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Abstract: The characterization of passive area sources, emitting odours due to wind-driven convec-
tion, poses significant challenges. The present experimental study aims to evaluate the performance,
in terms of fluid dynamics and mass transfer, of a recently developed wind tunnel, with a more
compact design and reduced weight, compared to the one proposed by the Italian regulations. The
results show that the new design outperforms the Italian standard in several aspects. From a fluid
dynamic point of view, the new wind tunnel exhibits a slightly more homogenous and uniform
velocity distribution, and it does not reveal airflow preferential channels inside the central body.
The pressure tests highlight that the presence of fillers in the new wind tunnel does not significantly
alter the pressure inside the hood and therefore the gas-liquid equilibrium conditions; actually, the
slight overpressure may help to prevent the infiltration of external air. Finally, mass transfer tests
on the standard device show a vertical concentration gradient along the outlet duct, highlighting
concentration values that differ up to a factor of two depending on the measurement point. The new
design has almost completely solved this issue, thanks to the use of fillers that promote mixing of
the outlet flow.
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1. Introduction

Over the past few decades, industrial and population growth has led to the increase
in atmospheric pollutants [1,2]. This has resulted in complaints and lawsuits from citizens
about odour [3,4], typically emitted by agricultural, industrial, and waste management
facilities, which tend to be built closer and closer to residential areas [5].

Typically, a significant portion of environmental odour pollution often comes from
diffuse sources [6,7]. In this context, one of the most challenging scenarios concerns the
characterization of passive area sources, i.e., all those sources that typically do not have
defined outlet airflow. Passive area sources are more difficult to deal with than active
ones, because, due to the negligible outward airflow, their emission occurs “passively” by
natural or forced convection, driven by the wind, from the liquid surface to the atmos-
phere [8-10].

In other words, the wind is both responsible for the dispersion in the atmosphere and
the driving force behind the emissive phenomenon. This fact complicates the study of
odorous emission dispersion from such sources and has prompted researchers in this field
to design devices capable of sampling the emission in the absence of a convective flow
directly emitted by the source itself.

A sampling instrument for passive area sources must serve two key functions: firstly,
it must act as a hood to isolate a specific portion of the surface within a known control
volume. Secondly, it must create a controlled fluid dynamic environment that enables the
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establishment of a mass balance within the closed system. By sampling the outlet flow,
this setup allows for the estimation of the specific emission rate.

Among the multitude of designs that have been developed historically for sampling
instruments [11], two different main families can be distinguished: the wind tunnel and
the flux chamber. Within these two different sampling instruments, the behaviour, or ra-
ther the motion induced at the airflow, is very different. In the case of a wind tunnel, the
airflow is theoretically one-way, plug-flow type, without vertical mixing [12,13]. It is com-
monly employed in Italy and Germany, for example, to sample passive area sources.

On the other hand, in the case of a flux chamber, adopted in the United States, the
motion is as chaotic as possible as the inlet flux is well-mixed inside the hood, to keep the
system as close as possible to the ideal state of perfect mixing [14-16].

Despite the considerable differences that exist between the two types of instruments,
the scientific community is not unanimous on the choice between one or the other. Even
the regulations of different countries provide for different approaches [17-20]. Despite the
absence of a universal approach, previous studies have highlighted that the choice be-
tween a wind tunnel and a flux chamber can result in significantly different estimates of
emission rates [21-23].

Furthermore, within the same family of devices (such as wind tunnels), various de-
signs have been introduced, differing in aspects like geometry and operational conditions
[24,25]. In the literature, several types of wind tunnels have been adopted for odour sam-
pling. Early examples include those proposed by Lindvall [26] and Lockyer [27], later
taken up by Sommer and Misselbrook [12]; these are relatively voluminous portable
hoods, with a sampling area of about 2 m length, 0.5-1 m width, 0.5 m height, and oper-
ating at speeds even greater than 1 m/s or attempting to approximate the wind speed
measured at 30 cm height above the ground [12]. Subsequently, several designs have been
proposed to reduce size and thus improve portability. For instance, Smith [28] proposed
a more compact wind tunnel in which the dimensions of the sampling area are reduced
to 0.25 m?, with a height of 20 cm. Other examples of wind tunnels with reduced dimen-
sions (length of 80 cm, width of 40 cm, height of 25 cm) and operating speeds below 1 m/s
are those discussed by Jiang et al. [29] and Schmidt and Bicudo [30]. However, these ve-
locities remain above 1 dm/s. This is a significant limitation because, as noted by Jiang et
al. [29], lower mean velocities generally result in improved aerodynamic performance. This
has also been confirmed by Frechen et al. [24], who emphasizes that operating at high speeds
causes excessive dilution within the hood. Frechen et al. suggested a low-speed wind tunnel
with dimensions of 1 m in length, 33 cm in width, and 12 cm in height, with velocities within
the hood in the range of 0.01 and 0.03 m/s. Based on this, Capelli et al. [25] designed a wind
tunnel with the same effective height of 8 cm and a sampling area of 0.125 m?, currently used
in Italy for the sampling of passive area sources [31]. This device is discussed in the present
study to compare its performance with a new wind tunnel design.

In light of this, the present experimental study aims to evaluate the performance, in
terms of fluid dynamics and mass transfer, of a wind tunnel recently developed by the
Olfactometric Laboratory of Politecnico di Milano, which is proposed to have a more com-
pact and handy design and a better flow distribution compared to the one proposed by
Italian regulations in the field of odour [25,31].

The key innovations of this study include, first, its approach to evaluating the limita-
tions of Italian wind tunnels. Unlike previous studies that relied on fluid dynamic mod-
elling [32,33], this research is based on empirical experimental tests. Second, the study
introduces a newly optimized wind tunnel design. This design is suggested to address the
identified limitations of current standard devices, marking a significant advancement in
wind tunnel technology.
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2. Materials and Methods
2.1. Wind Tunnel Designs

The sampling devices studied are the new wind tunnel developed by the Olfactometric
Laboratory of Politecnico di Milano and the Italian regulatory sampling device (Figure 1).
The first one is a hood recently proposed to improve fluid dynamic performance and port-
ability with respect to the Italian standard wind tunnel, discussed by Capelli et al. [25].

Figure 1. [talian standard wind tunnel (a) and new proposed wind tunnel design (b).

The Italian standard wind tunnel (Figure 1a) is composed of three main sections: an
inlet section where the air is deflected into the central body through a divergent duct, the
central part of the hood positioned directly above the emission source, and a final section,
where the air is channelled through a convergent duct toward the outlet.

The divergent duct is designed with a section that increases horizontally while main-
taining a constant vertical height. Inside, three flow deflectors create four vanes in which
the air flows in homogenous parallel streams; at the entrance of the duct, a perforated grid
promotes uniform airflow. The aim of this initial section is to establish a fully developed
and homogeneous flow.

The central body is a rectangular parallelepiped 8 cm high, 50 cm long, and 25 cm
wide, with a total sampling area of 1250 cm?2. The mass transfer phenomenon occurs in
this section of the wind tunnel: considering that the central body of the sampling device
is open, the hood is placed over the emission source to be sampled, enabling the airflow
passing through the device.

The convergent duct is designed with a decreasing horizontal section, while the ver-
tical dimension remains consistent with the height of the central body and the inlet duct.
This section facilitates the conveyance of air enriched with the stripped VOCs (i.e., volatile
organic compounds), thus enabling sampling at the outlet.

The new proposed wind tunnel (Figure 1b), whose new design is derived from the
current Italian standard one, is still divided into three main sections: inlet, central body,
and outlet.

An inlet section designed to homogenize the flow, as an alternative for the divergent
duct, consists of a chamber with a length of 10 cm and a height of 8 cm. The inlet air stream
enters through four 10 mm diameter openings, which serve to better distribute the incom-
ing flow in the wind tunnel, and passes through a perforated plate positioned between
this section and the central body, introduced to promote flow uniformity in the output
from the initial section entering the central body. As will be discussed in Paragraph 2.2.2,
the initial section will be optimized (e.g., by introducing fillers) to promote the homoge-
nization of the incoming flow.

The central body shares the same dimensions and function as the previously de-
scribed wind tunnel.

The outlet section consists of a 10 cm long convergent section, followed by a cylindri-
cal outlet duct with a diameter of 5 cm filled with 15 mm random polypropylene filling.

This alternative design of the outlet section of the hood, compared to the Italian
standard wind tunnel, is expected to enhance the mixing of the gaseous airflow. In
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addition, the presence of the fillers, due to their pressure drop, may increase the pressure
inside the hood, and can help to prevent the infiltration of external air.

It is worth noting that the hood is tested before and after the insertion of the fillers to
ensure that the introduction of the fillers does not interfere with the system by generating
additional odours. This testing is performed in accordance with the requirements outlined
in the European standard for dynamic olfactometry [34], to assess the background odour
concentration of materials used.

2.2. Fluid Dynamic Tests: Experimental Setup
2.2.1. Italian Standard Wind Tunnel and New Proposed Wind Tunnel Design

To investigate the fluid dynamic behaviour of the two wind tunnels, i.e., the Italian
standard wind tunnel and the new proposed wind tunnel design, described in the previ-
ous section (Figure 1), a suitable experimental setup was designed. The central body of
the hoods is placed over a plexiglass sheet to simulate the presence of the liquid level, as
in the case of real field sampling. The plexiglass sheet is perforated in nine points to allow
for the insertion of an anemometer: three holes at the beginning, three in the middle, and
three at the end; each hole along the perimeter is positioned 2.5 cm away from the edges.

The air velocity in the central body of the wind tunnel is measured at 27 points: for
each of the nine holes, three different heights above the plexiglass sheet are considered,
ie,1cm, 4 cm, and 7 cm. An example can be seen in Figure 2.

Figure 2. A scheme of the 27 sample points for the wind tunnel.

This approach enables a comprehensive analysis of the flow within the central body
of the wind tunnel, examining the fluid dynamics near the walls and corners, as well as in
the centre of the hood.

Velocity measurements last two minutes: this time frame appears to be adequate to
observe the velocity trend, as fluctuations around the average value remain relatively sta-
ble within the selected interval. Measurements are carried out using a Testo 440 multi-
functional tool in combination with a Testo hot sphere probe. This instrument has a meas-
uring range of 0-10 m/s and an accuracy of +(0.03 m/s + 5% of the measured value), with
a sampling frequency of one data point per second.

The inlet airflow is regulated to 2500 sL/h (0 °C, 1 atm), which is the typical flow rate
used for field sampling [35].

2.2.2. New Proposed Wind Tunnel Design: Optimized Configurations

After a preliminary evaluation to optimize the configuration of the inlet air supply
system (i.e., the system of tubes and fittings at the chamber entrance) to ensure that the
airflow is not affected by the inclination of the inlet tubes, the fluid dynamic measurements
are repeated for different inlet section configurations, as shown in Table 1. These
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configurations are designed to enhance the performance of the new wind tunnel, starting
from the initial setup (Figure 1b; Conf. 1 in Table 1).

Each alternative configuration is designed to overcome the limitations of the previous
ones and to establish the best currently available setup.

In particular, compared to the original configuration tested, the modifications involve
the following:

The dimensions of the holes of the perforated plate;

The fittings after the four inlet 10 mm diameter openings;
The presence of filling bodies in the inlet chamber;

A grid as an alternative to the perforated plate.

Table 1. Configurations of fluid dynamic measurements for the optimization of the new proposed
wind tunnel design.

Conf. Perforated Plate Inlet Fittings Inlet Filling Bodies  Grid

1 10 mm no no no
2 5 mm no no no
3 3 mm no no no
4 3 mm upwards no no
5 3 mm downwards no no
6 3 mm no 15 mm no
7 3 mm no 25 mm no
8 3 mm downwards 15 mm no
9 no downwards 15 mm 10 mm

First, some evaluations related to the perforated plates are carried out by testing three
configurations with different diameter holes, i.e., 10 mm (Conf. 1), 5 mm (Conf. 2), and 3
mm (Conf. 3).

To increase the pressure drops and regulate the inlet airflow, alternative configura-
tions of fittings directed upwards (Conf. 4) or downwards (Conf. 5) are investigated.

As an alternative, to increase pressure drops and improve flow distribution, the inlet
chamber is filled with 15 mm (Conf. 6) or 25 mm (Conf. 7) random polypropylene fillers.
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Conlf. 8 considers the best combination of perforated plate, fittings, and filling bodies
previously identified, to further increase the pressure drop and combine the advantages
of the previous configurations.

Finally, a 10 mm mesh grid (Conf. 9) is investigated as a potential alternative to the
perforated plate, in order to promote a more homogeneous airflow.

2.3. Pressure Tests: Experimental Setup

An additional assessment involves measuring the overpressure within both wind
tunnels. This measurement is essential, as excessively high pressure inside the hood can
alter the vapour-liquid equilibrium condition.

First of all, it should be noted that the sampling devices under investigation include
the new proposed wind tunnel, optimized on the basis of fluid dynamics tests, i.e., Conf.
9, and the Italian standard design, both operating with an airflow of 2500 sL/h. The sam-
pling hoods are placed over a basin 52 cm in length, 36 cm in width, and 16 cm in height,
filled with 26 L of water.

Two 10 mm diameter tubes are connected to the MRU OPTIMA?Y. This instrument
has a measuring range of + 300 hPa, an absolute accuracy of 0.02 hPa, and a resolution of
0.01 hPa.

To estimate the overpressure inside the sampling devices (Figure 3), one of the tubes
connected to the MRU OPTIMAY is fixed inside the central body of the hood, while the
other one is left exposed to atmospheric air.

Figure 3. Pressure measurement setup.

2.4. Mass Transfer Tests: Experimental Setup

In order to verify the absence of a vertical concentration gradient at the outlet of the
two wind tunnel devices, and thus ensure the representativeness of the sample collected,
pure water and an aqueous solution of 2-butanone, i.e., Methyl Ethyl-Ketone (MEK),
which is a typical tracer for experiments [36,37], are tested. MEK is chosen also because of
its vapour pressure value at room temperature (i.e., 10.5 kPa at 20 °C) and mainly because
the expected concentration, based on theoretical models available in the literature [38-40],
falls within the detection range of the instrument.

To perform the experimental measurement, the wind tunnels, i.e., the optimized new
design (Conf. 9) and the Italian standard one, are placed above a basin 52 cm long, 36 cm wide,
and 16 cm high, filled with 26 L of liquid. An airflow of 2500 sL/h is blown into the hoods.

The water concentration in the air, expressed as relative humidity, is measured both
at the inlet and the outlet. The former is carried out by inserting the Testo hygrometer 6051
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in the inlet tube through a glass T-connector. The latter is carried out by positioning the
measuring device at three different heights of the outlet duct of the new proposed wind
tunnel, i.e., 0 cm, 2.5 cm, and 5 cm from the bottom, while for the Italian standard wind
tunnel (Figure 4) five heights are considered, i.e., 0 cm, 2 cm, 4 cm, 6 cm, and 8 cm from
the bottom. The reason for this is that the wider outlet of this hood, i.e., 8 cm diameter,
allows more points to be sampled compared to the novel device, i.e., the 5 cm diameter.

Figure 4. Mass transfer measurement setups for pure water, Italian standard wind tunnel (a), and
new wind tunnel design (b); MEK solution, Italian standard wind tunnel (c), and new wind tunnel

design (d).

The instrument used, a Testo 605i hygrometer, has a measuring range of 0 to 100%, a
resolution of 0.1%, and an accuracy (at 25 °C) of +3.0% when the relative humidity is be-
tween 10 and 35%, +2.0% when it is between 35 and 65%, +3.0% when it is between 65 and
90%, and +5% when it is <10% or >90%.

In the case of VOC aqueous solution, the experimental setup (Figure 4) is the same as
described for the pure water test. However, in this case, the solution consists of 13 g of
MEK dissolved in 26 L of solution, which means an initial concentration of the VOC in the
liquid phase of 0.5 g/L.

Since the VOC concentration in the inlet airflow is zero, measurements are conducted
similarly to those for water, but only at the hood outlet, after the mass transfer phenome-
non has occurred and the air has been enriched with VOCs (Figure 4).

The instrument used to assess the outlet concentration is the Tiger VOC gas detector,
a portable PID instrument for the rapid and accurate detection of volatile organic com-
pounds.

It facilitates the measurement of chemical concentrations for continuous monitoring,
allowing for the assessment of the stability of the readings over time.

It provides a detection range of 0 to 20,000 parts per million (ppm), with a minimum
sensitivity of 0.001 ppm (1 ppb). The PID is calibrated using isobutylene, so the value re-
ported by the instrument is adjusted with a Response Factor (RF) to convert the isobutyl-
ene calibrated measurement to a concentration of the target volatile.
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3. Results and Discussion
3.1. Fluid Dynamic Analysis

The results of the fluid dynamic tests conducted in the central body of the wind tun-
nels are shown in Figure 5, following the layout in Figure 2. These results represent the
time-averaged values over the two-minute measurement period. For the sake of brevity,
only the results for the final optimized configuration (Conf. 9) are provided for the new
wind tunnel design. Results for the other configurations, and the standard deviations of
each velocity measurement, are available in the Supplementary Material.

0.0’2- of

[wo] WERH

o
w » o
o = ™

Figure 5. Fluid dynamic results for the standard wind tunnel (left) and the new design (right).

The three measurement heights are highlighted in different colours: in red the height
of 1 cm, in green the height of 4 cm, in blue the height of 7 cm. The direction of the arrows
represents the airflow within the central body of the hood, while the magnitude indicates
the speed measured during the various tests.

It is important to note that the accuracy of the instrument is +0.03 m/s, comparable to
the expected theoretical value in the central body:

p=Jair - _Sair_ _ 035m/s (1)

Awr  HwrBwr
where the following holds:

e WT subscript refers to Wind Tunnel.

. Quir [m3/s] is the air flowrate, i.e., 2500 sL/h.

e Hwr[m]is the height of the central body of the wind tunnel, i.e., 0.08 m.
D Bwr [m] is the breadth of the central body of the wind tunnel, i.e., 0.25 m.

Therefore, measured velocities in the range of approximately 0.01 m/s and 0.06 m/s
can be considered acceptable.

The velocities recorded for the Italian standard wind tunnel are within the acceptable
range (Figure 5); nonetheless, the presence of a preferential airflow channel can be ob-
served: this phenomenon is evident at position 1 (Figure 2), i.e., the inlet of the central
body on the left, where the velocities are higher (around 0.06 m/s) compared to other
points. This behaviour could be attributed to a not completely homogeneous distribution
of air in the four channels present in the divergent part of the hood.

Concerning the newly proposed wind tunnel design, the initial tested configurations
(Conf. 1-8) demonstrated a non-uniform distribution of flow within the wind tunnel, par-
ticularly along the length of the hood, with higher velocities observed at the entrance of
the central body.

This behaviour may be due to the discontinuity caused by air passing through the
small holes in the perforated plate, which generates vortices and greater fluctuations in the
initial zone and increases the velocity recorded by the hot-wire anemometer. This phenom-
enon is progressively damped along the hood, as it moves away from the perforated plate.
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By incorporating the 10 mm mesh grid (Conf. 9), the velocities at each point along the
hood fall within the acceptable range and show a fairly uniform flow distribution, as
shown in Figure 5.

Indeed, it can be observed that in Conf. 8, with the perforated plate, the expected
theoretical value of velocity is achieved approximately 16.5 cm from the entrance of the
central body, i.e., roughly one-third of the length of the central body of the hood, as
demonstrated by Figure 6. In contrast, in the case of the grid (Conf. 9), these velocities are
already detected 2.5 cm from the inlet of the central body, confirming the effectiveness
associated with the introduction of the grid.

0.12

010 4 = .
0.08 +

0.06 .

v [m/s]

0.04 - .

0.02 4 o - =

000 T T T T T T T T T

L [em]

+ Perforated plate - 3mm = Grid

Figure 6. The velocity profile along the central body of the new proposed wind tunnel design.

It is worth highlighting that the velocities reported in Figure 6 refer to tests in which
the plexiglass sheet is specifically perforated at nine points along the entire length of the
central body. The measurements refer to a height of 4 cm (half the height of the central
body) and last for two minutes. This type of test is conducted only for Conf. 8 and Conf.
9 to illustrate how the inclusion of the grid ensured the achievement of a homogeneous
condition right from the inlet of the central body.

Comparing the Italian standard wind tunnel with the best configuration for the new
one, i.e., the combination of downward-facing fittings, 15 mm filling bodies, and a 10 mm
mesh grid, both hoods appear acceptable from a fluid dynamic point of view; however,
the new wind tunnel design exhibits a slightly more homogenous and uniform velocity
distribution and does not have the issue of the preferential channel.

3.2. Pressure Analysis

The results of the pressure measurements, i.e., the overpressure inside the two hoods,
revealed an estimated overpressure of 0.1 Pa for the Italian standard WT. For the new pro-
posed wind tunnel design, the presence of fittings and fillers increases this value to 5 Pa.

Given the magnitude of these overpressures, which remain significantly below atmos-
pheric pressure, experiments have confirmed that they do not result in excessive pressure
increases. Indeed, a substantial overpressure relative to the external environment could
potentially disrupt the equilibrium conditions at the gas-liquid interface inside the hood,
thereby affecting the mass transfer phenomenon between the fluid in the basin and the
incoming air in the hood’s central body.

Conversely, the slight overpressure measured for the new proposed design appears
advantageous in preventing the infiltration of external air.
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3.3. Mass Transfer Analysis

Focusing on the pure water mass transfer tests, for the relative humidity results at
the outlet section of the hoods, Figure 7 shows, for the Italian standard wind tunnel, not
homogeneous values moving along the vertical direction, but a decrease in relative humid-
ity, from 39.5% to 19.5%, moving upwards in the exit duct. This poses a potential problem
because the convergent section does not provide sufficient homogenization to equalize the
outlet concentration. As a result, different concentrations are observed depending on the
height at which the gaseous sample is collected from the exit section.

b.
50 386
Ea2s 368
=
0.0 39.0
0 10 2 30 120
RH [%]
d.
5.0 39.6
E 25 111
=
0.0 43.0
0 10 20 30 40 50 0 10 20 30 40 50
Craex[ppm] Cyex [ppml

Figure 7. Mass transfer measurement results for pure water (RH = Relative Humidity), Italian stand-
ard wind tunnel (a), and new wind tunnel design (b); MEK (Methyl Ethyl-Ketone) solution, Italian
standard wind tunnel (c), and new wind tunnel design (d).

On the other hand, for the new wind tunnel, concentration values appear uniform
throughout the height of the outlet section. This homogenization is ascribable to the pres-
ence of fillers in the outlet duct, which ensure an adequate mixing.

The results obtained for the aqueous MEK solution (Figure 7) confirm the findings
discussed in the case of water: Figure 7 illustrates that, once more, although less pro-
nounced, a decreasing trend in concentration can be observed in the Italian standard wind
tunnel along the vertical direction, moving upwards in the outlet duct. Conversely, the
measurements in the new proposed wind tunnel are essentially constant.

Therefore, in terms of the homogenization of the outlet flow, it can be concluded that the
new proposed wind tunnel performances are significantly better compared to the Italian
standard one, ensuring uniform outlet concentrations throughout the height of the outlet duct.

4. Conclusions

The present experimental study discusses an optimization study of a new wind tun-
nel design, developed by the Olfactometric Laboratory of Politecnico di Milano, address-
ing fluid dynamics, pressure, and mass transfer analysis.

It has been demonstrated that the new proposed wind tunnel design outperforms the
Italian standard one in various aspects. Indeed, according to the results of the fluid dy-
namic tests, the preferential channel issue that exists in the Italian standard wind tunnel
is resolved as a result of a more uniform velocity distribution within the central body of
the new proposed design hood. The pressure tests reveal that the presence of fillers in the
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outlet duct and inlet chamber of the new wind tunnel does not significantly alter the pres-
sure inside the hood; actually, the slight overpressure may help in preventing the infiltra-
tion of external air.

Moreover, the results of the mass transfer tests show that a major limitation in the
Italian standard wind tunnel is the presence of a concentration gradient along the vertical
direction of the outlet duct, highlighting concentration values that differ up to a factor of
two depending on the point where the measurement is taken. The new proposed wind
tunnel design has almost totally solved this issue thanks to the filling bodies that play a
key role in achieving complete mixing at the outlet.

Finally, it also ensures a more compact design and reduced weight, making it more
convenient and portable for field sampling.

This study presents notable innovations while recognizing that certain aspects could
be integrated or improved in future work. In particular, the low flow velocities within the
wind tunnel introduce challenges for fluid dynamic measurements, necessitating the use
of high-resolution and accurate instruments. In this context, the hot-wire anemometer is
chosen for its suitability, offering superior performance and compact size compared to
other instruments, although its accuracy is comparable to the low measured velocities.

Overall, addressing these challenges in future studies will be essential for optimizing
measurements within the wind tunnel environment.

A potential direction for further research could involve the use of CFD simulations
to validate the experimental results: the approach discussed in this study allows for the
establishment of a solid foundation based on empirical data, which can later be comple-
mented by computational models to further validate these findings.

In addjition, to further optimize the design of the new wind tunnel, it might be useful
to extend the inlet section after the grid (Figure 8), before the entrance of the central body,
even though the grid has already almost completely solved the inlet discontinuity prob-
lem (caused by the airflow passing through the small holes of the perforated plate).

Figure 8. A scheme of the possible future design optimized for the new proposed design wind tun-
nel.

This new configuration should further improve the fluid dynamics within the hood
to achieve a fully developed and homogeneous flow throughout the entire central body,
eliminating any discontinuity problem in the central body’s inlet.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/atmos15101181/s1, Figures S1-510: Fluid dynamics results
for the standard wind tunnel and the different configurations (Conf. 1-Conf. 9) for the new wind
tunnel design.

Author Contributions: Conceptualization, M.I. and S.S.; methodology, F.T., L.C., A.A. and M.L; in-
vestigation, L.C., A.A. and F.T.; data curation, F.T., L.C,, A.A. and M.L; visualization, F.T., M.I. and



Atmosphere 2024, 15, 1181 12 of 13

S.S.; writing—original draft, F.T., L.C. and A.A.; writing—review and editing, M.I. and S.S.; super-
vision, M.I. and S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Dataset available on request from the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Garcia-Pérez, J.; Fernandez de Larrea-Baz, N.; Lope, V.; Molina, A.J.; O’Callaghan-Gordo, C.; Alonso, M.H.; Rodriguez-Suarez,
M.M.; Mirén-Pozo, B.; Alguacil, J.; Gémez-Acebo, I; et al. Residential proximity to industrial pollution sources and colorectal
cancer risk: A multicase-control study (MCC-Spain). Environ. Int. 2020, 144, 106055. https://doi.org/10.1016/j.envint.2020.106055.
Leogrande, S.; Alessandrini, E.R.; Stafoggia, M.; Morabito, A.; Nocioni, A.; Ancona, C.; Bisceglia, L.; Mataloni, F.; Giua, R;;
Mincuzzi, A.; et al. Industrial air pollution and mortality in the Taranto area, Southern Italy: A difference-in-differences
approach. Environ. Int. 2019, 132, 105030. https://doi.org/10.1016/j.envint.2019.105030.

Zarra, T.; Naddeo, V.; Belgiorno, V.; Reiser, M.; Kranert, M. Odour monitoring of small wastewater treatment plant located in
sensitive environment. Water Sci. Technol. 2008, 58, 89-94. https://doi.org/10.2166/wst.2008.330.

Oliva, G.; Cangialosi, F.; Bruno, E.; Naddeo, V.; Belgiorno, V.; Zarra, T. An Advanced Odour Monitoring Approach based on
Citizens Science: A Real Application in Southern Italy. Chem. Eng. Trans. 2022, 95, 79-84. https://doi.org/10.3303/CET2295014.
Lotesoriere, B.J.; Giacomello, A.D.; Bax, C.; Capelli, L. The italian pilot study of the D-noses project: An integrated approach
involving citizen science and olfactometry to identify odour sources in the area of castellanza (VA). Chem. Eng. Trans. 2021, 85,
145-150. https://doi.org/10.3303/CET2185025.

Tagliaferri, F.; Panzeri, F.; Invernizzi, M.; Manganelli, C.; Sironi, S. Characterization of diffuse odorous emissions from
lignocellulosic biomass storage. J. Energy Inst. 2024, 112, 101440. https://doi.org/10.1016/j.joei.2023.101440.

Vuolo, M.R.; Acutis, M.; Tyagi, B.; Boccasile, G.; Perego, A.; Pelissetti, S. Odour Emissions and Dispersion from Digestate
Spreading. Atmosphere 2023, 14, 619. https://doi.org/10.3390/atmos14040619.

Beghi, S.P.; Rodrigues, A.C.; De Sab, L.M.; Santos, ].M. Estimating hydrogen sulphide emissions from an anaerobic lagoon.
Chem. Eng. Trans. 2012, 30, 91-96. https://doi.org/10.3303/CET1230016.

Bliss, P.J.; Jiang, K.; Schulz, T.J. The development of a sampling system for the determination of odor emission rates from areal
surfaces: Part II. Mathematical model. T. Air Waste Manag. Assoc. 1995, 45, 989-994.
https://doi.org/10.1080/10473289.1995.10467431.

Tagliaferri, F.; Invernizzi, M.; Sironi, S. Influence of wind velocity on the emission rate of acetone aqueous solution at different
concentrations. Chem. Eng. Trans. 2021, 85, 127-132. https://doi.org/10.3303/CET2185022.

Liu, L.; Abdala Prata Junior, A.; Fisher, R.M.; Stuetz, R.M. Measuring volatile emissions from biosolids: A critical review on
sampling methods. J. Environ. Manag. 2022, 317, 115290. https://doi.org/10.1016/j.jenvman.2022.115290.

Sommer, S.G.; Misselbrook, T.H. A review of ammonia emission measured using wind tunnels compared with
micrometeorological techniques. Soil Use Manag. 2016, 32, 101-108. https://doi.org/10.1111/sum.12209.

Mannheim, T.; Braschkat, J.; Marschner, H. Measurement of ammonia emission after liquid manure application: 11. Comparison
of the wind tunnel and the IHF method under field conditions Summary-Zusammenfassung. Z. Fiir Pflanzenernihrung Und
Bodenkd. 1994, 158, 215-219.

Andredo, W.L.; Santos, ].M.; Reis, N.C.; Prata, A.A.; Stuetz, RM. Effects of flux chamber configuration on the sampling of
odorous gases emissions. Int. J. Heat Mass Transf. 2019, 140, 918-930. https://doi.org/10.1016/j.ijheatmasstransfer.2019.06.029.
Fisher, RM.; Barczak, R.; Alvarez-Gaitan, J.P.; Stuetz, R.M. Comparing static headspace and dynamic flux hood measurements
of biosolids odour emissions. Chem. Eng. Trans. 2016, 54, 43-48. https://doi.org/10.3303/CET1654008.

Prata, A.A.; Santos, ].M.; Beghi, S.P.; Fernandes, L.F.; Vom Marttens, L.L.C.; Pereira Neto, L.I.; Martins, R.S.; Reis, N.C,; Stuetz,
R.M. Dynamic flux chamber measurements of hydrogen sulfide emission rate from a quiescent surface—A computational
evaluation. Chemosphere 2016, 146, 426—434. https://doi.org/10.1016/j.chemosphere.2015.11.123.

Guillot, .M. Odour measurement: Focus on main remaining limits due to sampling. Chem. Eng. Trans. 2012, 30, 295-300.
https://doi.org/10.3303/CET1230050.

Bokowa, A.; Diaz, C.; Koziel, ].A.; McGinley, M.; Barclay, J.; Schauberger, G.; Guillot, ]. M.; Sneath, R.; Capelli, L.; Zorich, V.; et
al. Summary and Overview of the Odour Regulationsworldwide. Atmosphere 2021, 12, 206.

Brancher, M.; Griffiths, K.D.; Franco, D.; de Melo Lisboa, H. A review of odour impact criteria in selected countries around the
world. Chemosphere 2017, 168, 1531-1570. https://doi.org/10.1016/j.chemosphere.2016.11.160.

Nicell, J.A. Assessment and regulation of odour impacts. Atmos. Environ. 2009, 43, 196-206.
https://doi.org/10.1016/j.atmosenv.2008.09.033.

Hudson, N.; Ayoko, G.A. Comparison of emission rate values for odour and odorous chemicals derived from two sampling
devices. Atmos. Environ. 2009, 43, 3175-3181. https://doi.org/10.1016/j.atmosenv.2009.03.050.



Atmosphere 2024, 15, 1181 13 of 13

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Navaratnasamy, M. Comparison of wind tunnel and vented flux chamber in measuring odour emission rates. In Written for
presentation at the 2004 ASAE/CSAE Annual International Meeting Sponsored by ASAE/CSAE; American Society of Agricultural and
Biological Engineers: St. Joseph, ML, USA, 2004.

Witherspoon, J. Theoretical and Practical Considerations in the Use of Wind Tunnel for Odor Emission Measurement. In Odors
and Air Pollutants Conference 2002; Water Environment Federation: Alexandria, VA, USA, 2002.

Frechen, F.B.; Frey, M.; Wett, M.; Loser, C. Aerodynamic performance of a low-speed wind tunnel. Water Sci. Technol. 2004, 50,
57-64. https://doi.org/10.2166/wst.2004.0220.

Capelli, L.; Sironi, S.; Del Rosso, R.; Céntola, P. Design and validation of a wind tunnel system for odour sampling on liquid
area sources. Water Sci. Technol. 2009, 59, 1611-1620. https://doi.org/10.2166/wst.2009.123.

Lindvall, T. On sensory evaluation of odorous air pollutant intensities. Nord. Hyg. Tidskr. Suppl. 1970, 2, 1-181.

Lockyer, D.R. A system for the measurement in the field of losses of ammonia through volatilisation. J. Sci. Food Agric. 1984, 35,
837-848. https://doi.org/10.1002/jsfa.2740350805.

Smith, R.J.; Watts, P.J. Determination of Odour Emission Rates from Cattle Feedlots: Part 2, Evaluation of Two Wind Tunnels
of Different Size. ]. Agric. Eng. Res. 1994, 58, 231-240.

Jiang, K; Bliss, P.J.; Schulz, T.]J. The development of a sampling system for determining odor emission rates from areal surfaces:
Part i. aerodynamic performance. J. Air Waste Manag. Assoc. 1995, 45, 917-922. https://doi.org/10.1080/10473289.1995.10467424.

Schmidt, D.R.; Bicudo, J.R. Using a Wind Tunnel to Determine Odor and Gas Fluxes from Manure Surfaces. In 2002 ASAE
Annual Meeting; American Society of Agricultural and Biological Engineers: St. Joseph, MI, USA, 2013; Volume 0300.
https://doi.org/10.13031/2013.10481.

MinAmbiente, Decreto Direttoriale 28 Giugno 2023, n. 309. 2023. Available Online:
https://www.reteambiente.it/normativa/51893/decreto-direttoriale-minambiente-28-giugno-2023-n-309/ (accessed on 15 July
2024).

Prata, A.A.; Santos, ].M.; Timchenko, V.; Stuetz, R.M. Use of Computational Fluid dynamics in the analysis of a portable wind
tunnel for sampling of odorous emissions at liquid surfaces. Chem. Eng. Trans. 2014, 40, 145-150.
https://doi.org/10.3303/CET1440025.

Martins, R.S.; Siqueira, M.A.; Toniato, I.V.F.; Cupertino, K.F.; Prata, A.A.; Reis, N.C.; Stuetz, R M.; Santos, ].M. Evaluating the
flow inside of portable wind tunnels for odour measurements. Chem. Eng. Trans. 2018, 68, 55-60.
https://doi.org/10.3303/CET1868010.

Stationary source emissions. Determination of odour concentration by dynamic olfactometry and odour emission rate: EN
13725:2022. 2022-05-18

Capelli, L.; Sironi, S. Combination of field inspection and dispersion modelling to estimate odour emissions from an Italian
landfill. Atmos. Environ. 2018, 191, 273-290. https://doi.org/10.1016/j.atmosenv.2018.08.007.

Gholson, A.R.; Albritton, J.R.; Jayanty, RK.M.; Knoll, J.E.; Midgett, M.R. Evaluation of an Enclosure Method for Measuring
Emissions of Volatile Organic Compounds from Quiescent Liquid Surfaces. Environ. Sci. Technol. 1991, 25, 519-524.
https://doi.org/10.1021/es00015a021.

Jiang, K.; Kaye, R. Comparison Study on Portable Wind Tunnel System and Isolation Chamber for Determination of VOCs from
Areal Sources. Water Sci. Technol. 1996, 34, 583-589. https://doi.org/10.1016/0273-1223(96)00599-9.

Invernizzi, M.; Bellini, A.; Miola, R.; Capelli, L.; Busini, V.; Sironi, S. Assessment of the chemical-physical variables affecting the
evaporation of organic compounds from aqueous solutions in a sampling wind tunnel. Chemosphere 2019, 220, 353-361.
https://doi.org/10.1016/j.chemosphere.2018.12.124.

Invernizzi, M.; Teramo, E.; Busini, V.; Sironi, S. A model for the evaluation of organic compounds emission from aerated liquid
surfaces. Chemosphere 2020, 240, 124923. https://doi.org/10.1016/j.chemosphere.2019.124923.

Lucernoni, F.; Capelli, L.; Busini, V.; Sironi, S. A model to relate wind tunnel measurements to open field odorant emissions
from liquid area sources. Atmos. Environ. 2017, 157, 10-17. https://doi.org/10.1016/j.atmosenv.2017.03.004.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



