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The surge of atmospheric contaminants due to industrial and population expansion has led to increased public concern over olfactory annoyance, particularly in residential areas adjacent to agricultural, industrial, and waste management facilities. Characterizing passive area sources, which lack defined flows, in terms of odor emissions, represents a challenging task, exacerbated by the dual role of wind as both a dispersal agent and driving force for emission. Many sampling devices have been developed over the past decades. In particular, Flux Chambers have a mixed headspace and a non-directional flow, and Wind Tunnels have a directional flow that is predominantly parallel to the inspected surface. Besides the significant differences between the two devices, the issue is further complicated by the variety of designs proposed within the same family. Wind tunnel designs have evolved from large, portable hoods to compact versions to improve portability and fluid dynamic performances. In particular, Low-Speed Wind Tunnels have gained traction due to reduced dilution within the hoods. The aim of this study is to investigate the fluid dynamics and mass transfer of the current Italian regulatory LSWT, mentioned by the Italian legislation, with the purpose of highlighting its strengths and limitations. Fluid dynamic analysis on this device reveals non-homogenous airflow distribution within the hood, indicating the presence of a preferential channel in the central body of the wind tunnel. Mass transfer analysis demonstrates a concentration gradient along the outlet duct’s vertical direction, possibly affecting sample representativeness. Future developments may aim to achieve uniform flow and concentration distribution, ensuring accurate odor emission assessments from passive area sources. 
Introduction
The definition and development of methods to perform odor impact assessment has been the subject of extensive studies considering the increased interest in odor pollution among communities and municipal authorities (Brambilla & Navarotto, 2010; Claeson et al., 2013). Furthermore, since malodors are appearing in residential areas ever closer to the industries, people’s awareness of olfactory nuisances is arising (Henshaw et al., 2006; Zhao et al., 2015).
In this perspective, despite a certain simplicity and a clearly established methodology for the measurement of odor emission from point sources and active area sources, whereby the released airflow is typically conveyed and measurable. odor sampling on passive area sources remains a debated task. Indeed, the emission from passive area sources, such as wastewater treatment tanks, is driven by natural and forced convection enabled by wind (Beghi et al., 2012). In essence, wind drives the emissive process and acts as a dispersal agent in the atmosphere, complicating the study of odor emissions (Invernizzi et al., 2020; Tagliaferri et al., 2021, 2023, 2024) and requiring the design of instruments that can sample emissions without convective fluxes originating straight from the source. For these reasons, in order to estimate the odor emission rate from passive sources, an efficient sampling device should isolate a section of the surface to establish a defined control volume. Additionally, it should create particular fluid dynamic conditions that allow for the sampling of the outlet flow to estimate the specific emission rate.
Many sampling devices have been developed over the past decades (Liu et al., 2022; Lotesoriere B.J. et al., 2022). However, the most widely used devices for the characterization of passive area sources are those associated with direct sampling techniques, which involve the use of open-bottom hoods that can be placed over the emissive surface and that provide an induced continuous sweep gas flow. These devices can be essentially subdivided into two families: Flux Chabers (FC) with a mixed headspace and a non-directional flow, and Wind Tunnels (WT) with a directional flow that is predominantly parallel to the inspected surface.
[bookmark: _Hlk166494081]The scientific community still disagrees on which of these instruments should be used, which is reflected in various national regulation strategies (Bokowa et al., 2021; Guillot, 2012). Nevertheless, significant differences exist among the instruments. In fact, the choice between WT and FC can result in notably different emission rate estimates, further complicated by the variety of designs proposed within the same family (e.g. WT designs) (Hudson & Ayoko, 2009; Navaratnasamy et al., 2004; Tagliaferri et al., 2020). 
Focusing on WT, different designs have been introduced over the years, starting from the devices developed by Lindvall (1970) and Lockyer (1984): early wind tunnels were characterized by high flow rate (exceeding 1 m/s in the central body of the hood) and relatively voluminous devices. In the following years, Jiang (1995) and Frechen (2004) highlighted that high-speed operation leads to excessive dilution within the hood, so the development of the device has transitioned towards the low-speed wind tunnels (LSWT), with velocities in the order of cm/s. On the basis of this observation, Capelli et al. (2009) introduced a WT design with reduced dimensions, currently employed in Italy for passive area source sampling.
The aim of this paper is to investigate the fluid dynamics and mass transfer of the current Italian regulatory WT, proposed by the legislation, with the purpose of highlighting its strength and limitations. Based on these findings, possible improvements are proposed.
Materials and Methods
Sampling device description
[bookmark: _Ref150767016][bookmark: _Ref150767007][bookmark: _Ref77601790]The sampling instrument under investigation is the WT proposed by the Italian regulation (MASE, 2023). 
The Italian regulatory WT comprises three primary sections: an inlet portion where air is diverted into the central body via a divergent duct, the central body of the hood, characterized by an open section, that must be located directly above the emission source, and a final section where the air is guided through a convergent conduit towards the outlet.
The divergent duct is designed with a horizontally expanding section while retaining a constant vertical height. Within it, three flow deflectors are installed, creating four vanes through which air flows into uniform, parallel streams. Additionally, a perforated grid at the duct entrance facilitates uniform airflow. The objective of this initial section is to attain a fully developed and uniform flow rate. 
The central body is a rectangular parallelepiped with a total sampling area of 0.125 m2. The mass transfer phenomenon takes place within this section of the WT. Given that this part is open and the hood is placed over the emission source to be sampled, the airflow passing through the device simulates the stripping phenomenon induced by atmospheric motion over the emissive surface.
The convergent duct is structured with a diminishing horizontal section, while the vertical portion maintains a consistent height identical to both the central body and the inlet duct. This configuration aids in the transportation of air enriched with the stripped Volatile Organic Compounds (VOCs), facilitating sample collection at the outlet.
Fluid dynamic analysis
In order to explore the fluid dynamic characteristics of the Italian regulatory WT, by measuring the velocity across the entire central section, an appropriate experimental set-up is devised (Figure 1a). The central body of the hood is positioned above a plexiglass sheet to replicate the presence of a liquid level, simulating a real-case sampling scenario. The plexiglass sheet is punctured at nine locations to accommodate the insertion of the anemometer: three holes at the start, three in the middle and three at the end. Each hole along the perimeter is situated 2.5 cm away from the edges. The airflow velocity within the central body of the WT is measured at 27 points: for each of the nine openings, measurements are taken at three distinct heights above the plexiglass sheet, specifically at 1 cm, 4 cm, and 7 cm.
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[bookmark: _Ref165623997]Figure 1. Experimental set-up for fluid dynamics (a) and mass transfer (b) analysis
This methodology allows for a detailed characterization of the flow within the central body of the WT, examining the fluid dynamics near the walls and corners, as well as at the center of the hood.
Each test is conducted over two minutes: this timeframe proves to be sufficient for observing velocity trends, as fluctuations around the average value remain relatively stable within the chosen interval.
Velocity measurements are performed using Testo 440 multifunctional tool in conjunction with the Testo hot sphere probe. This instrument features a measuring range of 0-10 m/s and an accuracy of ± 0.03 m/s + 5% of the measured value. The anemometer is configured in Logger mode to gather data at a frequency of 1 Hz.
During the experimental trials, WT is operated with an airflow of 2500 sL/h, aligning with the typical flow rate employed for field sampling, as indicated by Capelli (2018) and Capelli & Sironi (2018). Moreover, this flow rate value ensures that the flow velocity in the central body of the hood is within the range suggested by the regulations in force (MASE, 2023).

Mass transfer analysis
Mass transfer analysis is conducted to measure the concentration, and consequently the emission rate, at the outlet section, at different heights, to assess the presence of possible vertical concentration gradients.
These tests are carried out using two different compounds: pure water and an aqueous solution of methylethylketone (MEK).
As regards from the first trial, the Italian regulatory WT, with an airflow of 2500 sL/h, is positioned above a basin, containing 26 L of pure water. The water concentration in the air, expressed as relative humidity, is monitored at both the inlet and outlet sections. For the inlet measurement, the hygrometer is inserted into the inlet tube via a glass T-connector. At the outlet, the measuring device is positioned at five different heights along the extremity of the outlet duct: 0 cm, 2 cm, 4 cm, 6 cm, and 8 cm from the bottom (Figure 1b).
The instrument used is the Testo hygrometer 605i, featuring a measurement range from 0 to 100% relative humidity, with a resolution of 0.1%. At a temperature of 25 °C, its precision varies: ±3.0% for relative humidity measurements between 10% and 35%, ±2.0% for measurements between 35% and 65%, ±3.0% for measurements between 65% and 90%, and ±5% for measurements below 10% or above 90%.
For the trial involving the VOC aqueous solution, the experimental setup is the same as the one described for the pure water test. However, in this instance, the solution comprises 13 g of MEK dissolved in 26 L of water, resulting in an initial concentration of the VOC in the liquid phase of 0.5 g/L.
Given that the VOC concentration in the inlet airflow is null, measurements are conducted in the same manner as for water, but solely at the outlet of the hood following the occurrence of the mass transfer phenomenon, where the air becomes enriched with the VOC.
The instrument employed to assess the outlet concentration is the Tiger VOC gas detector, a portable PID (Photoionization Detector). It offers a dynamic detection range spanning from 0 to 20,000 parts per million (ppm), with a minimum resolution of 0.001 ppm (1 ppb). The PID is calibrated with isobutylene, thus the value recorded by the instrument is adjusted using a Response Factor (RF) to convert the calibrated measurement of isobutylene to a measurement of the target volatile compound (MEK). 
One crucial precaution, essential for the accurate execution of the tests, involves monitoring and controlling the temperature of both the liquid and the ambient air. Ensuring that the tests are conducted under conditions of thermal equilibrium is critically important, as the chemical and physical properties of VOCs are greatly influenced by temperature. Therefore, it is fundamental to maintain constant temperatures during the test, equal to 23 °C.
Results
Fluid dynamic analysis
The layout of the sample points and the relative results of the fluid dynamic tests carried out on the WTs are depicted in Figure 2. The three heights for each measurement point are distinguished by different colors: orange represents the height of 1 cm, blue indicates the height of 4 cm, and yellow represents the height of 7 cm. To enhance clarity, conditional formatting is applied to provide a rapid overview of the fluid dynamic behavior: experimental measurements are shaded in colors with increasing intensity as they deviate further from the expected theoretical value. Therefore, lighter colors indicate values closer to the theoretical one, while darker colors signify greater deviations from the expected value:
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Where: 
· WT subscript refers to Wind Tunnel.
· Qair [m3/s] is the air flowrate, i.e. 2500 sL/h. 
· HWT [m] is the height of the central body of the WT, i.e. 0.08 m. 
· BWT [m] is the breadth of the central body of the WT, i.e. 0.25 m.

[bookmark: _Ref150780300]A crucial factor to take into account during the analysis of the results is that the instrument accuracy is ±0.03 m/s. Therefore, the acceptable range for the measured velocities can be considered as 0.01 - 0.06 m/s. Each measurement lasts for two minutes, and the data are collected at a frequency of one datum per second.
	
	


[bookmark: _Ref165623449][bookmark: _Ref165634432]Figure 2. Scheme of the 27 sample points for the WT (a) and relative results (b) (A = height of 1 cm, B = height of 4 cm, C = height of 7 cm).
The velocities recorded for the Italian regulatory WT fall within the acceptable range; however, the presence of a preferential channel is evident. This phenomenon is particularly pronounced on the left side at the inlet section of the central body (Figure 2b), where the velocities are higher (around 0.06 m/s) compared to the other points. This behavior may be attributed to an uneven distribution of air within the four channels in the divergent part of the hood. Moreover, it appears that in the middle and final sections, the flow is more homogeneous than in the initial part, as confirmed by the graphs in Figure 3, which show the temporal trends of the measured velocities inside the central body over a time span of two minutes.
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[bookmark: _Ref166231139]Figure 3. Examples of velocity trends in the initial section (a), middle section (b) and final section (c) of the central body of the WT
Mass transfer analysis
The experimental results of the relative humidity at the outlet section of the hood (Figure 4a) reveal non-uniform values along the vertical direction. Measurement demonstrates a decline in relative humidity up to a factor of 2 moving from the bottom to the top of the exit conduit. This presents a potential concern as there is inadequate homogenization in the convergent duct to equalize the outlet concentration. Consequently, varied emission rates might be estimated depending on the height at which the gaseous sample is collected at the exit section.
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[bookmark: _Ref150781257][bookmark: _Ref150781202]Figure 4. Mass transfer measurement results for pure water (a) and MEK aqueous solution (b)
The results obtained for the MEK aqueous solution (Figure 4b) corroborate the observations discussed in the case of water. Figure 4 illustrates that, once again, a downward trend in concentration can be discerned in the WT along the vertical direction, as one moves upwards in the exit duct, from 49.7 ppm to 34.5 ppm.
Conclusions
The present experimental study discusses an investigation on the Italian regulatory WT device, in terms of fluid dynamic and mass transfer analysis.
According to the results obtained through the fluid dynamic tests, it has been demonstrated that the WT under investigation reveals a non-perfectly homogenous distribution of the flow within the central body of the hood, instead presenting the existence of a preferential channel.
Furthermore, the mass transfer analysis results demonstrate that a significant drawback of the Italian regulatory WT is the existence of a concentration gradient along the outlet duct’s vertical direction, pointing out concentration values that vary by up to a factor of two depending on the height of the measurement point.
The conclusions of this experimental work suggest different future perspectives.
Firstly, in order to achieve fluid dynamic improvements within the hood, a possible novel WT design should provide a better distribution system of the incoming airflow, by inserting flow-breaking fittings and filling bodies. In this way, a uniform flow should be possibly achieved within the central body of the hood, without the presence of preferential channel issues.
Furthermore, in order to avoid the presence of a vertical concentration gradient at the outlet section of the WT device, and thus ensure the representativeness of the sample regardless of the location of the sampling point, a possible solution could involve the inclusion of mixing systems, such as static mixers. This should guarantee the mixing of the gaseous outflow and consequently the absence of a concentration gradient.
Finally, in order to provide enhanced portability and ease of use, the development of a novel device could also take into account a potential reduction in weight and size.
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