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HIGHLIGHTS

e Lab tests compare Wind Tunnel (WT)
and Flux Chamber (FC) for passive area
sources.

o Field tests show the most suitable sam-
pling device cannot be determined a
priori.

¢ WT and FC provide similar emission
rates for soluble compounds (SER ratio
1-1.5).

e WT overestimates emission rates for
low-solubility VOCs (SER ratio 2-4.5) in
relation to FC.

o Theoretical model aligns well with data,
except for non-ideal mixtures (toluene).
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ABSTRACT

One of the most complex challenges in the field of industrial odour emissions is the characterization of passive
area sources, which emit contaminants even if not endowed with their own gas flow. Two primary sampling
devices have been developed for this scope: Wind Tunnel (WT), with a unidirectional airflow without vertical
mixing, and Flux Chamber (FC), with a turbulent well-mixed flow. Essentially, two are the debated issues about
the sampling instrumentation. The first concerns which device is more suitable for accurately describing the real
fluid dynamic behaviour at the liquid-gas interface. The second issue involves the extent to which the emission
rates, estimated by the two sampling systems, differ. This study addresses these debates providing experimental
data on the real atmospheric motion near liquid surfaces, aiding the choice between WT and FC. Field tests reveal
that atmospheric conditions can make the fluid dynamics similar to either WT or FC, with the general scenario
showing an intermediate wind behavior. Thus, it is not possible to a priori determine the most suitable device.
Concerning the second issue, this research presents an experimental comparison of VOCs (Volatile Organic
Compounds) emission rates between a recently developed WT and a US-EPA design FC. These trials indicate that
for soluble compounds, WT and FC yield comparable results. However, for gas-phase controlled species (low-
solubility VOCs), WT tends to overestimate emissions compared to FC, with the ratio of specific emission rates
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ranging from 2 to 4.5. The developed theoretical mass transfer model aligns well with observed values, except for
toluene due to its non-ideal mixture with water.

1. Introduction

Odorous emissions from large industrial complexes, whether from
stacks, diffusive sources, or fugitive emissions, are among the most
noticeable nuisances perceived by the population (Jiang et al., 2017;
Polvara et al., 2021). Although these emissions often do not pose toxi-
cological risks, they are frequently associated with potential dangers
related to odour perception (Claeson et al., 2013; Piccardo et al., 2022).
This can result in social and political conflicts, as well as opposition to
these industries. Addressing this issue is complex, necessitating a deep
understanding of industrial plants, pollution sources, containment
strategies, and methods to implement effective interventions (Hayes
et al., 2024; Tagliaferri et al., 2024b).

One of the most challenging aspects in this context is the charac-
terization of passive area sources, which emit odorous substances
without a well-defined flow. Unlike active sources, passive sources
release emissions due to wind-driven natural convection (Beghi et al.,
2012; Bliss et al., 1995; Cai et al., 2015; Xu et al., 2023).

Two main families of sampling devices have been developed for
passive area sources: Wind Tunnel (WT) and Flux Chamber (FC). WT,
commonly used in Italy and Germany, creates a unidirectional airflow
without vertical mixing (Mannheim and Braschkat, 1994; Sommer and
Misselbrook, 2016); FC, adopted mainly in the United States, creates a
turbulent flow to maintain a well-mixed system (Fisher et al., 2016;
Lindberg et al., 2002; Prata et al., 2016; Reichman and Rolston, 2002).
Currently, there is no consensus on which method is superior, as
different countries favour different approaches (Andreao et al., 2019;
Liu et al., 2022; Lucernoni et al., 2017; Parker et al., 2013; Prata et al.,
2018; Scotto Di Perta et al., 2020).

Essentially, there are two debated issues. The first concerns which
device is more suitable for accurately describing the real fluid dynamic
behavior at the liquid-gas interface, where the emission phenomenon
occurs. The second issue involves the estimation of the difference be-
tween WT’s and FC’s emission rate (ER). Indeed, the literature presents
rather discordant results (Hudson et al., 2009; Hudson and Ayoko, 2009;
Navaratnasamy et al., 2004; Witherspoon, 2002): although it consis-
tently highlights an overestimation of WT relative to FC, the reported
ratios of WT/FC ERs vary widely across studies, with values ranging
from 2 to 600.

Focusing on the first point, several researches address the study of
wind atmospheric behavior on liquid surfaces like oceans, seas, or lakes
(Kim et al., 2019; Pena and Gryning, 2008; Segal and Pielke, 2021). In
these studies, measurements were carried out at significant distances
above the liquid level (i.e. > 5 m). Additionally, since they involve large
water surfaces, they do not account for potential turbulence effects
caused by the tank walls (Gao et al., 2009). Liu et al. (1995) tried to
investigate this topic, but was carried out in a small-scale laboratory
set-up, not in the field. This can lead to a distortion compared to a
real-case atmosphere, since the geometry of the system significantly
influences the fluid dynamics (Bellasio and Bianconi, 2022). The avail-
able residual researches focus on estimating the vertical velocity profile
above a liquid surface through numerical correlations (Anisimova,
2005; Hsu, 1974), without providing any experimental datum.

Therefore, this paper aims to provide experimental insights to
deepen the knowledge about the real atmospheric motion at the inter-
face with a liquid surface. To achieve this, measurements are taken in
the atmosphere near a liquid surface to evaluate whether the wind
behavior more closely resembles a WT-like or FC-like condition. The
goal is to determine whether the wind interaction with the surface is
predominantly chaotic and mixed, as expected in FC, or more unidi-
rectional, as in WT. This information may support selecting the most

appropriate sampling device to accurately replicate atmospheric fluid
dynamics.

Moreover, the research aims to investigate the variability of ER be-
tween WT and FC, as the literature indicates that consistent behavior has
not yet been observed, with outcomes significantly varying. In partic-
ular, this study presents an experimental comparison of the ER between
a recently developed WT design (Tagliaferri et al., 2024a) and a US-EPA
FC (Woodbury et al., 2011). Lastly, the experimental data are compared
with a theoretical mass-transfer model developed in this study to assess
its capability to predict the observed values.

This study offers a novel contribution by employing a newly devel-
oped sampling device, designed to enhance the fluid dynamics and the
outlet mixing system, which is compared to the US-EPA FC. Moreover,
the experiments, involving the testing of various VOCs at different
concentrations, offer valuable insights into the performance of these
methods under diverse conditions. The comparison of experimental re-
sults with a theoretical model further strengthens the robustness of the
findings. Finally, to the best of the authors’ knowledge, this is the first
study to conduct field measurements at the gas-liquid interface, offering
critical insights into wind behavior in the vicinity of a liquid surface, i.e.
where the surface sampling hood systems are positioned during real-
case sampling. The integration of these methodologies advances the
understanding of sampling techniques and their applications in envi-
ronmental monitoring.

2. Materials and methods
2.1. Investigation of the atmospheric motion: field measurements

To investigate the general atmospheric motion at the gas-liquid
interface, a series of experimental tests are conducted over a liquid
surface (Fig. 1a).

The pool has a vertical distance from the free water surface to the
edge, defined as the upper rim or boundary of the pool, of 18 cm and is
characterised by the following dimensions: length 4.55 m, width 2.55 m,
and height 1.15 m.

Wind measurements are conducted using two sonic anemometers.
The first is a triaxial sonic anemometer, METEK uSonic 3 Omni (sensi-
tivity = 0.01 m/s, accuracy = 0.1 m/s, sampling rate = 10 Hz). The
instrument is placed upside down to get the instrument as close as
possible to the liquid surface. The second is a biaxial sonic anemometer,
LCJ Captures CV7-E-USB. This shows a significantly smaller size,
allowing its positioning closer to the free liquid surface (4 cm) and near
the edges. Its acquisition frequency is 4 Hz and has a sensitivity of 0.12
m/s. The experimental setup involves placing the 2D anemometer in
nine different positions to assess whether there are significant differ-
ences in wind behavior between the center and the edges of the pool.
Meanwhile the 3D anemometer is placed in the center of the pool, as
shown in Fig. 1b.

For each measurement location, the high-frequency wind speed
sampling lasts 10 min: this is consistent both with the spectral gap and
the duration of an olfactometric sampling.

The tests are carried out on two days with different meteorological
conditions: the first day is cloudy and low-windy (1o, = 2.3 m/s), the
second sunny and windy (Vi = 7.2 m/s).

2.2. ER laboratory tests

Further tests are conducted to quantify how the choice of the sam-
pling device may affect the ER measured on a passive liquid area source.
The first tested hood is a recently developed WT device (Tagliaferri
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et al., 2024a) with a sampling area of 0.125 m? and operated at 42
sL/min of airflow (“s" refers to standard conditions, i.e., at 0 °C and 1
atm pressure). Filling bodies are present both in the inlet and the outlet
to homogenize the flow.

The FC has a total volume of 43 L and it is operated at 5 sL/min. In
addition, an internal fan is installed to promote the mixing inside the
hood (Liu et al., 2024).

The emission experimental setup (Fig. 2) consists of a 26 L basin.
Aqueous solutions of five different VOCs (i.e. 2-butanone, acetone, 2-
propanol, n-butanol, and toluene by Carlo Erba Reagents S.r.l) are
tested. In addition, pure compounds emission, water and n-butanol
(99% pure), are investigated. The tested VOCs are selected based on
their non-toxicity, as well as their varying water solubility, vapor pres-
sure and Henry constant values. Supplementary Material S1 presents the
chemical and physical properties of the investigated VOCs (Table 1).

During the preparation of the solution, in the case of toluene, two
different mixing methods—a magnetic stirrer and a blade stirrer— are
tested, given its low solubility in water. The inlet neutral air flow is
controlled by the mass flow controller (Alicat Scientific 100 SLPM). The
outlet VOC concentration is measured via a PID sensor (IonScience Tiger
ppb 10.6 eV). This tool provides a dynamic detection range to 20000
parts per million (ppm), with a minimum sensitivity resolution of 1 ppb.
Since the instrument is calibrated with isobutylene, a correction factor is
applied for the investigated VOC. The measured concentrations are
adjusted using a Response Factor (RF) to account for the specific
sensitivity of the PID to each volatile compound. This RF allows the
conversion of the isobutylene-equivalent measurements into the actual
concentration of the target VOC. The RF values for the different com-
pounds are included in the supplementary material (S1).

For water vapor concentration Testo hygrometer 605i is adopted.

Experiments with the aqueous VOC solutions are carried out at two
different concentrations in the aqueous phase, 0.5 g/L and 2 g/L.

The ER [mol/s] is estimated by the outlet measured concentration:

ER? = Qe (C37 - C3¥) &
where:

-Q [m3/s] is the volumetric air flow rate flushed into the hood.

- €2 and C2® [mol/m®] are the measured concentrations, foe each
investigated compound, at the outlet and inlet of the hood,
respectively.

In the case of VOCs, C;,Y = 0, while for water C;,* is measured at the
inlet.

As the sampling area differ between the two devices, for a mean-
ingful comparison it is necessary to refer the ER to the emitting surface
for each hood, computing the Specific Emission Rate (SER):

ER®®
SER? == — @)

(a) Instruments position.
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2.3. ER theoretical model

The development of the model to estimate the ER of VOCs in an
aqueous solution is based on the two-film theory, described by Parker
et al. (2010) and subsequently exploited by Invernizzi et al. (2019): it
assumes that VOC molecules, moving from the liquid bulk to the bulk of
the gas phase, encounter two interfacial films, i.e. liquid and gas,
assumed to be in vapor-liquid equilibrium. The model considers that
every step introduces a resistance to the mass-transfer phenomenon.

Assuming steady-state conditions, the SER can be estimated as fol-
lows:

SER =k, (CHQ — CHQ) = kg (CFS — C3A) @)

i

where:

- SER [mol/m?/s] is the specific VOC emission flux.

- ki, kg [m/s] is the liquid/gas-side mass-transfer coefficient.

- CﬁIQ, CEAs [mol/m?] is the emitting compound concentration in the
bulk of the liquid/gas phase.

- CHQ €9 [mol/m®] is the emitting compound concentration at the
interface of liquid/gas phase.

Notably, in the case of emissions from pure substances, liquid-side
mass-transfer limitations are absent, unlike in aqueous solutions.

To estimate the gas-side mass-transfer coefficient, equation (4) pro-
posed by Sherwood and Pigford (1975), and equation (5) by Gostelow
et al. (2001), are chosen:

D . % 1
k¢ =0.664 L;l‘:la’; u2 )]
ke =0.04u"Sc " 5)

where:

- Digir [m?/s] is the molecular diffusivity of the emitting compound in
air.

- L [m] is the characteristic dimension of the hood.

- Vgir [mz/s] is the air kinematic viscosity.

- u [m/s] is the air velocity inside the hood.

- u" [m/s] is the friction velocity within the hood, estimated by the
pressure drops along the system.

- Scg [—] is the gas-side Schmidt number (2‘7‘")

For the liquid-side, mass transfer coefficients are calculated by two

different correlations: Higbie (1935) and Deacon (1977), reported
respectively in equations (6) and (7).

©
©
ONONO,

=

(b) Order and location of tests.

Fig. 1. Domestic pool used for field measurements.
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Fig. 2. Experimental setup used for the ER measurements.

Table 1
Collection of previous literature studies about the comparison of WT and FC.
Authors Sampling system Compounds/ SERwr/
Emission source SERgc
Jiang and Kaye US-EPA Isolation Acetone 6.1
(1996) Chamber (5 L/min) 2-butanone 1.7
Wind Tunnel (20 L/min) Toluene 1.0
Hudson and US EPA Flux Chamber Benzoic acid 86
Ayoko, 2009 (0.05 L/min) Phenol p-Cresol 34
UNSW Wind Tunnel 4-Ethylphenol 35
(0.15 L/min) Indole 640
Skatole 535
91
Hudsonetal., 2009  US EPA Flux Chamber (5 Agricultural odour 60 + 240
L/min) sources
UNSW Wind Tunnel
(1800 L/min)
Witherspoon US EPA Flux Chamber (5 Secondary 5+9
(2002) L/min) sedimentation
UNSW Wind Tunnel tank
(1800 L/min)
Navaratnasamy Vented Flux Chamber (60  n-butanol 3.7
et al., 2004 L/min)
Wind tunnel (1800 L/
min)
Navaratnasamy Vented Flux Chamber (60  Manure storage 6
et al., 2004 L/min)
Wind tunnel (3780 L/
min)
Tagliaferri et al., Flux Chamber POLIMI Landfill surface 2+7
2020 Olfactometric Laboratory
(5 L/min)
Low-speed Wind Tunnel
(42 L/min)
%
o= i(D—"””) ©
Va\ ts
2
k, =0.082u (M) ’ %)
Vn,0

where:

- Din,0 and vy,0 [m?/s] are the molecular diffusivity of the species in
water and water kinematic viscosity.
- ts [s] is the sampling time of the measurement.

The equilibrium can be described via modified Raoult’s law (Carroll,

1991):

oS _P 1 (T) oy CiuQ
GAS — i1/ 11

RT  Cigp

where:

(€))

- P;(T) [Pa] is the vapor pressure of the VOC, evaluated through the
Antoine equation.

- 7; [—] is the activity coefficient of the VOC in solution (Zuend et al.,
2011).

- Cﬁ% [mol/m3] is the liquid total molar concentration.

For diluted solutions, as in the present study, equilibrium conditions
can be described also using Henry’s law:

CoAS = KHCLLIQ )
1

Ki =Rt (10)
15

where:

- Ky [—] is the dimensionless Henry’s constant.
- H; [mol/m3/Pa] is the solubility Henry’s constant (Sander, 2015),
evaluated at the liquid temperature.

By introducing an overall mass-transfer coefficient K, (Thibodeaux
and Mackay, 2010), the theoretical SER for aqueous solutions can be
calculated as follows:

o (e G
SER=K, ( Ct (11
Aeg
kaLAeq
K=—"1>"%9 12
S 12)
P: (T) ey
Aeg={ RTCigy (13)
Ku

Two formulas for A, are presented in Eq. (13), with the selection of the
appropriate formula based on whether Raoult’s law or Henry’s law is
employed for the calculation of equilibrium concentrations. The con-
centration of the VOC in the bulk of the gas phase (Cf4S) is conserva-
tively assumed to be equal to the inlet concentration, i.e. equal to zero
for VOCs, in the case of WT. Due to the different geometry of the system,
for the FC, it is considered equal to the outlet concentration, consistent
with the hypothesis of perfect mixing in an ideal Continuous Stirred-
Tank Reactor (CSTR) system.

To estimate the outlet concentration, the same mass balance
described in equation (1) is imposed on the hood, using the same cor-
relation for both WT and FC, and considering Ci; = 0 for VOCs:

KA (cng - ﬁ)

Aegq
Cour =
Q

14)
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3. Results and critical discussion
3.1. Investigation of the atmospheric motion: field measurements

Wind roses report direction data in sexagesimal degrees with respect
to the geographic north, divided into 16 sectors of 22.5°. In each sector,
the data is further divided into five-speed classes. This way, it is possible
to visualize both low-speed events (more frequent) and wind gusts,
which are less frequent but have more intense speeds. Fig. 3 shows an
example of a few 10-min wind roses in the center of the pool.

For each day, specific graphs are selected to emphasize opposite fluid
dynamic behaviour (all wind roses from the 2D and 3D sonic
anemometer data are available in Supplementary Material S2, Figs. 3
and 4):

- In Fig. 3a and d, an approximately unidirectional behaviour is
observed, comparable to a WT fluid dynamic.

- Fig. 3b and e show an approximately omnidirectional behaviour, as
expected in the FC.

- In Fig. 3c and f, an intermediate behaviour between the two ideal
references is observed.

From a qualitative point of view, in most cases, the wind exhibits a
behavior that is intermediate between the two reference cases. There-
fore, this investigation reveals that atmospheric motion over liquid
surfaces cannot be uniquely described as unidirectional or omnidirec-
tional. Depending on the specific instantaneous anemologic conditions,
the fluid dynamic may be more comparable to WT or to FC. These results
show that it is not possible to exclude a priori one of the two sampling
devices.

Chemosphere 375 (2025) 144242

In addition to the measurements at the center of the pool, mea-
surements are also carried out at the corners, by 2D anemometer, to
examine how obstacles affect wind movement near the liquid surface.
The wind roses elaborated from measurements at the corners with the
2D anemometer are reported in Supplementary Material S2 (Figs. 1 and
2). This investigation reveals that even at the edges it is not possible to
discern whether the real wind behaviour is strictly similar to WT or FC.

3.2. Laboratory tests

3.2.1. Comparison of SER using WT and FC

The comparison of the two sampling systems was conducted by
evaluating the ratio of the SER between WT and FC for each experi-
mental configuration (Fig. 4). It should be noted that data from the 0.5
g/L tests with 2-propanol and n-butanol should be considered with
caution, as these concentrations are close to the detection limit of the
PID instrument.

Firstly, from this evaluation, it turns out a tendency of the WT to
overestimate the ER with respect to the FC, as already discussed by
several literature studies (Hudson and Ayoko, 2009; Tagliaferri et al.,
2020).

Focusing firstly on the pure compounds’ outcomes, the SER ratio is
3.9 for water and 2.5 for n-butanol, revealing a notable disparity be-
tween the findings obtained from the two sampling devices.

A possible explanation is that, for pure substances, the only resis-
tance to emission occurs on the gas side, where diffusion through the gas
film is the mass transfer-controlling phenomenon. As a consequence,
different fluid-dynamics behaviour of the sampling devices may largely
influence the resulting ER.

A different scenario applies to the aqueous VOC solutions, in which a

INTERMEDIATE
WT BEHAVIOUR FC BEHAVIOUR BEHAVIOUR

2 WNW ENE WNW WNW ENE
§ w E E w w . ’- E
= « s *i’ |
o wWsw ESE WSW WsW ‘ ESE
= | -

(a) (b) (c)
D ENE
E WNW WNW
= » -
I
O
I wsw wsw

(d) ()

W 0-05m/s [0 05-1m/s @ 1-15m/s @ 15-2m/s @ 2-7m/s

Fig. 3. Representative wind roses for March 17, 2023 (a,b,c), characterized by weak winds, and March 27, 2023 (d,e,f), a windy day.
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SER comparison for WT and FC
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Fig. 4. SER ratio between WT and FC.

different trend is observed depending on the investigated compound. In
particular, in the case of 2-butanone and acetone, the SERs appear
largely comparable, exhibiting a ratio close to 1; 2-propanol and n-
butanol have a ratio in the range 2-4.5. A possible interpretation can be
made by referring to the theory proposed by Parker (Parker et al., 2010),
in which VOCs are divided into three classes, i.e. Gas-film controlled;
Liquid-film controlled and Gas-Liquid-film controlled, according to the
Henry’s constant value. According to this classification, n-butanol and
2-propanol, i.e. gas-phase controlled compounds, should diffuse rapidly
inside the liquid-film since the mass transfer phenomenon is mainly
controlled by the VOC stripping due to the forced convection promoted
by the gas-side. This explains why, in this case, the influence of the
hood’s fluid dynamics is more pronounced, resulting in higher SER ra-
tios. 2-Butanone and acetone qualify both as gas-liquid-film controlled
compounds, meaning that they exhibit an intermediate behaviour.
Based on the experimental test, for these VOCs, the stripping promoted
by the sampling devices does not appear to be the controlling phe-
nomenon. In other words, the ER of these species appears not to be
affected by the hood’s choice.

Toluene, on the other hand, although is liquid-phase controlled, and
should not be theoretically affected by the airflow, exhibits poor water-
solubility. Indeed, even if the aqueous concentration used in experi-
mental trials is below maximum solubility (Yalkowky et al., 2010),
toluene tends to separate almost instantaneously from the water and
forms oily-like patches on the free water surface. This floating VOC film
results in a similar pure-compounds behaviour, leading to a SER ratio of

Chemosphere 375 (2025) 144242

2.4. By all these considerations it becomes clear how the solubility of
VOC is a key parameter in the evaluation of the sampling devices.

Contrary to solubility, it can be observed (Fig. 4) that, although the
concentration is quadrupled between the two tests (except for toluene
due to its limit of water-solubility, i.e. 0.54 g/L), no substantial differ-
ences in the SER evaluation are observed within the investigated range.

To compare the present experimental data with previous ones,
Table 1 reports a summary of the outcomes of similar studies.

Based on literature data, SER ratios appear to be largely variable,
with some studies reporting significantly higher values (Hudson et al.,
2009; Hudson and Ayoko, 2009; Witherspoon, 2002) than those
observed in this experimental study. The primary differences appear to
be attributable to the use of different hood designs. Specifically, this
research employs a recently developed WT (Tagliaferri et al., 2024a),
characterized by an optimized fluid dynamics and a mixing system of the
outlet flow, and a FC, equipped with a fan to enhance mixing within the
hood.

Moreover, previous studies emphasize that the emission rate is
closely related to the sweep air flow rate, with may induce potential
effects such as wave formation on liquid surfaces (Witherspoon, 2002)
or excessive dilution (CIT) (Navaratnasamy et al., 2004). In line with
recommendations from the existing literature, the operational flow rates
of the devices used in this study are set accordingly (e.g., using a
low-speed wind tunnel to prevent excessive dilution (Frechen et al.,
2004)).

Additionally, when comparing the results of the present research
with those from previous studies involving the same compounds
(Navaratnasamy et al., 2004; Jiang and Kaye, 1996), notable differences
are observed in the preparation of the liquid solution, including the VOC
concentrations and mixing methods. For example, in the study by Jiang
and Kaye (1996), the use of a recirculation pump to continuously mix
the liquid solution effectively eliminates the liquid-side mass transfer
resistance and enhances the solubilization of toluene.

Secondary factors contributing to discrepancies between the avail-
able literature studies include the positioning of the sampling devices
over the emission source, the method used to supply the sweep air, the
sampling time, and the different analytical techniques employed to
measure the outlet concentrations.

Despite the differences between this study and previous research,
some commonalities emerge. For instance, solubility remains a key
parameter. Low-solubility VOCs, in particular, exhibit distinct behavior
when tested in different experimental setups, such as the FC and WT, due
to their reduced ability to dissolve in water and their tendency to
partition into the gas phase. This observation aligns with the findings of
Navaratnasamy et al. (2004) for n-butanol, where the observed SER
ratio is comparable to those obtained in the present study, despite the
VOC concentration in water being approximately four times higher.

To conclude, based on the collected experimental data, in many
cases, depending on the VOC tested, the choice of hood is not binding
with respect to the SER. Furthermore, for the two investigated devices,
even for VOCs where the hood seems to be influential, the SER ratios do
not appear to be as high as shown by some previous literature data
(Hudson et al., 2009; Hudson and Ayoko, 2009), while other studies
report values more consistent with the present findings.

3.2.2. Comparison between theoretical model and experimental data

To assess the performance of the developed theoretical model and to
evaluate its capability to predict the experimental data, the scatter plots
in Fig. 5 report the measured values ER.,, on the x-axis and the emission
rates predicted by the model, ER;;,4, on the y-axis. For the sake of
brevity, as industrial odour emissions from liquid surfaces typically
involve solutions, the results for pure compounds are provided in the
Supplementary Material S3 (Figs. 5 and 6). It should be noted that the
axes in Fig. 5 (a) are “interrupted” to display the behavior of all the
investigated compounds, as the emission rates for toluene are an order of
magnitude higher than those of the other compounds. Fig. 5 (b)
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VOC solution@ 0.5 g/L
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highlights the results obtained at a concentration of 0.5 g/L, with a
detailed focus on compounds other than toluene. In Fig. 5 (c), the results
at a concentration of 2 g/L are presented.

Specifically, the results are presented for all compounds and both
tested concentrations, based on the combination of theoretical correla-
tions, i.e. Sherwood correlation for gas-side mass transfer coefficient
(Sherwood and Pigford, 1975) + Deacon correlation for liquid-side
(Deacon, 1977) + Raoult’s equation, that demonstrated the best per-
formance in predicting the experimental data, as indicated by the sta-
tistical evaluation metrics provided in the Supplementary Material S3
(Table 2; Table 3).

The scatter plots reveal that, except for toluene, the model’s pre-
dictions align very closely with observed values at a concentration of
0.5 g/L, especially for FC, indicating a strong accuracy in this range. A
tendency for the theoretical model to underestimate observed values is
observed at a concentration of 2 g/L, particularly for WT. Therefore, the
model demonstrates more consistent performance at lower concentra-
tions, while at higher concentrations, potential adjustments could
enhance its accuracy further.

The theoretical approach exhibits for toluene the highest deviations
from the measured values: this can be correlated to the low aqueous
solubility, which can cause local demixing and VOC superficial layering.

In addition, the model appears to be consistent for the FC scenario,
showing only limited deviations from the experimental data. In the case
of the WT, the model exhibits lower performance, this could be partially
ascribed to the WT’s challenging estimation of CS45. In fact, associating
the FC to a CSTR-type behaviour, the assumption of C45 = C,,; appears
to be more robust and justified from a theoretical point of view; instead,
in the WT, it is more difficult to set this parameter even on a theoretical
basis.

To assess the capability of the theoretical model to predict the
experimental data, the statistical evaluation metrics (Chang and Hanna,
2004; Gustafson and Yu, 2012; Hanna and Chang, 2015) are reported in
Table 2, both by including all the compounds tested and by excluding
toluene.

In the case of the WT, based on the statistical metrics calculated using
all the tested compounds, the theoretical model shows a tendency to
underestimate observed values: FB of 1.00 indicatess that the observed
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Table 2
Statistical evaluation metrics for wind tunnel and flux chamber.
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Fractional Bias Geometric Mean (MG)

Normalized Mean Square Error

Normalized Mean Bias Geometric Variance (VG) Factor of Two

(FB) [-] [mol/s] (NMSE) [-] (NMB) [-] [mol?/s?] (FAC2) [-]
WT 1.00 2.28 9.09 -0.67 2.86 0.56
FC —0.06 1.10 0.12 0.06 1.04 1.00
WT - no 0.48 2.13 0.42 —0.38 2.57 0.63
toluene
FC-no 0.17 1.13 0.13 -0.16 1.05 1.00
toluene

values considerably exceed model predictions. MG value (i.e. 2.28 mol/
s) reveals the model’s tendency to underestimate by a factor of two the
experimental data. This underestimation is further confirmed by the
NMSE of 9.09, which indicates a substantial discrepancy between
observed and predicted values. The FAC2 implies that more than 50% of
predictions fall within a factor of two of the observed values, reflecting
acceptable accuracy. Conversely, the FC model shows a strong agree-
ment with the observed data, with the evaluation metrics nearly
reaching the ideal values. For instance, when considering the statistical
indices calculated with all the tested compounds, a FAC2 of 1.00 shows
that 100% of predictions are within a factor of two of the observed
values, suggesting strong predictive reliability.

In general, good model performance is indicated by a FB ranging
from —0.67 to 0.67 (& a factor of 2), a NMSE of less than about 4
(corresponding to scatter within twice the mean), and a FAC2 exceeding
roughly 50% (Chang et al., 2005). The theoretical model for FC fully
meets all these performance criteria, demonstrating robust predictive
accuracy across the specified metrics. In contrast, the WT model, eval-
uated by the indices estimated for all investigated compounds, satisfies
the optimal criterion only for FAC2, with 56% of predictions falling
within a factor of 2, yet does not meet the desired thresholds for the
other parameters.

The previous discussion pertains to the overall indices, calculated by
considering all experimental and theoretical data without differenti-
ating between the various compounds or concentration levels tested.
The discrepancies observed in the WT model metrics are largely
attributed to the behavior of toluene, which significantly influences the
overall performance. Indeed, when the statistical metrics are calculated
excluding toluene, the WT model demonstrates a much more consistent
alignment with the experimental data. In this case, all indices fall within
the optimal range. For instance, FB and NMSE show a significant
decrease, with values approaching the ideal value.

4. Conclusions

Given the ongoing debate within the scientific community about the
optimal sampling device for passive area sources, this study provides an
experimental comparison between the FC and a recently developed WT
design.

The results of anemoscopic field tests in the nearby a liquid surface
reveal that it is not possible to discriminate the sampling system a priori,
based on the real atmospheric behaviour at the free surface of a quies-
cent liquid surface: depending on the specific instantaneous conditions,
the fluid dynamic may be more comparable to a WT or a FC. In most of
the cases, results indicate that the real wind behaviour is intermediate
between a unidirectional (WT) and an omnidirectional (FC) flow.

In addition, experimental trials are carried out to compare SERs
provided by the two sampling devices. The outcomes reveal that WT’s
SER is largely comparable to FC one in the case of highly soluble com-
pounds, giving a SER ratio in the range 1 + 1.5. Instead, in the case of
gas-phase controlled species (n-butanol) or VOCs with low solubility in
water (toluene), WT outcomes overestimate with respect to FC, con-
firming what is reported in the literature. In these cases, SER ratios range
from 2 to 4.5. Water solubility is confirmed to be a main parameter for
the VOC emission from aqueous solutions.

Despite this study highlights the impossibility of unequivocally
establishing which of the two devices is more appropriate, it emphasizes
that:

1. in some situations, the estimated ERs of different hoods are essen-
tially analogous;

2. the highest SER ratios belong to low-solubility VOCs, reaching a
value of 4 and not the exceptionally high values present in the
literature.

The theoretical model developed highlights a good overall trend in
predicting the experimental data, particularly for the FC system, where
it aligns closely with experimental data. For the WT case, the model’s
performance is somewhat limited by the difficulty in defining a unique
and physically robust value for bulk concentration of the gas-phase. At
0.5 g/L concentration, the model is more accurate, with a slight un-
derestimation at 2 g/L. The discrepancies observed for toluene can be
ascribed to the significant non-ideality of its mixture with water, which
affects the accuracy of the model’s predictions. Excluding toluene from
the analysis improves the model’s consistency for the WT, with statis-
tical evaluation metrics approaching optimal values. The FC model
consistently meets all performance criteria, indicating strong predictive
reliability.

In conclusion, the results of the present study demonstrate that, in
some situations, the choice of sampling device can lead to different
emission estimates, which is crucial for regulatory impact assessments
where such data are used as input for dispersion models. The selection of
the sampling method could influence these outcomes, potentially
impacting regulatory decisions and mitigation strategies. Determining
the most appropriate method is challenging, as varying behaviors are
observed depending on the physicochemical characteristics of the VOCs.
In the absence of specific guidelines, WT tends to provide more con-
servative estimates compared to FC, which may be relevant for regula-
tory contexts. However, the experimental tests comparing SER
estimations from the two sampling devices are all conducted in the
controlled environment of a laboratory with aqueous solutions of a
single compound with known concentration. To better reflect real-world
conditions, in which the source is typically characterised by a complex
VOCs mixture, additional tests comparing WT and FC should be con-
ducted during a real-field sampling.

Future developments of the theoretical model might be focused on
estimating the bulk concentration in the gas phase of the WT and
assessing activity coefficients, particularly in the case of strongly non-
ideal mixtures (e.g. toluene), which are currently the most challenging
parameters to estimate.
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