission, such 

as a short impulse or constantly increased/decreased emission.  

 

The aim of the paper is to identify the importance of the sampling frequency, of the response 

time of the tracer gas analyzer and of the tracer gas sampling only during the inhalation cycle 

for the tracer gas concentration measurements. Another goal is to assess the required 

measurement time and develop a data analysis method for the accurate exposure assessment. 

 

 

2. Methods 

2.1 Experimental set-up 

Experiments were performed in a climate chamber with the dimensions 4.7 m × 6 m × 2.5 m 

(W × L × H). The chamber was ventilated and air-conditioned by an upward piston flow. The 

air was supplied through a porous textile covering the entire floor area of the chamber on the 

top of which there was a steel coarse grid with square openings (2 × 2 cm). The supply air in 

the chamber was 100% outdoor air, with no recirculation. The supply airflow rate was 

controlled by an electronic fan speed control software and the fan was kept to operate 

constantly throughout the experiment. The air was exhausted through a square opening (the 

area of which was 0.144 m
2
) in the ceiling above the manikin. The chamber construction 

ensured conditions with uniform temperature and negligible radiant temperature asymmetry. 

The air temperature in the room was kept 23°C during all the measurements. 

 

During the measurements, a breathing thermal manikin was used to realistically simulate 

a sitting person. The manikin resembled an average Scandinavian woman, 1.7 m tall. The 

manikin had 23 body segments and each had an individual control to maintain surface 

temperature equal to the skin temperature of an average person in a state of thermal comfort. 

The average surface temperature of the manikin’s individual segments ranged from 32.0 to 

34.8 °C during the experiments. The manikin was dressed in thin-tight outfit (a T-shirt, 

underwear, tight-fitting trousers, socks, and shoes). The thermal insulation of the clothing 

together with the chair was equal to 0.55 clo. The manikin had a short-haired wig. The 

thermal manikin’s breathing process was simulated with an artificial lung located outside the 

chamber. The device was connected by two plastic tubes and connectors (situated on the 

lower back of the manikin) to the manikin’s mouth and nose. The breathing frequency, 

pulmonary ventilation rate, and the temperature of the exhaled air were set to be the same as 
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those of a person engaged in light sedentary activity. The manikin was set to inhale the air 

through its nose and exhale through its mouth, and vice versa. The pulmonary ventilation rate 

was 6 L/min. The breathing frequency was 10 times per minute with a cycle of 2.5 s of 

inhalation, 2.5 s of exhalation and 1 s of the pause [30]. The exhaled air was heated to 34°C 

but not humidified. The thermal manikin’s nostrils were round openings, each with the cross-

sectional area of 38.5 mm
2
. The jets emerging from the nostrils were deflected 40° 

downwards from the horizontal [31]. The mouth of the manikin was an ellipsoidal opening 

with the cross-sectional area of 158 mm
2
.  

 

The manikin was located approximately in the middle of the chamber, seated on a computer 

chair in front of a desk with the arms resting on the table (Fig. 1). A wooden plate (2 m × 

1.21 m) was placed below the manikin to prevent the supply airflow to disturb the CBL 

produced by the thermal manikin. The mean air speed was measured at several locations in 

the chamber and around the manikin when it was unheated. The air speed was measured with 

a multichannel low velocity thermal anemometer with spherical sensor (the accuracy of the 

readings was ±0.02 m/s ±2%). It was lower than 0.05 m/s, i.e. a quiescent environment was 

present in the chamber [10]. The manikin was leaned 10° backwards from the vertical axis. 

There was a 10 cm gap between the edge of the desk and the manikin’s abdomen. The desk 

was equipped with personalized ventilation (PV) supplying clean air towards the face of the 

manikin from a round movable panel diffuser (RMP). The RMP had a circular outlet with 

diameter of 0.185 m. A detailed description of the RMP can be found in [32]. Previous study 

showed that the personalised flow supplied by the RMP against the face could penetrate the 

CBL and provided clean air for breathing when its target velocity was higher than 0.3-0.35 

m/s [32]. The supply air temperature and the airflow rate of the PV system were controlled. 

The RMP was positioned 30 cm from the manikin’s face which is one of the positions most 

preferred by the users [33]. The PV was used at two supplied air flow rates of 3 L/s and 6 L/s, 

generating the mean velocity of 0.2 m/s and 0.4 m/s, respectively, over the target area at the 

face of the manikin, 100 mm in diameter. The supply air temperature of the PV flow was kept 

constant at 23 °C. A local exhaust, referred in the following as a ventilated cushion (VC), 

covered the seat and the backrest of the chair, i.e. the manikin was seated on the VC. The 

surface of the VC in contact with the manikin’s body had numerous openings, 6 mm in 

diameter, which were used to exhaust air. Thus, the VC worked as a local exhaust aiming to 

capture and exhaust “contaminants” released from the manikin’s body. The flow rate of the 

exhausted air was measured and controlled with the accuracy of ±3 % by adjusting the speed 
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of the fan in the exhaust duct. The VC is described in [25]. This part of the set-up is shown in 

Fig. 2. 

 

 

Fig. 1.  Experimental set-up 

 

 

  Fig. 2.  a): Thermal manikin seated on the chair with the integrated ventilated cushion (VC) in front 

of the table equipped with the PV; b): chair with the ventilated cushion. 

 

Dermally emitted bio-effluents were simulated by tracer gases. Carbon dioxide (CO2) and 

nitrous oxide (N2O) were released from the manikin’s armpits and groin area, respectively. 

The tracer gases were dosed at constant emission rates directly from the compressed gas 

cylinders. The gases were transported from the cylinders to the manikin through separate 



7 

 

pipes and released through porous stones (height: 2.5 cm; and diameter: 1.2 cm) that were 

attached to the polluting body parts, ensuring that the gases were released, with the speed 

lower than 2 cm/s (estimated based on the flow rate and the surface area of the porous stone). 

The emission rates of CO2 and N2O were adjusted to be 1.2 L/min and 0.5 L/min, 

respectively. 

 

CO2 and N2O were used in this study as they absorb infrared radiation well, which was the 

operating principle of the measuring instrument with fast response time described in the next 

section. These gases were not toxic in the concentration ranges used in the experiments. The 

properties of the used tracer gases differed from those of the air. The densities of the gases 

were higher than the air density and equal to 1.83 kg/m
3
 for both N2O and CO2.  The tracer 

gas was transported at the room temperature to the two body sites. However, when released its 

temperature increased due to the local heat generated by the body. 

 

2.2 Measuring instruments 

Two types of gas analysers were used to measure the concentrations of CO2 and N2O: 

a photoacoustic gas monitor (Innova) and a gas analyser with a nondispersive infrared 

detector (FCM41). The sampling rate of the Innova gas analyser, further called the “slow” 

instrument, was 0.025 Hz. The fast gas concentration meter FCM41, called the “fast” 

instrument, had the time constant of 0.8 s and the sampling rate of 4 Hz. Two Innova 1312 

photoacoustic gas analyzers, with the expanded uncertainty (95% confidence level) of 3% of 

the reading, were used in this study. Each Innova gas analyzer was connected to an Innova 

1303 gas sampler. In order to obtain the fastest response from the Innova only one of the 

channels of the sampler was used when its measurements were compared with the 

measurements by FCM41. The expanded uncertainty of the FCM41 was 2% of the readings 

and ±20 ppm. Six “fast” instruments were used in this study: three for N2O and three for CO2 

measurement. Detail description of the fast instrument is provided in [34, 35]. The fast and 

the slow instruments were inter-calibrated before and after each experimental session. The 

slow instruments were also used to measure the N2O and CO2 concentrations in the air 

supplied to the chamber, the PV supply air and the exhaust air of the chamber. 

 

 

 

2.3 Airflow complexity in the breathing zone 
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Numerous measurements with the fast and slow gas analyzers were performed for different 

complexities of the airflow interaction in the breathing zone. The experimental conditions 

included the presence of the CBL and a flow of exhalation through the mouth or nose, as well 

as more complex interaction of the CBL, the flow of exhalation and the local chair exhaust 

and/or PV in operation. The experimental conditions are described in detail together with the 

results in the following sections.   

 

2.4 Experimental procedure 

Continuous tracer gas measurements were performed simultaneously with the fast and the 

slow instruments. The N2O and CO2 concentrations were measured at the mouth (between the 

centers of the lips, at the distance of 0.5 cm) and at the nose (at the opening of the left nostril). 

At each measurement location, separate N2O and CO2 fast meters sampled the gas through 

a plastic tube (diameter: 3 mm; length: 1 m). To avoid attaching many tubes to the manikin’s 

face, the N2O and CO2 tubes at each sampling point were merged into one tube by using a Y-

shaped connector. Prior to each experiment, the breathing mode of the manikin, the supply 

flow rate of the PV, and the flow rate from the local exhaust were adjusted accordingly. The 

measurements with the FCM41 and the Innova instruments lasted 2 hours and 17 minutes.  

 

2.5 Data analyses 

Compensation of the data was performed for the time required for the N2O and CO2 samples 

to travel through the sampling tube from the measurement point to the fast gas analysers [34]. 

Fourier transformation was applied for the frequency correction of the signals from the 

instruments. The data collected with the fast instruments were analyzed in two different ways: 

analyses based on the samples collected during the continuous measurement with and without 

breathing comprising the complete breathing cycle and analyses based on the samples 

measured only during the inhalation period of the breathing cycle. The results obtained with 

the slow instrument were based on the samples of the continuous measurements with and 

without the complete breathing cycle (note that the sampling period of the instrument was 

considerably longer than the breathing cycle). The mean, standard deviation and 95
th

 

percentile were calculated based on more than 32 768 and 205 samples of the tracer gas 

obtained from the fast and the slow instruments, respectively, during 1365 breathing cycles. 

The 95
th

 percentile is the value at which 95 percent of the measured samples have a lower 

values and only 5% have higher values. It should be noted that the CO2 background level of 
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480 ppm in the chamber was subtracted from the total CO2 concentration at each 

measurement point. 

 

Based on the data collected by the fast instrument, the power spectral density and the 

cumulative spectrum of the standard deviation were obtained. The power spectral density 

describes how the power of the signal is distributed over the frequency range (Eq. A.5 in 

Appendix A). The cumulative spectrum is the curve wherein, for a given frequency, each 

point is calculated as the area under the particular energy spectrum from the lowest frequency 

to this frequency (Eq. A.8 in Appendix A).  

 

3. Results 

The samples of the instantaneous values of the N2O concentration at the mouth of the manikin 

measured with fast and slow gas analyzers are presented when the breathing function of the 

manikin was ON (Fig. 3a) and OFF (Fig. 3b) .  

 

a) 
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b) 

 

   Fig. 3. Samples of the instantaneous values of the N2O concentration recorded continuously at the 

mouth (exhalation nose/inhalation mouth) with the fast and slow gas analyzers when the breathing 

function was OFF (a) and ON (b). PV and VC were not in operation. 

 

The results in the figures show that the gas analyzer with the slow response and the long time 

period of sampling cannot capture the concentration fluctuations. The results show that the 

fluctuations are less random when the breathing function is ON and they are determined by 

the breathing cycle (10 cycles per minute). In each breathing cycle, during exhalation, the 

tracer gas concentration measured at the mouth decreases almost to zero.  

 

Importance of the measurement time 

The effect of the measurement time on the accuracy of the determination of the mean 

concentration, standard deviation and 95
th

 percentile was studied. For the entire measurement 

period (2 h and 17 min), the three parameters were obtained and assumed to be “the true 

values”. The same three parameters were then calculated for shorter time periods, the subsets 

of the entire measurement period. In this way different measurement time was simulated. This 

measurement time changed from 1 to 120 minutes. Upon changing the initial time of the 

simulated measurement, fluctuations of the mean value, standard deviation, and 95
th

 

percentile were found and they were characterized by standard deviations. These standard 

deviations were considered as the absolute standard uncertainty of the mean value, of the 

standard deviation, and of the 95
th

 percentile because of the limited measurement time. The 

“true values” were used to obtain the relative uncertainties (Eq. B.10-12 in Appendix B), as 

shown in Fig. 4, Fig. 5 and Fig.6. The results in the figures reveal that the uncertainty is lower 

when the measurements are performed with the fast analyzers. The measurement time 
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required to obtain the mean concentration values with 5% uncertainty was approx. 15 min and 

was almost three times shorter than the time required for the “slow” analyzer. The differences 

for the standard deviation and the 95
th

 percentile were considerably higher, e.g., the 95
th

 

percentile of the concentration was obtained with 5% uncertainty based on 15 min records of 

the continuous measurement by the “fast” instrument and 90 min records of the measurements 

by the “slow” instrument.  

 

   

Fig. 4.  Relative standard uncertainty of the mean concentration, standard deviation, and 

95
th 

percentile of the concentration measured with the fast (a) and slow (b) gas analyzers. 

Results shown for N2O released at the groin in the case of breathing OFF, i.e., the presence of 

CBL only. PV and VC were not in operation. 

   

 

Fig. 5.  Relative standard uncertainty of the mean concentration, standard deviation and 

95
th

 percentile of the concentration measured with the fast (a) and slow (b) gas analyzers. 

Results shown for the CO2 released at the armpits in the case of breathing OFF, i.e., the 

presence of CBL only. PV and VC were not in operation. 
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Importance of the location of the tracer gas release 

The results shown in Fig. 4 and Fig. 5 indicate that the location of the tracer gas release is also 

important. N2O was released at the groin, i.e. relatively far from the mouth/nose while CO2 

was released at the armpits, i.e. closer to the measurement point. The uncertainty became 

lower when the tracer gas was released near the measurement point. To obtain the mean, 

standard deviation, and 95
th

 percentile with the same accuracy, shorter measurements were 

required for CO2 than N2O, e.g. to obtain the mean concentration of N2O with 5% accuracy 

the measurement time of 15 min was required for the “fast” instrument and of 40 min for the 

“slow” instrument, while for CO2 this time was 5 and 20 min, respectively.   

   

Importance of airflow interaction in the breathing zone 

Breathing generates transient flow that interacts with the CBL. The interaction depends on 

several factors, including breathing mode (exhalation from mouth or nose), posture of the 

head, strength of the CBL, etc. The resultant flow is more complex than the CBL, which in 

real life typically does not exist alone. The flow interaction affects the inhaled air quality, i.e. 

the exposure. From this perspective, it is important to know how the complexity of the flow in 

the breathing zone affects the accuracy of the tracer gas measurements.  

 

Figure 6 shows the uncertainty in the determination of the mean, standard deviation, and 95
th

 

percentile of the N2O and CO2 concentration in the case of interaction of CBL with the 

exhalation flow when the VC was operating. The measurements were performed with the 

“fast” analyzer. The results in the figure show the differences compared to the case of 

breathing OFF, i.e. the presence of CBL only (Fig. 4a and Fig. 5a). First, the more complex 

flow as a result of breathing increased the time required to perform the measurements with the 

same uncertainty as in the case of breathing OFF, particularly when the tracer gas was 

released closer to the measurement point. For example, in the case with breathing ON 

(Fig. 6b) 20 min measurements were required to obtain the 95
th

 percentile of the CO2 

concentration with the uncertainty of 5%, while only 5 min measurements were required 

when breathing was OFF (Fig. 5a). Second, the impact of the location of the tracer gas release 

was different. When breathing was ON, to achieve the same level of uncertainty the time 

required for the concentration measurement was longer for CO2 than for N2O (Fig. 6). This 

was opposite when the breathing was OFF (Fig. 4a and Fig. 5a). However, more tests are 

needed to find whether the observed dependences are systematic. 
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Generally, it can be concluded that the required measurement time depends on the flow 

interaction of CBL, the breathing flow and the operation of the ventilated cushion as well as 

on the location of the contamination source. In the case of the "fast" instruments it changes 

from 5 to 20 minutes and for the "slow" instrument from 40 to 90 minutes. A conservative 

assumption can be made to perform the measurements with the "fast" instruments for 30 

minutes and with the "slow" instruments for 120 minutes.   

   

Fig. 6.  Relative standard uncertainty of the mean, standard deviation, and 95
th

 percentile of 

the concentration measured with the fast gas analyzers when the breathing is ON. The results 

for N2O released at the groin (a) and CO2 released at the armpits (b) are shown in the case of 

the ventilated cushion (VC) operating at 3 L/s. PV was not in operation. 

 

Importance of the data analyses 

The breathing process is transient and typically includes inhalation, exhalation and pause. 

With respect to the exposure due to respiration, only the inhalation period is important. Thus, 

when a tracer gas is used to simulate gaseous pollutants its concentration has to be measured 

either in the inhaled air or close to the mouth or nose but only during the inhalation period. 

Therefore, gas analyzers with fast response time have to be used.  The importance of this 

issue was studied, and the results are presented in the following.  

 

Numerous tracer gas concentration measurements were performed with the fast analyzer 

under different breathing modes (inhalation mouth/exhalation nose/pause and inhalation 

nose/exhalation mouth/pause) and different complexities of the flow interaction in the 

breathing zone (with and without PV, with and without VC, etc.), Table 1. Fig. 7 and Fig. 8 

show records from the measurements with breathing only and breathing combined with PV. 

In Fig.7b and Fig. 8b the CO2 concentration excess is presented, as the difference between the 

measured CO2 concentration and CO2 concentration in the supplied air. In order to be able to 
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extract the concentrations measured only during the inhalation periods, the inhalation and 

exhalation signals were synchronized in time. This led to the possibility of identifying the 

exhalation periods in the measured signals as periodically repeating fragments with very low 

concentration (approx. 0 ppm). Consequently, a binary signal of the entire breathing process 

was obtained, using which it was possible to extract the inhalation cycles. 

 

Table 1 List of the performed measurement cases for different experimental setup. 

Personal 

ventilation 
PV 

Ventilated cushion  (VC) 

0 L/s,  (VC OFF) 1.5 L/s 3 L/s 5 L/s 

0 m/s,  (PV 

OFF) 

No breathing No breathing Inh. nose/Exh. mouth Inh. nose/Exh. mouth 

Inh. mouth/Exh. nose Inh. mouth/Exh. nose   

Inh. nose/Exh. mouth Inh. nose/Exh. mouth   

0.2 m/s 
No breathing No breathing  No breathing 

Inh. nose/Exh. mouth Inh. nose/Exh. mouth  Inh. nose/Exh. mouth 

0.4 m/s 
No breathing    

Inh. nose/Exh. mouth    
 

Note that in Fig. 7b, Fig. 8a and Fig. 8b concentration peaks may be observed which were 

measured at the nose during the exhalation periods of the breathing cycle. These peaks are 

due to the airflow interaction in the breathing zone, which increased the tracer gas 

concentration at the nose even when the manikin was exhaling air. These results confirm that 

the airflow interaction between the CBL and the flow of exhalation, and also during the 

conditions when clean air is supplied toward the face is complex. Therefore, if the 

concentration signals are not treated properly the exposure to the pollutants can be under- or 

over-estimated. 

a) 

 

b) 
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Fig. 7.  Records of N2O (a) and CO2 (b) concentration for six breathing periods. 

Measurements performed with the fast analyzer in case of breathing only (inhalation nose / 

exhalation mouth / pause). PV and VC were not in operation. 

a) 

 

b) 

 

Fig. 8. Records of N2O (a) and CO2(b) concentration for six breathing periods. Measurements 

are performed with the fast analyzer in case of breathing combined with PV. The breathing 

mode inhalation nose / exhalation mouth / pause is shown. VC was not in operation. 

 

The concentration has a periodic component, which results from the interaction of the 

“contaminated” air flow in the convective boundary layer near the manikin body with the air 

movement caused by breathing. For the case presented in Fig. 7a with exhalation through the 
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mouth and inhalation through the nose it can be seen that during the exhalation phase, the 

exhaled clean air decreases the concentration of N2O sampled at the mouth to zero, which can 

be expected. However, the jet of the exhaled air entrains the surrounding air, and the N2O 

concentration during the exhalation phase decreases also near the nose. There is a difference 

between the mean values of the N2O concentration at the nose averaged for the entire 

measurement time and averaged only for the inhalation phase. For the six cycles of breathing 

presented in Fig. 7a, the mean value of the N2O concentration averaged for the entire 

measurement time is equal to 297 ppm, whereas the N2O concentration averaged only for the 

inhalation phase is by 22% higher and is equal to 362 ppm. At the end of the exhalation 

phase, the N2O concentration starts to increase and during the 1 second pause (between the 

exhalation and the inhalation phases) the N2O concentration is rebuilt. 

 

The results in the figures show that the phases of breathing (inhalation, exhalation, and pause) 

are not sharply defined by the measured tracer gas concentration. Nevertheless, it was 

possible to define the ranges of the sampled concentration, corresponding to the breathing 

phases, with acceptable approximation.  

 

The analyzed results were used to calculate the mean, standard deviation, and 95
th

 percentile 

of the measured tracer gas concentration. Some of the obtained results are shown in Fig. 9a. 

The mean concentration (272 ppm) and the STD (106 ppm) based on the measurements taken 

only during the inhalation phases were respectively by 56% higher and by 25% lower than the 

mean concentration (174 ppm) and the STD (142 ppm) estimated for the entire breathing 

period (Fig. 9a). The 95
th

 percentile values differed little. The results presented in Fig. 9a also 

show that the concentration characteristics obtained only for the inhalation period were almost 

the same as in the case without breathing. These results are in accordance with those of 

Melikov and Kaczmarczyk [31] who showed that the concentrations of the polluted room air 

measured in the air inhaled by a breathing thermal manikin in a calm environment were 

almost the same as those measured close to the upper lip of a non-breathing thermal manikin. 

However, it can be seen in Fig. 9a that the estimated mean and the 95
th

 percentile based on the 

concentration measured during the entire breathing period are lower than in the other two 

cases.  

 

In Fig. 9b the results of the N2O concentration measurements under more complex flow 

interaction, including CBL, inhalation nose/exhalation mouth/pause, and the PV airflow 
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toward the face, are shown. A comparison of the results obtained from the concentration 

measured only in the inhaled air and those obtained in the case of no breathing simulation 

shows considerable differences. In contrast, no difference is observed in the N2O 

concentration measured only during the inhalation period and the N2O measured for the entire 

breathing period. Thus, depending on the airflow interaction in the breathing zone, the 

exposure can be considerably different.  

 

When the pollution was generated at the armpits, the mean, standard deviation, and 95th 

percentile of the CO2 concentration obtained for only the inhalation periods were slightly 

higher than those estimated for the entire breathing period or the “no breathing” case (Fig. 10a 

and Fig. 10b). The reason for the small difference may be the interaction of the exhalation jet 

from the mouth with the manikin’s convective boundary layer, which causes mixing in the 

breathing zone of the pollution generated at the armpits. The mixing effect is not diminished 

during the 1 s pause, thereby resulting in the CO2 concentration peaks at the nose even during 

the exhalation period from the mouth. This effect is  shown in Fig. 7b and Fig. 8b. Bivolarova 

et al. [25] also described this effect and reported that the exhalation from the nose and 

inhalation from the mouth increased the exposure to the armpit-emitted pollutants compared 

to the case “Inhalation nose/exhalation mouth/ pause”.  

 

    

Fig. 9.  The mean, standard deviation, and 95
th

 percentile of the N2O concentration measured 

with the fast gas analyzer. The results based on the measurements in the case without 

breathing are compared during the entire breathing cycle (inhalation/exhalation/pause) and 

only during the inhalation period  for the case where VC and PV were not in operation (a), 

and for the case where PV was in operation (b). 
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Fig. 10.  The mean, standard deviation, and 95
th

 percentile of the CO2 concentration measured 

with the fast gas analyzer. The results based on the measurements in the case without 

breathing are compared during the entire breathing cycle (inhalation/exhalation/pause) and 

only during the inhalation period  for the case where VC and PV were not in operation (a), 

and for the case where PV was in operation (b). 

 

4. Discussion 

The assessment of the exposure to the indoor air pollution with tracer gas method and 

breathing thermal manikin can be incorrect when the mean concentration is estimated based 

on the concentration measurements during the entire breathing cycle. The results of this study 

reveal that the mean concentration during the entire breathing cycle of the tracer gas 

simulating bio-effluents emitted from the groin, for the case with CBL and breathing only, is 

by 36% lower than the mean tracer gas concentration measured only during the inhalation 

period. This leads to an incorrect exposure assessment. The main reason is the low tracer gas 

concentration in the exhaled air. This problem can be solved by the use of tracer gas analyzers 

with fast response time and short sampling rate that are able to collect enough samples only 

during the inhalation period (typically 2.5 s). Gas analyzers with long response time can 

measure the concentration accurately if the inhaled tracer gas is collected, e.g. in bags, and 

then analyzed. However, in this case the important information regarding the 95
th

 percentile 

of the concentration fluctuation cannot be obtained.   

 

The results of this study confirm that correct tracer gas concentration can be measured at the 

upper lip of a thermal manikin without breathing when ventilation flow is not applied to the 

breathing zone [31]. However, when additional ventilation flow is introduced at the breathing 

zone proper simulation of breathing and measurement only during the inhalation period is 

needed for accurate concentration measurement. 
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The results of the present study reveal that the 95
th

 percentile of the tracer gas concentration 

can be twice as much as the mean concentration. Tracer gas measurements are often used to 

predict the risk of airborne cross-infection. The question is “which of these two quantities is 

more important for an exposure assessment in general and for the prediction of the risk of 

airborne cross-infection in particular”? Although the answer to this question can be different 

depending on the conditions (e.g. room airflow, location of air pollution source, exhalation 

mouth or exhalation nose, type, generation rate and infectivity of the virus, etc.), it can be 

recommended that fast instruments should be used for the concentration measurement 

especially in the case when complete mixing of the pollution is not present in the air in the 

breathing zone. The present results also show that this will substantially reduce the 

measurement time required to obtain the mean, standard deviation and 95
th

 percentile with 

sufficient accuracy. 

 

The airflow interaction in the breathing zone is important for the reduction of the exposure to 

harmful indoor pollutants. Owing to the techniques available thus far (laser Doppler 

anemometer, Particle Image Velocimetry System, etc.) the airflow interaction in the breathing 

zone has been studied with a focus on the velocity field [12, 36]. The gas analyzer developed 

and used in the present study makes it possible to study the dynamics of the gas concentration 

distribution in the breathing zone. Fig. 11 presents the power spectral density and the 

cumulative spectra of the standard deviation of the N2O concentration fluctuations measured 

at the mouth of the thermal manikin. The results obtained with breathing OFF and breathing 

ON (inhalation nose/exhalation mouth/pause) are compared.  
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Fig. 11.  Power spectral densities (a) and STD cumulative spectrum (b) of N2O concentration 

fluctuations. Measurements at the mouth of the thermal manikin.  

 

The results in the figures show that in the case with breathing ON, peaks in the power spectral 

density of up to the 6
th

 harmonic of the breathing frequency (1/6 Hz) can be seen. The 

periodical exhalation of the clean air decreases to zero N2O concentration at the mouth of the 

thermal manikin for approx. 5/12 of the cycle time. In the case with breathing ON, the 

standard deviation of the N2O concentration is by 33% higher than in the case without 

breathing and the contribution of the periodic and random components to the standard 

deviation  is approx. 50%:50%. The need for a realistic simulation of the airflow interaction is 

clear. 

 

In the present study, continuous records of the tracer gas concentration were analyzed to 

define the inhalation part of the signal. In the future, this process can be improved and 

software can be used to make the selection based on signals from the artificial lung.  Future 

investigation should also consider placing a tube in the mouth or nose of the manikin to 

sample the air and using a three-way valve controlled by artificial lung to sample the air by 

gas analyser the air only during the inhalation period.  

 

Study limitation 

The measurements were performed in the room with upward piston flow. Such air distribution 

ensures a quiescent environment in the manikin surroundings with low air velocity, constant 

background concentration of the tracer gases and very low thermal stratification. In the case 

of mixing or displacement air distribution systems, constant tracer gas concentration is not 
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maintained in the manikin surroundings. Fluctuations in the gas concentration may make the 

identification of the flow interaction in the breathing zone more difficult. In displacement 

ventilation, due to high thermal stratification, so-called lock-up phenomenon is observed [37]. 

At a certain height the exhaled air moves with the oscillating trajectory and can be entrained 

by CBL. Thus, the identification of the flow interaction in the manikin microenvironment 

seems more difficult in the room with mixing and displacement air distribution systems. This 

needs to be studied. 

In the present study the exposure to gaseous, bio-effluent contaminants, released from the 

sources located at the groin and the armpits, was tested. Contamination from sources placed 

out of the human microenvironment may interact with the breathing flow and CBL in 

a different way. The present results refer only to gaseous contaminants, not to particulate 

pollutants, and this is another limitation of the study. 

 

5. Conclusions 

The performed tests have shown that the assessment of the exposure to the indoor air 

pollution with the tracer gas method and the breathing thermal manikin can be incorrect when 

the tracer gas concentration is estimated based on the concentration measurements during the 

entire breathing cycle. To assess the exposure, the measurements of the mean and the 95
th

 

percentile of concentration at the mouth/nose should be performed only during the inhalation 

period by a gas analyzer with short response time (0.8 s or shorter).  

For complex flow interaction (CBL, exhaled flow and additional flow against the face) the 

tracer gas concentration measured at the upper lip without breathing will not be the same as 

the concentration measured only during the inhalation period of the breathing cycle. 

Therefore, the proper simulation of breathing and the measurement only during the inhalation 

period are recommended. 
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Appendix A 

 

Parameters characterizing the concentration changes in the time and frequency domains 

 

The instantaneous concentration )(C  can be decomposed into mean value C  and 

fluctuations )(' C : 

     CCC   (A.1) 

The mean value C  of the concentration is defined according to the following equation: 
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 The variance of the concentration fluctuations 2'C is defined as follows: 
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The standard deviation (RMS) 
*C of the fluctuations is calculated from the variance value as 

follows: 

 
2* CC   (A.4) 

The power spectral density  fC  of the concentration fluctuations is calculated as the 

averaged squared value of fluctuations filtered in a band-pass filter of frequency f and a 

bandwidth f : 
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The relationship of variance 
2C  and power spectral density  fC  is as follows: 

    dffC C
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The cumulated power spectral density  fC  of the concentration fluctuations is the integral 

of the power spectral density  fC  and can be expressed as follows: 
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Cumulated standard deviation spectral density  f
C *  of concentration fluctuations is: 
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Appendix B 

 

Relative uncertainty of the mean concentration, standard deviation and 95
th

 percentile 

due to limited measurement time. 

 

Based on instantaneous concentration )(C  the mean concentration C , standard deviation 

*C  and 95
th

 percentile 
95C  can be determined. The obtained values of those parameters 

depend on the starting moment of time s , and the measurement time m .   

For selected measurement time m  the statistical parameters C , 
*C and 

95C  can be calculated 

by changing starting moment of time s . The estimators of mean concentration, standard 

deviation and 95
th

 percentile can be calculated from equations B.1, B.2 and B.3: 
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For given measurement time m , the changes of the estimators as a function of the starting 

moment of time S  can be characterized by a their standard deviation (Eq. B.4, Eq. B.5 and 

Eq. B.6). The starting moment of time s  may change from 0 to  m max , where max  is the 

longest measurement time during the experiment. 
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These standard deviations were considered as the absolute standard uncertainty of the mean 

value, of the standard deviation, and of the 95
th

 percentile for the given measurement time m . 

 

For the measurement time m  equal max , the three parameters, C , 
*C  and 

95C , were 

calculated and assumed to be “the true values” trueC , *

trueC  and 95

trueC . These “true values” 

were used to obtain the relative uncertainties for the given measurement time m , according to 

the following equations: 
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