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A B S T R A C T 
Wastewater treatment plants are sources of hydrogen sulfide in urban 
environments. This compound, at certain concentrations, may be 
associated with compromising the health and well-being of populations 
living near such sources, characterized by diffuse emission, which 
makes it difficult to quantify. The portable wind tunnel is one of the 
devices used to measure this type of emission; however, this equipment 
is not capable of simulating all significant mass transport phenomena. 
Thus, this study investigated mass transfer at the liquid-gas interface 
of hydrogen sulfide by estimating the global mass transfer coefficient 
within the portable wind tunnel. The inlet flow rate into the system 
ranged from 600 to 1,800 L min-1, and the analysis of concentration 
decay in the liquid phase was performed using spectrophotometry. 
The observed exponential decay is consistent with the adopted 
hypotheses; however, no significant variation in the mass transfer 
coefficient was observed for different system operation flow rates. 
The average value found was 2.70×10-5±2.99×10-6 m s-1. In summary, 
this study contributed to understanding the mass transfer of hydrogen 
sulfide in wastewater treatment environments using a portable wind 
tunnel as an experimental tool.

Keywords: hydrogen sulfide; volatilization; portable wind tunnel; odor; 
mass transfer coefficient.

R E S U M O
Estações de tratamento de esgoto são fontes de sulfeto de hidrogênio em 
ambientes urbanos. Este composto, em determinadas concentrações, 
pode estar associado ao comprometimento da saúde e bem-estar das 
populações que residem próximas a tais fontes, caracterizadas por sua 
emissão difusa, o que dificulta sua quantificação. O túnel de vento 
portátil é um dos dispositivos aplicados na mensuração deste tipo de 
emissão, porém, este equipamento não é capaz de simular todos os 
fenômenos significativos para o transporte de massa. Desta forma, este 
estudo investigou a transferência de massa na interface líquido-gás do 
sulfeto de hidrogênio, estimando o coeficiente global de transferência 
de massa no interior do túnel de vento portátil. A vazão de entrada 
no sistema variou entre 600 e 1,800 L min-1 e a análise do decaimento 
da concentração na fase líquida foi realizada por espectrofotometria. 
O decaimento exponencial observado é condizente com as hipóteses 
adotadas, entretanto, nenhuma variação significativa no coeficiente 
de transferência de massa foi observada para diferentes vazões de 
operação do sistema. O valor médio encontrado foi de 2,70×10-

5±2,99×10-6 m s-1. Em resumo, o presente estudo contribuiu para a 
compreensão da transferência de massa do sulfeto de hidrogênio em 
ambientes de tratamento de efluentes, utilizando um túnel de vento 
portátil como ferramenta experimental.

Palavras-chave: sulfeto de hidrogênio; volatilização; túnel de vento 
portátil; odor; coeficiente de transferência de massa.
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Introduction
Odor is a response perceived through the reaction to a chemical 

stimulus in the human olfactory system. Although it is not necessarily 
associated with toxic or harmful effects on human health, it does cause 
discomfort to well-being.

A potential source of odor emissions in urbanized areas is waste-
water treatment plants (Teixeira et  al., 2018) due to the emission of 
odorous compounds with low perception thresholds, including sulfur, 
nitrogen, and volatile organic compounds (VOCs), such as hydrogen 
sulfide (H2S), methanethiol, ammonia and methylamine (Jiang et al., 
2017; Vitko et al., 2022). Passive surfaces such as treatment ponds are 
common in these plants and are characterized by the fact that there is 
no forced gas flow within the liquid phase.

Among the various compounds emitted, H2S is commonly relat-
ed to odor emissions in wastewater treatment plants. In addition, this 
compound has been used as an indicator for odor emissions in waste-
water treatment plants due to its low odor perception threshold and 
because it is easy to monitor, as there are specific sensors for this gas. 
Consequently, H2S levels can be continuously monitored (Suffet and 
Braithwaite, 2019; Vitko et al., 2022).

Determining the emission rate of odorous compounds is an im-
portant aspect of truly understanding the environmental impacts and 
health effects on populations exposed to the aforementioned sourc-
es. There are three methods for estimating the odor emission rate: 1. 
Use of empirical or theoretical models based on the physics of mass 
transfer (Deacon, 1977; Mackay and Yeun, 1983; Gostelow et al., 2001; 
Prata et al., 2018b), 2. Application of indirect methods with the aid of 
meteorological measurements (Tran et al., 2018) and 3. Direct method, 
using enclosing equipment over a part of the emitting source (Guillot 
et al., 2014; Prata et al., 2018b).

The use of indirect techniques is costly due to the large number 
of samples or measurements to be taken (Hudson and Ayoko, 2008b; 
Capelli et al., 2013), as well as the need for simultaneous monitoring of 
meteorological conditions. Empirical and theoretical models are deter-
mined through laboratory experiments and simplifying assumptions 
applied to the physical principles of mass transfer, and the equations 
are only applicable to the conditions in which these assumptions are 
real (Prata et al., 2018b). Due to these limitations, direct methods have 
been widely studied to determine the emission rate of odorous com-
pounds on passive surfaces (Prata et al., 2014, 2016, 2018a; Andreão 
et al., 2019; Lucernoni et al., 2017).

The portable wind tunnel (PWT) is one of the enclosing devices 
used in the direct method and, according to Hudson et al. (2008a), due 
to the relationship between wind speed and emission rates presented in 
the study, the wind tunnel has the potential to better simulate natural 
emission processes compared to other direct methods. However, re-
search conducted using the PWT indicates that this device cannot rep-
resent all the factors relevant to the emission process (Liu et al., 2022). 
Therefore, studies are needed to understand the flow and mass transfer 

inside these devices, and one way to understand the behavior of enclos-
ing devices is by quantifying mass transfer under controlled conditions.

Laboratory mass transfer studies for compounds dominated by gas 
and liquid phases have been conducted using a dynamic flux chamber 
(Prata et al., 2018a). However, for PWT, the literature points to exper-
iments conducted only for compounds dominated by the gas phase or 
analyses conducted by the gas phase (Liu et al., 2015; Lucernoni et al., 
2017), and there are no studies that quantify mass transport for com-
pounds dominated by the liquid phase in a controlled environment.

Knowledge of the PWT behavior is of paramount importance in 
environmental engineering since the development of this device can 
be used to quantify the emission of useful odor to develop standards 
that establish the limit amount of odor emission of a given passive sur-
face that mitigates the impact on populations near emitting sources. 
The  use of PWT as a device for monitoring emissions from passive 
liquid sources reduces three types of problems: social, such as the pop-
ulation’s dissatisfaction with local development; economic, such as the 
devaluation of real estate due to odor; and environmental, related to 
the emission of odorous compounds into the atmosphere.

In light of this, understanding that H2S is a compound commonly 
emitted in wastewater treatment plants and normally used as an indi-
cator for odor quantification due to its low perception threshold, and 
given that mass transfer has been investigated within the PWT, this 
study aims to carry out laboratory mass transfer experiments for H2S 
using spectrophotometry in the liquid phase, in order to broaden the 
understanding of the device’s behavior.

Methodology

Configuration of the experimental apparatus
Figure 1 shows a schematic diagram of the entire system compris-

ing the wind tunnel, showing, from left to right, the frequency inverter, 
the fan, the activated carbon filter, the vortex flow meter, and the PWT. 
The latter consists of the flow development pipe, expansion zone, test 
section, contraction zone, and sampling zone. The experiments were 
conducted using the PWT of Wang et al. (2001), which differs from the 
tunnel developed by Jiang et al. (1995) by the extension and curvature 
of the gas phase sampling region, promoting better mixing of the com-
pounds emitted by the passive surface with the reference gas inserted 
into the tunnel. The PWT was made of acrylic and its main section was 
250 mm high, 800 mm long, and 400 mm wide.

The air supply to the interior of the equipment was provided by a cen-
trifugal exhaust fan coupled to a three-phase motor (WEG W22, 2 HP, 3500 
RPM). A frequency inverter (WEG CFW 300) was installed to control the 
fan rotation and allow tests using different inlet flow rates. An activated car-
bon filter was used to ensure a clean air supply for the system. The entire sys-
tem was interconnected by corrugated pipes, and during the experiments, 
the wind tunnel was positioned over a 5 cm deep reservoir, where the ends 
of the reservoir fitted into the ends of the lower section of the test zone. 
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During the experiments, the system was inflated so that the gas mixture 
was released directly into the atmosphere, following operating parameters 
close to those expected in the field.

Measurement of flow conditions inside the apparatus
A thermometer (Soma 025) was used to measure the temperature 

of the liquid phase, and a thermohygrometer (Minipa MT-241) was 
installed at the beginning of the sampling section to measure the tem-
perature and humidity of the gas phase. In addition, a thermohygrom-
eter (Minipa MTH-1300) was positioned externally near the PWT to 
measure the temperature and humidity of the laboratory. A vortex flow 
meter (Yokogawa DY050-JBLAA1-2D/SCT) was used to monitor the 
flow in the system. The chosen carrier gas was atmospheric air.

Determination of the mass transfer coefficient
The two-film theory, proposed by Whitman in 1923, indicates that 

the mass flow at a liquid-gas interface can be calculated using Equa-
tions 1 and 2.
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It can be seen that the flux (J) is the transport of mass through the 
interface area and, by rewriting Equation 1 as a function of the rate of 
mass change of the compound, Equation 3 is obtained (Arogo et al., 
1999), as follows:
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Where:
M = mass of the compound (kg); 
KL = global mass transfer coefficient (m s-1);
Abase = emitting area enclosed by the equipment (m2);
CL and CG = liquid and gas phase concentrations (Kg m-3), respectively;
KH = Henry’s dimensionless coefficient; and

t = time

Since the experiments were conducted in the liquid phase, the 
variation in the mass of the compound over time implies the variation 
in the compound concentration in the liquid phase. Therefore, Equa-
tion 3 can be rewritten in terms of compound concentration of interest 
in the liquid phase, and Equation 4 is obtained.
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Once the carrier gas is filtered through an activated carbon system 
before reaching the liquid interface, it is understood that the concen-
tration value in the gas phase will be much lower than it is in the liquid 
phase, making it possible to cancel out the CG. Thus, Equation 4 was 
developed leading to Equations 5 and 6 by applying the limits of in-
tegration for concentrations, considering initial concentration in the 
liquid phase (C0) and final concentration in the liquid phase after a 
certain time (CL (t)), in which time varies from t0 =0 to t.

ln (CL(t)C0
) =-KL

Abase
V t

 
(5)

CL(t)=C0e
-KL

Abase
V t

 (6)

Equation 6 represents the decay of the concentration in the liq-
uid phase, in which the exponential coefficient refers to the speed 
at which the decay occurs. Therefore, knowing all the variables in 
the equation, it is possible to determine the KL by fitting an expo-
nential profile curve to the periodic measurements taken in each 
experiment.

Thus, ultraviolet-visible (UV-VIS) spectrophotometry was used 
to determine the concentration of the compound. In order to ensure 
that the measured absorbance is only the result of wavelength inter-
actions with the substance, a zero-concentration cuvette (blank) us-
ing the same solvent (deionized water) is used as a reference. Conse-
quently, all measurements were compared with the blank before they 
were actually measured.

Figure 1 – Schematic diagram of the portable wind tunnel.
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To analyze H2S, according to Arogo et al. (1999), when this com-
pound is diluted in an aqueous solution, it dissociates into three ions 
present in the solution, namely H+ (hydrogen), HS- (hydrogen; sul-
fur), and S-

2 (sulfur). However, the mass fractions of these ions vary 
according to the pH of the aqueous solution. Unlike the ions present 
in the solution, only H2S can be emitted into the atmosphere, so it is 
necessary to ensure that only H2S is present in this solution. There-
fore, by keeping the pH<5, only H2S will be present in the aqueous 
solution. The literature shows that spectrophotometry measures this 
compound by measuring the HS- ion. Thus, if it is kept at a pH be-
tween 10 and 14, only the HS- ion will exist in the aqueous solution 
(Arogo et al., 1999). Considering that the pH of the aqueous solution 
was maintained at approximately 4 during the experiment, it is pos-
sible to state that the total sulfur concentration is equal to that of H2S 
in the liquid phase.

Experimental procedure
H2S is a compound dominated by the liquid phase, since its KH 

has a value of 3.64 x 10-1 at a temperature of 20°C in the literature. 
This characteristic implies that the properties of the liquid phase in-
fluence the transfer of the compound more significantly than the gas 
phase. Thus, monitoring the liquid solution is extremely important to 
understand the mass transfer of this odorant compound.

Spectrophotometry at a wavelength of 231 nm was used for H2S 
(Pouly et al., 1999; Santos et al., 2012). However, H2S is not found nat-
urally in the liquid phase, and chemical reactions are required to form 
this compound in the aqueous phase. H2S (M=34.08 g mol-1)  is formed 
by mixing sodium sulfide (Na2S, M=78.05 g mol-1) with water (H2O) 
according to the chemical reaction described below. However, for the 
calibration and subsequent experiment, Sigma-Aldrich sodium sulfide 
nonohydrate (Na2S ∙ 9H2O, M=240.18 g mol-1) was used, which has a 
different molar mass and consequently changes the amount of mass to 
be used to generate the same concentration of H2S.

Na2S + 2 H2O ↔ H2S + 2 NaOH

As the initial concentration of the experiment would be 5 mg L-1, 
the calibration for the measurement with the spectrophotometer was 
conducted with six known concentrations, ranging from 1.0 to 6.0 mg 
L-1 varying by 1.0 mg L-1 among solutions. Therefore, a mother solution 
with a concentration of 1,000 mg L-1 was created and each reference 
solution was generated from it. It is worth noting that each solution 
obtained by diluting the mother solution was made just before the 
measurement, in order to reduce the effects of compound degradation.

Before the measurements with H2S, two drops of a sodium hydrox-
ide solution were inserted to ensure that only all the sulfide measured 
came from the ion HS- (pH≈11). Such alkalinization is necessary be-
cause the 231 nm wavelength is capable of quantifying HS- (Pouly et al., 
1999; Santos et al., 2012) present in the solution. According to Arogo 

et al. (1999) the aqueous solution pH indicates the fraction of sulfur 
compounds in it, and for pH≈10 the solution contains only HS- as a 
sulfur compound.

The laboratory was previously prepared for the experiment. 
The  spectrophotometer was switched on first, as it needs at least 
15 minutes to start up, as indicated in the equipment manual. Then the 
balance was also switched on, with a waiting time of 30 minutes before 
weighing the Na2S. The same reaction used to calibrate the spectropho-
tometer was used to generate 16.3 L (reservoir volume) at a concentra-
tion of 5 mg L-1.

According to Arogo et al. (1999) the H2S solution can dissociate 
into HS- e S2- depending on the pH of the aqueous solution. There-
fore,  the solution was acidified with sulfuric acid (H2SO4) while 
maintaining pH=4, measured with reactive strips, so that only H2S 
is present in the tank. However, before each measurement, a drop of 
a 0.3 mol L-1 solution of NaOH was added to the cuvette to increase 
the pH to a range above 10.0 (pH≈11), also measured with reactive 
strips, so that only the HS- ions remained in the sample. This proce-
dure was adopted because the HS- ion responds satisfactorily to the 
231 nm wavelength. Consequently, measurements were made based 
on the concentration of HS-.

Three tests were conducted for the H2S at three different flow 
rates: 600, 1,200 and 1,800 L min-1, giving average velocities in the 
inlet pipe of respectively 1.27, 2.55, and 3.82 m s-1; and average ve-
locities of 0.1, 0.2, and 0.3 m s-1 in the PWT test section, respective-
ly. For each test, an initial measurement of the H2S concentration in 
the liquid phase conducted out with the entire system assembled, but 
without the fan starting up. After the fan was started by means of the 
frequency inverter, a 10-minute stabilization period was adopted be-
fore measurements, which were taken approximately every 25 min-
utes, considering the time of the measurement of the first point as a 
reference. The 10-minute stabilization time was adopted as 75-fold 
the value of the characteristic time obtained by the ratio between the 
volume of the main section and the lowest flow rate applied. To col-
lect the samples, a 4 mL volumetric pipette was used, with a diame-
ter capable of passing through the holes in the tunnel and sufficient 
length to collect the samples close to the liquid-gas interface. Sam-
ples were taken by pipetting the liquid close to the surface layer and 
adding it to the cuvette after it had been prepared by double rinsing 
with the solution sampled at the time. Sampling was conducted in 
sequence from point 1 to point 6, where two samples were taken at 
each point in each series.

Results and Discussion

Mass transfer coefficients
As explained in the Method section, tests were conducted with 

three different flow rates (600; 1,200; and 1,800 L min-1) and, for each 
test or flow rate, three repetitions were conducted on three consecutive 
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days, one test each day. Six points were sampled in each test and for 
each repetition. The relative humidity inside the apparatus averaged 
49.6%, with a maximum of 55.0% and a minimum of 47.0%. The tem-
perature values were analyzed separately. The temperature of the liquid 
phase averaged 20.5°C, with a maximum of 25.3°C and a minimum of 
17.4°C, while the temperature inside the tunnel averaged 22.5°C, with 
a maximum of 26.2°C and a minimum of 20.0°C.

Curve fitting presentation
Figure 2 shows the concentration decay, dimensionless by the ini-

tial concentration of each test conducted. It is worth noting that two 
measurements were taken before the fan was started and they differ 
from each other. The first measurement was taken as the reference for 
dimensionless, resulting in different values of 1.0 on the ordinate of 
each graph.

y: fitting equation; R2: coefficient of determination.
Figure 2 – Exponential adjustment for the mean of all points to obtain the global mass transfer coefficient.

(A) Test 1 (B) Test 2

(C) Test 3
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It can be seen that the exponential fitting was satisfactorily adapted 
to the decay of the compound concentration in the liquid phase, where 
the coefficients of determination (R2) varied between 0.922 and 0.977 
which, in an initial analysis, allow the KL values to be determined using 
the methodology described, as the adjustment fits Equation 6.

By applying the natural logarithm to the expression obtained with 
the exponential fit (Equation 6), it is possible to carry out the linear fit 
(Equation 5), where the angular coefficient of the line is the value of KL 

multiplied by the ratio of the surface area and the volume of the liquid 
solution. It is worth noting that, as described in Equation 5, an equa-
tion in the form of y=ax is expected, in which y=(

CL(t)
C0

) (V
A
) and a=KL. 

For this reason, during the post-processing of the data, an adjustment 
was applied to the equations obtained, in which the intersections were 
forced to coincide at the origin. This adjustment brought the adjusted 
equations into line with the equations deduced from the hypotheses 
adopted. These graphs and adjustments are shown in Figure 3.

y: fitting equation; R2: coefficient of determination.
Figure 3 – Linear adjustment to the mean of all points to obtain the global mass transfer coefficient with forced intersection.

(A) Test 1 (B) Test 2

(C) Test 3
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Values of the R2 were lower for the cases in which the intersection 
was adjusted to the origin, but they were still high.

Analysis of the variation in the global mass transfer  
coefficient between each flow rate and each sampling point

In test 1, the coefficient of variation is between 4.7 and 11.3%, with 
the highest value at point 5. In test 2, however, despite the low coeffi-
cient of variation at point 6, there is a general increase in variability, 
with coefficients varying between 4.7 and 11.4%, with the highest value 
at point 4. The highest coefficients of variation are observed in test 3, 
where they are between 8.5 and 16.0%, with the highest value at point 
1 (Tables 1, 2 and 3).

Table 1 – Values of global mass transfer coefficient (m s-1) for hydrogen 
sulfide. Test 1 with forced intersection at the origin.

Point Test 1.1 Test 1.2 Test 1.3 Mean SD CV

1 3.04E-05 3.33E-05 2.95E-05 3.11E-05 1.99E-06 6.4%

2 2.82E-05 2.99E-05 2.68E-05 2.83E-05 1.55E-06 5.5%

3 2.96E-05 3.22E-05 2.82E-05 3.00E-05 2.03E-06 6.8%

4 2.81E-05 2.68E-05 2.56E-05 2.68E-05 1.25E-06 4.7%

5 3.16E-05 3.13E-05 2.57E-05 2.95E-05 3.32E-06 113.0%

6 2.76E-05 2.46E-05 2.33E-05 2.52E-05 2.21E-06 8.8%

SD: standard deviation; CV: coefficient of variation.

Table 2 – Values of global mass transfer coefficient (m s-1) for hydrogen 
sulfide. Test 2 with forced intersection at the origin.

Point Test 2.1 Test 2.2 Test 2.3 Mean SD CV

1 2.75E-05 3.30E-05 2.83E-05 2.96E-05 2.97E-06 10.0%

2 2.49E-05 2.99E-05 2.81E-05 2.76E-05 2.53E-06 9.2%

3 2.54E-05 3.04E-05 2.50E-05 2.69E-05 3.01E-06 11.2%

4 2.43E-05 3.00E-05 2.54E-05 2.66E-05 3.02E-06 11.4%

5 2.41E-05 2.77E-05 2.67E-05 2.62E-05 1.86E-06 7.1%

6 2.44E-05 2.61E-05 2.39E-05 2.48E-05 1.15E-06 4.7%

SD: standard deviation; CV: coefficient of variation.

Table 3 – Values of global mass transfer coefficient (m s-1) for hydrogen 
sulfide. Test 3 with forced intersection at the origin.

Point Test 3.1 Test 3.2 Test 3.3 Mean SD CV

1 2.66E-05 2.24E-05 3.09E-05 2.66E-05 4.25E-06 16.0%

2 2.70E-05 2.54E-05 3.00E-05 2.75E-05 2.34E-06 8.5%

3 2.74E-05 2.35E-05 3.04E-05 2.71E-05 3.46E-06 12.8%

4 2.16E-05 2.32E-05 2.62E-05 2.37E-05 2.34E-06 9.9%

5 2.47E-05 2.02E-05 2.74E-05 2.41E-05 3.64E-06 15.1%

6 2.58E-05 2.23E-05 2.80E-05 2.54E-05 2.87E-06 11.3%

SD: standard deviation; CV: coefficient of variation.

An initial analysis showed that the points located just after the ex-
pansion section had higher average KL values. This behavior can be 
explained by the jet effect caused by the curvature of the development 
pipe, as explained by Siqueira (2022), which accelerates the flow gen-
erating a slight disturbance at the beginning of the section, but does 
not form a wave on any scale. Despite this substantial increase at the 
start of the test section, the standard deviation of the measurement at 
each point should be analyzed to check whether the values are within 
the same range or whether the values are actually higher in this region.

Figure 4 shows the average values of the KL for each point in each test 
conducted. In Figure 4A, all the mean values obtained at each point in test 
1 are higher than those in test 2. The values for test 2, except for points 3 
and 6, are higher than those for test 3. In addition, in tests 1 and 2, points 
1, 3, and 5, on the right side of the tunnel in the direction of the flow, have 
higher average KL values than points 2, 4, and 6 on the left side of the 
PWT, which indicates a possible asymmetry in the mass transfer inside 
the tunnel.Despite the trends observed, it can be seen that the standard 
deviation, represented by the lines in the upper region of the bars, does 
not differ from test to test and consequently all the points can be repre-
sented by a mean value of the three tests at the same point. Thus, Figure 5 
shows the mean values between all the tests for each point measured, 
in which it is observed that the average KL values of the odd-numbered 
points (right side of the tunnel) are slightly higher than the even-num-
bered points (left side of the device). To verify this hypothesis, we applied 
the one-tailed F-test with a 95% confidence interval. This hypothesis was 
confirmed only for test 1 (p<0.05), but was invalid for the other two tests. 
In summary, despite the general trend, the difference in KL mean values 
between odd and even points was only statistically significant for the first 
test. This suggests that, under specific conditions, there may be a slight 
asymmetry in mass transfer within the wind tunnel, but this difference 
does not remain consistent in all the tests conducted.

It should also be noted that although mean values are different from 
each other, the standard deviations for the measurements taken, represented 
by the error bars in Figure 5, show a range that covers all the points. Thus, it 
is understood that there was no spatial variation in the KL, in which KL can be 
considered the same over the liquid surface for the experiments conducted.

Consequently, knowing that the mass transfer values did not vary 
spatially and among the flow rates studied, Figure 6 shows the con-
centration decay curve for all the tests, which shows R2=0.935. There-
fore, by linearly adjusting the equation in logarithmic form for all the 
tests and forcing the adjustment to the origin, the KL value of H2S is 
obtained for the PWT for measuring odorous compounds, in which 
KL=2.70 x 10-5 ± 2.99 x 10-6 m s-1.

Comparison between experimental global mass transfer 
coefficient and that estimated by empirical models

Empirical models aim to determine the KL for the liquid and gas 
phases, respectively KL and KG, in order to obtain the KL, by fitting 
curves obtained from experimental methods.
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Figure 4 – Mean of the global mass transfer coefficient values (A) for each point with the adjustment at the intersection for the wind tunnel sampling points (B).

Figure 5 – Global mass transfer coefficient values with the mean of all the 
tests for each point.

However, these models were developed for application in real 
cases, i.e., ponds with certain dimensions and wind speeds consistent 
with reality. Therefore, in this work, the comparison of the obtained 
KL with the mass coefficients determined using dimensions and flow 
conditions within the empirical models was conducted to differentiate, 
in order of magnitude, what was measured in the PWT compared to 
analogous situations in the field.

Thus, in order to understand the behavior of the wind tunnel, em-
pirical models were applied with parameters similar to those used in 
the laboratory experiment. However, as the friction velocity was not 

estimated in the experiments, this parameter was based on Siqueira 
(2022), who conducted numerical simulations with PWTs of the same 
geometry, dimensions, and flow conditions, in which the contact sur-
face was considered a flat plate. The experimental KL values and KL 
values from the main models in the literature are shown in Table 4.

Gostelow et  al. (2001) showed the greatest proximity to the val-
ues found experimentally in tests 2 and 3, with all coefficients being in 
the same order of magnitude. After Gostelow et al. (2001), the model 
that presented coefficients closest to those measured in the laboratory 
were found by US EPA (1994). For the tunnel conditions applied to this 
model, mass transfer was dominated only by diffusion, which justifies 
the close values for the various flow rates, but the KL values were around 
5 to 6-times higher than the coefficients obtained in the experiments.

Prata et al. (2018b) showed lower values for lower flow rates, which 
is expected, due to the proportionality of the friction speed. Howev-
er, the KL obtained in the laboratory for H2S were between 5.8 (test 3.2) 
and 16.4 (test 1.1) times higher than the KL obtained by the empirical 
model. Mackay and Yeun (1983) presented the model with the greatest 
variation in KL, in which experimental values were between 4.8 and 
17.5 times greater than those calculated by the model.

The numerical discrepancies in KL values between the empirical 
models and the experiment can be explained by a number of factors, 
such as differences in the uncontrolled variables (temperature, hu-
midity, and atmospheric pressure), the scale of experiments, and the 
geometry of the apparatus. These differences can affect the flow and, 
consequently, not accurately simulate the real conditions in which the 
mass transfer phenomenon occurs. This phenomenon, in turn, is ex-
tremely complex and dependent on local conditions, many of which 
are simplified by models to make them more controllable, while practi-

(A) (B)
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Figure 6 – Adjustments considering all the tests to evaluate (A) concentration decay with exponential adjustment and (B) the obtention of the global mass 
transfer coefficient with linear adjustment and forced intersection at the origin, applied to the equation in logarithmic form.

Table 4 – Values of the global mass transfer coefficients (m s-1) 
experimentally obtained and calculated using empirical models.

Test This work
Mackay 

and Yeun 
(1983)

Gostelow 
et al. 

(2001)

Prata 
et al. 

(2018b)

US EPA 
(1994)

1 2.59E-05 1.55E-06 6.03E-06 1.63E-06 4.40E-06
2 2.48E-05 2.95E-06 1.07E-05 2.89E-06 4.40E-06
3 2.36E-05 4.54E-06 1.41E-05 3.79E-06 4.40E-06

cal experiments can provide more detail. Thus, it is essential to realize 
and study the limitations and potential of both methods for a more 
accurate estimate of the coefficients discussed in this work.

The KL values obtained in test 3 (u*=0.097 m s-1) were compared 
to the experimental data presented by Santos et al. (2012) with friction 
speed values of 0.11 m s-1, which gave values of KL equal to 1.28, 2.79, 
and 2.18 (x 10-6 m s-1). Comparing these values with those obtained in 
this study, it can be seen that they were 7.8 to 18.0 times higher than 
those obtained by Santos et al. (2012). Thus, for the conditions studied, 
it can be inferred that the PWT overestimated the values of the KL com-
pared to the main empirical models in the literature.

Conclusions
This study conducted PWT experiments aimed at analyzing the 

mass transfer of H2S emitted from a liquid surface. Samples were col-

lected at six different points in the apparatus. The technique used to an-
alyze the decay of the liquid phase was spectrophotometry and, using 
these values, the KL were calculated for each point.

Analysis of the average KL values indicated there was no significant 
spatial variation in the KL along the PWT. Thus, the mean KL value 
found for H2S was 2.7×10-5 m s-1.

The experimental KL values were compared to the main empirical 
models in the literature. The model by Gostelow et al. (2011) was the 
one with numerical values closest to those obtained in the experiment. 
It should be noted that numerical differences between the experimen-
tal and empirical methods are due to several reasons, including experi-
mental conditions and simplifications employed by the models.

This study has made it possible to understand the H2S mass trans-
fer process inside the PWT and has broadened our knowledge of the 
behavior of this device. Further experimental work on mass transfer 
should therefore be conducted in order to verify the effectiveness of 
emission estimate with the PWT under practical conditions. In addi-
tion, numerical studies can be used considering the KL values found 
in order to observe the influence of geometry on the emission in-
side the PWT. Advances in the study of the method to quantify odor 
emissions may enable standards to be drawn up for the control of 
this pollutant and will facilitate the monitoring of such emissions in 
sanitation companies.
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