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Indoor Air Quality (IAQ) in the Modelica IBPSA Library (part I): Validation of the considered hypotheses regarding polluted air in residential and tertiary buildings

The IBPSA Modelica library has proved to be one of the most efficient in terms of computational time for multizone thermo-hygro-aeraulic configurations. This library has additional functionalities which suggest the possibility of integrating indoor air quality (IAQ) modeling: The library considers pollutants as traces with a negligible influence on the physical properties of the mixture neglecting diffusive flows compared to advective ones since flows are described as streams . The paper validates those assumptions through two case studies evaluating the physical state and the flow of a polluted humid air with extreme concentrations of pollutants compared to common conditions in residential and tertiary buildings.

Key innovations

 Pollutants can be considered as traces with a negligible influence on the physical state of the mixture.  The influence of water vapor on the physical state of the mixture is non negligible.  The diffusive flow of pollutants in air is negligible compared to its advective flow when the air is in motion.  As a result of the previous points, IAQ modeling in residential and tertiary buildings is possible with the IBPSA modelica library.

Practical implications

 In the case of IAQ modeling by the IBPSA modelica library in other contexts, e.g. in industrial buildings with high concentrations of pollutants, the user will always have to check that the assumptions discussed in this paper are verified for the evaluated case study.

Introduction

The domain of indoor air quality in the residential and tertiary building sector has been a rising field of interest in the past decades and even more since the Corona virus hit the globe in 2019. Poor indoor air quality leads to productivity losses in working environments [START_REF] Kosonen | The Effect of Perceived Indoor Air Quality on Productivity Loss[END_REF][START_REF] Kraus | IMPACT INDOOR AIR QUALITY ON PRODUCTIVITY AND PERFORMANCE[END_REF]) and may have adverse health effects on buildings' occupants [START_REF] Dales | Adverse Health Effects Among Adults Exposed to Home Dampness and Molds[END_REF]; World Health Organization. Regional Office for Europe 0202; [START_REF] Zock | Housing Characteristics, Reported Mold Exposure, and Asthma in the European Community Respiratory Health Survey[END_REF]. In addition to that, IAQ has a direct impact on the energetic performance of a building due to the energy losses it undergoes upon ventilation (whether it was natural through openings or forced through mechanical systems). In this context, the development of adequate multiphysics simulation tools became a necessity for a better evaluation of this subject. The modelica library BuildSysPro QAI (BSP-QAI) has been developed over the past years based on two doctoral theses [START_REF] Picard | Développement de méthodes et d'outils associant la modélisation numérique et des mesures in situ afin de concilier la qualité de l'air intérieur et l'efficacité énergétique[END_REF][START_REF] Tourreilles | Qualification énergétique et sanitaire des systèmes d'épuration intégrés aux réseaux de ventilation[END_REF] in the modlica library BuildSysPro (https://build.openmodelica.org /Documentation/BuildSysPro.html). It allows the evaluation of the thermo-hygro-aeraulic behavior, the transport of pollutants (advection and diffusion of pollutants), as well as the interaction of pollutants with the walls, inside residential and tertiary buildings. However, one of the main limitations of the current version of the BSP-QAI library is the high computational time required.

The tests carried out on other existing Modelica libraries led to consider the Dymola library developed by IBPSA (International Building Performance Simulation Association)

(https://build.openmodelica. org/Documentation/IBPSA.html), as performant in terms of calculation time for multi-zone thermo-hygro-aeraulic configurations. Moreover, this library has complementary functionalities suggesting that the addition of IAQ modeling is possible firstly, with aerosol and gaseous pollutants being considered as traces and secondly, considering that the diffusive transfer of these pollutants can be neglected compared to their advective transfer when the air is in motion. The objective of this article is thus to verify the validity of the assumptions listed above in the field of applications aimed for indoor air quality modeling. In practice, these assumptions will be verified if it can be shown that:  Pollutants do not alter the law of perfect gases,  The pollutants have a negligible contribution on the enthalpy and the internal energy of the mixture.  The diffusive flows of pollutants are negligible compared to their advective flows in the presence of air in motion.

Methods

For this study, we considered that the humid polluted air is an ideal mixture of perfect gases containing as components: dry air, water vapor and the three pollutants listed in Table 1. In order to show that pollutants do not alter the law of perfect gases, we verify that the partial pressure of a pollutant is negligible compared to the total pressure by showing that the former is strictly inferior to 1% of the latter. Similarly, we can verify that the pollutants participate negligibly on the enthalpy of the medium and the internal energy of the mixture by showing that the enthalpic flow of the pollutant and its internal energy are strictly less than 1% of the total enthalpic flow and the total internal energy of the mixture, respectively. To ensure that these assumptions are verified for all possible scenarios of pollutant concentrations that could occur in a residential/tertiary building, each pollutant is assigned an extreme concentration value.

In this study, the extreme concentration for each pollutant is taken as 10 times its short-term (when defined) Indoor Air Guidelines Value (IAGV) specified by the French Agency for Food, Environmental and Occupational Health & Safety (ANSES). This value is considered as the threshold concentration beyond which even a short-term exposure can't be admitted in residential and tertiary buildings. This short term IAGV has been defined for formaldehyde and benzene (ANSES https: //www.anses.fr):

 Formaldehyde 100 µg/m 3  Benzene 30 µg/m 3 However, there is no IAGV defined for Carbon dioxide. Therefore, and following experts' opinion, we opted for a reference threshold value of 1000 ppm since CO2 levels in outdoor air typically range from 300 to 400 ppm (0.03% to 0.04%) but can be as high as 600-900 ppm in metropolitan areas according to the United States Department of Agriculture (https://www.fsis.usda.gov/sites/default/files/media_file/ 2020-08/Carbon-Dio xide.pdf).

Consequently, the extreme values attributed to the three pollutants are listed in Table 2. To verify that the diffusive flows of pollutants are negligible compared to their advective flows, even in case of very small air movement (or very low-pressure difference), the case of a humid polluted air flowing between two zones (1 and 2) in steady state in a circular duct is examined. (1)

The Reynolds number 𝑅𝑒 𝑐 = 2200 is considered as the critical value that separates a laminar flow (𝑅𝑒 < 2200) from a turbulent flow (𝑅𝑒 > 2200).

Finally, to simplify the calculations for turbulent flows, the gas is considered as incompres sible with Reynolds number always smaller than 10 5 . Under these conditions the linear pressure drop coefficient λ can be evaluated by the Blasius formula:

𝜆 = 0,316 𝑅𝑒 0.25 (2) 
which depends only and explicitly on the Reynolds number 𝑅𝑒. Otherwise, this coefficient can always be calculated by the general implicit formula of Colebrook:

1 √𝜆 = -2 log ( 2,51 𝑅𝑒 √𝜆 + 𝜖 3,7 𝐷 ℎ ) ( 3 
)
where ϵ is the absolute roughness of the duct and 𝐷 ℎ is its hydraulic diameter.

Results

Evaluation of parameters related to the physical state of the mixture In this section, the equations used to validate that the pollutants have no influence on the physical state of the mixture are shown:

 In the first part, the equation related to the partial pressure is proposed,  in the second part, the enthalpic flows are considered,  in the third part, the impact of pollutants on internal energy is evaluated.  Finally, the last part shows the results obtained for a case study using real data and the extreme values of pollutants' concentration listed in Table 2.

Partial pressure of pollutants negligible compared to the total pressure of the mixture

This verification is necessary and sufficient to show that each pollutant has a negligible impact on the law of perfect gases of the mixture. We consider that the partial pressure of a gas i 𝑃𝑝 𝑖 is negligible if it is strictly less than 1% of the total pressure 𝑃 𝑡𝑜𝑡 𝑃𝑝 𝑖 𝑃 𝑡𝑜𝑡

< 1%

(4)

According to the law of perfect gases , the partial pressure 𝑃𝑝 𝑖 depends on the gas constant 𝑅, temperature 𝑇, mass concentration 𝐶 𝑖 , and molar mass 𝑀 𝑖 of the gaseous entity.

𝑃𝑝 𝑖 = 𝐶 𝑖 𝑅 𝑇 𝑀 𝑖 (5) 
For the mixture's pressure, the same formula applies considering the density of air at atmospheric pressure (order of 1,2 kg/m 3 ) and the molar mass of air which is the sum of the molar masses of each component multiplied by its molar fraction 𝑀 𝑡𝑜𝑡 = ∑ 𝑀 𝑖 𝑛 𝑖 𝑛 𝑡𝑜𝑡 (order of 0,029 kg).

We can therefore rewrite equation ( 4) under the form

𝑃𝑝 𝑖 𝑃 𝑡𝑜𝑡 = 𝐶 𝑖 𝑅 𝑇 𝑀 𝑖 𝐶 𝑡𝑜𝑡 𝑅 𝑇 𝑀 𝑡𝑜𝑡 = 𝐶 𝑖 𝑀 𝑡𝑜𝑡 𝐶 𝑡𝑜𝑡 𝑀 𝑖 < 1% (6) 

The pollutant concentrations have negligible impact on the enthalpic flow of the mixture

To validate this hypothesis, the enthalpic flow of each pollutant ℎ 𝑖 𝑄𝑚 𝑖 is compared to the total enthalpic flow of the mixture ℎ 𝑡𝑜𝑡 𝑄𝑚 𝑡𝑜𝑡 . This hypothesis is validated if

ℎ 𝑖 𝑄𝑚 𝑖 ℎ 𝑡𝑜𝑡 𝑄𝑚 𝑡𝑜𝑡 < 1% (7) 
The specific enthalpy of a pollutant i ℎ 𝑖 is calculated based on the equation ( 8) where 𝐶𝑝 𝑖 is the specific heat capacity of the pollutant. ℎ 𝑖 = 𝐶𝑝 𝑖 ( 𝑇 -𝑇 0 ) (8) On the other hand, total specific enthalpy ℎ 𝑡𝑜𝑡 is defined as the sum of the specific enthalpy ℎ 𝑖 of each component multiplied by its mass fraction ℎ 𝑡𝑜𝑡 = ∑ ℎ 𝑖 𝑋 𝑖 (order of 732 J/(kg K)) while 𝑄𝑚 𝑡𝑜𝑡 is the total mass flow rate of the mixture. In the case of water vapor (a condensable gas), the latent heat 𝐿 𝑣𝑎𝑝 𝑇 0 must also be considered in the calculation of its specific enthalpy ℎ 𝑣𝑎𝑝 .

ℎ 𝑣𝑎𝑝 = 𝐶𝑝 𝑣𝑎𝑝 ( 𝑇 -𝑇 0 ) + 𝐿 𝑣𝑎𝑝 𝑇 0 (9)

The mass flow rate (kg/s) of a pollutant i is expressed in equation ( 10). 𝑄𝑚 𝑖 = 𝑋 𝑖 𝑄𝑚 𝑡𝑜𝑡 (10) Where Xi is the mass fraction (unitless).

Using equation (10), equation ( 7) therefore becomes

ℎ 𝑖 𝑄𝑚 𝑖 ℎ 𝑡𝑜𝑡 𝑄𝑚 𝑡𝑜𝑡 = ℎ 𝑖 𝑋 𝑖 𝑄𝑚 𝑡𝑜𝑡 ℎ 𝑡𝑜𝑡 𝑄𝑚 𝑡𝑜𝑡 = ℎ 𝑖 𝑋 𝑖 ℎ 𝑡𝑜𝑡 = ℎ 𝑖 ℎ 𝑡𝑜𝑡 𝐶 𝑖 𝐶 𝑡𝑜𝑡 (11)
Finally, and replacing 𝐶 𝑖 by the law of perfect gases expressed in equation ( 5), we can rewrite equation ( 11) under the form

ℎ 𝑖 𝑃 𝑝 𝑖 𝑀 𝑖 ℎ 𝑡𝑜𝑡 𝑃 𝑡𝑜𝑡 𝑀 𝑡𝑜𝑡 < 1% (12)
The pollutant concentrations have negligible impact on the internal energy of the mixture This can be verified by showing that the internal energy of each pollutant 𝑈 𝑖 is negligible compared to the total internal energy of the mixture 𝑈 𝑡𝑜𝑡 .

In other words, what is being verified is that the internal energy of each entity does not influence the total internal energy by more than 1% (knowing that 𝑈 𝑡𝑜𝑡 = ∑ 𝑈 𝑖 ) and this is verified if, for each pollutant,

| 𝑈 𝑖 | < 1% ∑| 𝑈 𝑖 | (13) 
The internal energy 𝑈 𝑖 is the specific energy 𝑢 𝑖 of the pollutant i multiplied by its mass 𝑚 𝑖 𝑈 𝑖 = 𝑚 𝑖 𝑢 𝑖 (14)

By definition of internal energy and enthalpy (H = U + P V) and by using the law of perfect gases, one can therefore obtain:

𝑢 𝑖 = ℎ 𝑖 - 𝑅𝑇 𝑀 𝑖
.

Equation ( 13) can then be rewritten in the form of equation ( 15).

|𝑃𝑝 𝑖 (𝑀 𝑖 ℎ 𝑖 -𝑅 𝑇)| < 1% ∑|𝑃𝑝 𝑖 (𝑀 𝑖 ℎ 𝑖 -𝑅 𝑇)| (15)

Application: influence of the parameters of the physical state

The case study evaluating the influence of the air components on the physical state of the total mixture was coded in an Excel file. The applied conditions are summarized in the following table. Values obtained by the developed excel tool are presented in Table 4. They show that even for extreme concentrations of the pollutants, all the ratios (pressure, enthalpy flow or internal energy) are negligible. The highest percentages were obtained for CO2 with a value of 1% for pressures, 0.58% for enthalpy flows and 0.62% for internal energies. Therefore, it can be concluded that for IAQ studies in tertiary and residential buildings, the influence of pollutants on the state of the mixture is always negligible. On the other hand, the results show that the ratios obtained for water vapor are always higher than the 1% limit. Therefore, water vapor cannot be treated as a trace in the mixture and its thermodynamic influence must be incorporated in IAQ models. 

Evaluation of advective and diffusive flows of pollutants

In this section, the objective is to show that the diffusive flow of a pollutant i Qm i 𝑑𝑖𝑓𝑓 is negligible compared to its advective flow Qm i 𝑎𝑑𝑣 . In other words, showing that the mass flow rate by diffusion of a pollutant is strictly lower than 1% of its mass flow rate by advection even when the advective flow is significantly low

Qm i 𝑑𝑖𝑓𝑓 Qm i 𝑎𝑑𝑣 < 1% (16) 
In the case of a circular duct, the diffusive flow of a pollutant i is written as expressed in equation ( 17)

𝑄𝑚 𝑖 𝑑𝑖𝑓𝑓 = D air 𝑖 (𝐶 𝑖 1 -𝐶 𝑖 2 ) 𝜋 𝐷 ℎ 2 1 4 1 𝐿 (17) 
Where 𝐶 𝑖 1 is the mass concentration of a pollutant i in zone 1 and 𝐶 𝑖 2 in zone 2.

Still in the case of a circular duct, the advective flow of a pollutant is as expressed in equation ( 18)

𝑄𝑚 𝑖 𝑎𝑑𝑣 = 𝑋 𝑖 𝐾 | 𝑃 1 -𝑃 2 | 𝑛 (18) 
Where 𝑃 1 in the total pressure of the mixture in zone 1 and 𝑃 2 in zone 2. The mass fraction 𝑋 𝑖 depends on the direction of the flow and therefore 𝑋 𝑖 1 if the flow is from zone 1 to zone 2, else 𝑋 𝑖 2 . The regular pressure drop in a duct ∆P of length 𝐿 depends on the hydraulic diameter 𝐷 ℎ and is expressed by the following equation

∆P = 0,5 λ 𝐿 𝐷 ℎ 𝐶 𝑡𝑜𝑡 𝑣² (19) 
The value of the flow coefficient K depends on whether the flow is laminar (Re<2200) or turbulent (Re>2200). A critical velocity 𝑣 𝑐 , expressed in equation ( 20 Where 𝜗 is the dynamic viscosity of the fluid.

Case of laminar flows

In the case of laminar flows , the coefficient of linear pressure drop 𝜆 is expressed in the following form

𝜆 = 64 𝑅𝑒 (21) 
Reynolds number 𝑅𝑒 can be expressed in terms of the velocity 𝑣 of the flow as shown in equation ( 22)

𝑅𝑒 = 𝑣 𝐷 ℎ 𝐶 𝑡𝑜𝑡 𝜗 (22)
By replacing λ in equation ( 19) by its formula in equation ( 21), we obtain a relation between the pressure drop ∆P and the flow velocity 𝑣 as shown in equation ( 23).

∆P = 32 𝜗 𝐿 𝑣 𝐷 ℎ ² (23)
Therefore, the velocity can be expressed in terms of the pressure drop by equation ( 24). If this value is inferior to the critical velocity expressed in equation ( 20), the flow is laminar, otherwise it is turbulent.

𝑣 = ∆P D ℎ ² 32 𝜗 𝐿 (24)

Case of turbulent flows

By replacing λ in equation ( 19) by using the simplification of the Colebrook equation for smooth ducts (2200<Re<10 5 ) given in equation ( 2), equation ( 25) is obtained. Once the velocities of each flow are determined, the Reynolds number value can be calculated by equation ( 22). The Reynolds number is then used to calculate the linear pressure drop coefficient λ of the flow (equation ( 21) for laminar flow and equation ( 2) for turbulent flow). These equations are integrated into an Excel tool which finally evaluates the mass flow rates by solving equation ( 16) after finding all the necessary values.

Application: comparison of advective and diffusive flows of pollutants

In the Excel tool developed to evaluate the diffusive flows compared to the advective ones applying the conditions summarized in Table 5, the pollutant concentrations were chosen to have the maximum possible differences between the two zones. Zone 1 is supposed to have the minimum possible pollutant concentrations (430ppm for CO2 and almost zero for the other two pollutants) while zone 2 has the maximum values (the same extreme values listed in Table 2). This allows the greatest possible diffusive flow of the pollutants considered in the area of interest. In addition to that, a very small difference of 0.1 Pa is considered between the total pressures to cause a minimal advective flow from zone 2 to zone 1. It should be noted that in the opposite case (considering a maximal diffusive flow in a direction opposite to the direction of the minimal advective flow), the diffusive flow is not negligible anymore. This is due to the fact that diffusion caused by the difference in concentrations between two connected zones is always present and therefore will be detected in the absence of advection flowing in the same direction. However, this case is not realistic in the case of residential and tertiary buildings since there is always an advective flow between the rooms. Extreme values for temperature and relative humidity are set to (15°C, 10%) in zone 1 and (45°C, 90%) in zone 2. Finally, a horizontal circular duct of 3m length and 0.2m diameter is considered.

The obtained values are presented in Table 6. The ratios show that for all pollutants, and even for watervapor, the diffusive flow is always much smaller than the advective one (values inferior to 1%).

To ensure the absolute validity of this conclusion, the pressure gradient ∆P that would be required to obtain a diffusive flow equal to the advective flow was calculated (for this case study).

Equation ( 30) derived from equation ( 28) is the formula used to evaluate this specific case. 

Table 7 shows the pressure drop values ∆P for each gas component using the same gas concentration values as the previous study. The obtained ∆P values are always extremely low and, in any case, much lower than the accuracy we can expect for its evaluation by modeling. Thus, the pressure differences required for the diffusive flows of pollutants to attain the level of the advective flows are negligible.

Finally, and by examining the previous equations, it appears that in addition to the variables related to the medium and gases under study (gas diffusion coefficient D air 𝑖 , concentration 𝐶 𝑖 , partial pressure 𝑃𝑝 𝑖 , etc.), the only variables used related to the duct are the hydraulic diameter 𝐷 ℎ and its length 𝐿.

Therefore, we can conclude that the shape of the duct is not involved in the equation as a variable and therefore has no influence on the advective and diffusive flows. Thus, this test, although applied to a cylindrical shaped duct, can be generalized to include several forms of ducts.

Conclusion and perspectives

For IAQ modeling in tertiary and residential buildings, it has been shown that:

 Pollutants can be considered as traces since their influence on pressure, enthalpy flow and internal energy is negligible.  The influence of water vapor on the state of the mixture cannot be neglected and must always be considered in the modelling.  For all components of the mixture (pollutants and water vapor) the diffusive flow is negligible compared to the advective flow as soon as air is in motion, even with a very low speed.

These conclusions are only valid for the pollution levels considered in this study. They cannot therefore be accepted without precaution for studies which would concern premises outside the residential and tertiary sectors. Especially carbon dioxide in industrial premises which may have much higher specific pollution levels. In such situations, a dedicated study is needed to check which of these conclusions remain valid or not. If they cannot be retained as valid, it will then be necessary to return to a more complete thermodynamic description of the indoor air and/or to the integration of diffusive flows of pollutants which can induce a more complex modeling and much longer calculation times.

Finally, this study shows that the modeling of IAQ in residential and tertiary buildings is possible with the IBPSA modelica library approach.

The next steps of the work will be dedicated to:

 The usability of the IBPSA modelica library to address IAQ problems, integrating several types of pollutants divided into several families, and the modeling constraints this induces.  The testing of the aeraulic models available in the IBPSA library.  The development of complementary IAQ models not initially integrated in the IBPSA modelica library, in particular models of interactions between pollutants and walls, or models which allow to connect IAQ modelling to pure thermal modelling. 

Nomenclature

Figure 1 :

 1 Figure 1: Polluted humid air circulating between two zones (1 et 2) through a circular duct. The theory shows that advection is much more important than diffusion if the Peclet number 𝑃𝑒 (calculated from the velocity of the flow 𝑣, length of the duct 𝐿 and the coefficient of diffusion of the pollutant 𝐷 𝑎𝑖𝑟 𝑖 ) is greater than 10. 𝑃𝑒 = 𝑣 𝐿 𝐷 𝑎𝑖𝑟 𝑖 > 10(1)

  ), is considered as a threshold of separation between the two flow natures. If the velocity of the flow exceeds this value, the flow is turbulent, otherwise it is laminar

Table 1 :

 1 Physical characteristics of gaseous components present in the mixture

	Molar
	mass
	(g/

mol) Coefficient of diffusion in air at atmospheric pressure (m²/s)

  

	Dry air	29	18 10 -6
	Water vapor	18	25 10 -6
	Carbon dioxide	44	8,7 10 -6
	Formaldehyde	30	18 10 -6
	Benzene	78	8,8 10 -6

Table 2 :

 2 Considered threshold values of pollutant concentrations

	Pollutant	Threshold value
	Carbon dioxide	10 4 ppm
	Formaldehyde	10 3 µg/m 3
	Benzene	300 µg/m 3

Table 3 :

 3 Input data

	Parameter	Value
	Temperature	25°C
	Relative humidity	60%
	Total pressure	101300Pa
	M olar fraction CO2	10000 ppm
	Concentration of Formaldehyde	1000 µg/m 3
	Concentration of Benzene	300 µg/m 3

Table 4 :

 4 Pressure, enthalpic flow and internal energy ratios of each gas component

	Ratios of air	Partial	Enthalpic	Internal
	components	pressure	flow (%)	energy
		(%)		flow (%)
	Dry air	97,12	45,35	67
	Water vapor	1,87	54,06	31,7
	Carbon dioxide	1	0,58	0,62
	Formaldehyde	8 10 -5	4 10 -5	5 10 -5
	Benzene	9 10 -6	10 -5	10 -6

Table 5 :

 5 Input data

	Parameter	Zone 1	Zone 2	Duct
	Temperature	15°C	45°C	
	Relative humidity	10 %	90 %	
	Total pressure	101300 Pa	101300,01Pa	
	M olar fraction of CO2	430 ppm	10000 ppm	
	Concentration of Formaldehyde	0,001 µg/m 3	1000 µg/m 3	
	Concentration of Benzene	0,001 µg/m 3	300 µg/m 3	
	Dynamic viscosity	1,8 10 -5 Pa s		
	Length of duct			3 m
	Diameter of duct			0,2 m

Table 6 :

 6 Ratios of diffusive flow by advective flow for each component

	Diffusive flow by advective flow ratio (%)

Table 7 :

 7 Pressure drop ∆P necessary to obtain a diffusive flow equal to advective flow for each component

	Dry air	Water vapor	CO2	Formaldehyde Benzene

  Latent heat of evaporation of water at the reference temperature T0 (J/kg) Qm i 𝑑𝑖𝑓𝑓 Diffusive flow of a pollutant i (kg/s)D air 𝑖Coefficient of diffusion of a pollutant i in air (m 2 /s) 𝐷 ℎHydraulic diameter of the duct (m) 𝑄𝑚 𝑖 𝑎𝑑𝑣 Advective flow of a pollutant i (kg/s)

		𝑛	Characteristic coefficient (= 1 in the case of a
			laminar flow and between 0,5 and 1 in the
			case of a turbulent flow)
		𝑋 𝑖	Mass fraction of a pollutant i
		𝐾	Flow coefficient (discharge coefficient)
		λ	Coefficient of linear pressure drop
		v c	Critical velocity (m/s)
		𝜗	Dynamic viscosity (Pa.s)
		∆P	Pressure drop (Pa)
	𝑃 𝑒	Peclet Number
	Re	Reynolds Number
	Re c	Critical Reynolds Number =2200
	𝑣	Velocity of the flow (m/s)
	𝐿	Length of the duct (m)
	𝑃𝑝 𝑖	Partial pressure of a pollutant i (Pa)
	𝑃 𝑡𝑜𝑡	Total pressure of the mixture (Pa)
	𝐶 𝑖	Mass concentration of a pollutant i (kg/m 3 )
	𝐶 𝑡𝑜𝑡	Total concentration of the mixture (kg/m 3 )
	𝑀 𝑖	Molar mass of a pollutant i (kg/mol)
	𝑀 𝑡𝑜𝑡	Total molar mass of the mixture (kg/mol)
	𝑅	Perfect gas constant (J/(mol.K))
	𝑇	Temperature (K)
	𝑇 0	Reference temperature (K)
	ℎ 𝑖	Specific enthalpy of a pollutant i (J/kg)
	ℎ 𝑣𝑎𝑝	Specific enthalpy of water vapor (J/kg)
	ℎ 𝑡𝑜𝑡	Total specific enthalpy of the mixture (J/kg)
	𝐶𝑝 𝑖	Specific heat capacity of a pollutant i
		(J/(kg.K))
	𝐶𝑝 𝑣𝑎𝑝 Specific heat capacity of water vapor
		(J/(kg.K))
	𝐿 𝑣𝑎𝑝 𝑇 0