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Wind friction is a fundamental parameter in modelling air emissions from passive liquid surfaces at WWTPs. 
This work assessed preliminary discrepancies associated to the use of an empirical equation to estimate 
friction velocities for emission modelling, comparing the mass transfer coefficient calculated by different 
emission models if two distinct approaches are used to address the wind speed range between 1 ms-1 and 6 
ms-1. Other situations related to the operation of the WWTP, which can affect the volatilisation process are 
also discussed. In the wind speed range studied, the inclusion of a different expression for the friction velocity 
can lead to differences of about 20% in the global mass transfer coefficients (assessed here for H2S) and 
therefore in the emission rate, depending on the model applied.  

1. Introduction 

Liquid surfaces without active aeration/intense bubbling commonly featured in wastewater treatment plants 
(WWTP) can be represented by primary and secondary settlement tanks, sequencing batch reactors and 
stabilisation ponds. These surfaces are important sources of air emissions potentially associated with odour 
annoyance to local communities, exposure to harmful compounds and greenhouse effect. Emission from 
passive liquid surfaces is mainly due to the volatilisation of compounds driven by the interaction between the 
liquid-phase and the sweeping wind and is usually estimated by using Equation (1). 
ܬ  = ௅ܭ ቀܥ௅ − ஼ಸ௄ಹቁ          and          ଵ௄ಽ = 	 ଵ௞ಽ + ଵ௞ಸ௄ಹ       (1) 

Where: ܬ  is the emission rate (kg m-2 s-1) or the compound mass flux per unit area; ܥ௅ is the compound 
concentrations (kg m-3) in the bulk liquid phase which can be easily sampled and measured;	ீܥ is the 
compound concentrations (kg m-3) in the bulk gas phase which are usually neglected; ܭு is the Henry`s law 
coefficient and depends on the compound and ambient conditions; ݇௅ and ݇ீ are the liquid-film and the gas-
film mass transfer coefficients (m s-1), respectively, and ܭ௅  is the liquid-phase overall mass transfer coefficient 
(m s-1). Although very simple for the case of stagnant films, the values of ݇௅ and ݇ீ for the actual field 
situation, on the other hand, are not necessarily straightforward, since various physical and chemical 
processes may take place at the air-water interface, for instance: drift currents and sheared boundary layer 
(Feroni et al., 2012); surface divergence (Jähne and Haußecker, 1998); formation of both capillary and gravity 
waves, which may be accompanied by micro and macroscale breaking (Mackay and Yeun, 1983; Jähne and 
Haußecker, 1998); presence of surfactants and surface films (Jähne and Haußecker, 1998); and chemical 
reactions (Blunden et al., 2008). ݇௅ and ݇ீ depend on variables representing wind forcing and molecular diffusion. The wind force can be 
represented by the wind speed at a certain height (Uz) or the friction velocity (ݑ∗). On-site measurements of ݑ∗ 
are not routinely available in most practical applications, but can be calculated based on wind velocity. These 
variables ݇௅ and ݇ீ are calculated using different expressions involving Uz or ݑ∗.  
However, the correlations for ݑ∗were originally developed based on experimental data for wind drag over the 
ocean where the characteristics of the wave field are expected to significantly affect the wind flow near the 
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surface and, consequently, the wind drag (Janssen, 1994; Kudryavtsev et al., 2014). The wind-wave field over 
relatively small liquid surfaces may present differences compared with ocean. Thus, the drag/friction velocity 
formulations established for the ocean do not necessarily apply to liquid surfaces encountered at WWTP. 
Therefore, the aim of this work is to discuss and assess preliminary discrepancies associated to the use of 
empirical equations to estimate friction velocities in order to calculate emission rates associated with passive 
liquid surfaces at WWTPs. 

2. Mass transfer coefficients used in WWTP emissions models 

The most common WWTP emission models are WATER9, TOXCHEM+ and Gostelow et al. (2001), among 
others (Santos et al 2006). The volatilisation removal rates are estimated based on mass transfer coefficient in 
the liquid and gas phases given by different empirical equation in different emission models (Santos et. al 
2012). 

2.1 WATER9 model 
The WATER9 model has been described by USEPA (1994). This is an emission model applied to different 
stages of collection and conveyance in sewer networks and treatment for industrial and domestic wastewater. 
Depending on the treatment stage, some of the removal mechanisms are included, such as: volatilisation from 
quiescent surfaces, mechanically aerated units, weir or drop structures; stripping from units where aeration is 
carried out by air injection (bubbled-aerated) and biodegradation. The mass transfer coefficient in the liquid 
phase (kL) in quiescent surfaces is calculated in WATER9 model by using the expression proposed by 
Springer et al. (1994) as described in USEPA (1994) (Equations 2 to 4). 
 ݇௅ = (10ି଺ݐ2.78) ቆ ௅,௘௧௛௘௥ቇଶܦ௅ܦ ଷൗ

 
0 < U10 < 3.25 m s-1 

and all F/D 
(2) 

 

݇௅ = ൤(2.605݈10ିଽ) ൬ܦܨ൰ + (1.277݈10ି଻)൨ ( ଵܷ଴)ଶ ቆ ௅,௘௧௛௘௥ቇଶܦ௅ܦ ଷൗ
 

U10>3.25 m s-1 
and 14 <F/D <51.2 (3) 

݇௅ = (2.61 × 10ି଻)( ଵܷ଴)ଶ ቆ ௅,௘௧௛௘௥ܦ௅ܦ ቇଶ ଷൗ
 

U10 > 3.25 m s-1 
and F/D > 51.2 (4) 

 
Where: F is the surface length in the wind direction (m), D is the tank depth (m), DL and DL,ether are the 
molecular diffusion coefficient (m2 s-1) of the substance and ether in the water, respectively. U10 is the wind 
speed 10 meters above the liquid surface (m s-1).   
If the fetch-to-depth ration is less than 14 (F/D < 14), kL is determined by the expressions proposed by Mackay 
and Yeun (1983), as described in USEPA (1994) and given by Equations 5 to 6.  
 ݇௅ = 1.0 × 10ି଺ + 144 × 10ିସ(ݑ∗)ଶ.ଶ(ܵܿ௅)ି଴.ହ 0.3 > ∗ݑ m s-1 (U10 < 3.25 m s-1) (5) 
   ݇௅ = 1.0 × 10ି଺ + 34.1 × 10ିସ(ݑ∗)(ܵܿ௅)ି଴.ହ 0.3 < ∗ݑ m s-1 (U10 > 3.25 m s-1) (6) 
 
Where: ScL is the Schmidt number (ܵܿ௅ = ௅ߤ	 ⁄(௅ܦ௅ߩ) ) for the substance in the liquid phase (non-dimensional), 
μL is the dynamic viscosity of water (kg m-1 s-1), ρL is the water specific mass (kg m-3) and ݑ∗ is the friction 
velocity (m s-1), which, in WATER9, is given by the expression proposed by Smith (1980). 
The mass transfer coefficient in the gas phase (kG) is determined as suggested by Mackay e Matsugu (1973) 
as presented in Equation (7). 
 ݇ீ = (4.82	10ିଷ)( ଵܷ଴)଴.଻଼(ܵܿீ)ି଴.଺଻(݀௘)ି଴.ଵଵ (7) 
 
Where: ScG is the Schmidt number (ܵܿீ = ீߤ	 ⁄(ீܦீߩ) ) for the substance in the gas phase (non-dimensional), 
μG is the air dynamic viscosity (kg m-1 s-1), ρG is the air specific mass (kg m-3), DG is the molecular diffusion 
coefficient of the substance in air (m2 s-1) and de = (4A/π)0.5 is the effective diameter (m) of the liquid surface 
and A is the surface area (m2). 

2.2 TOXCHEM+model 
TOXCHEM+ model (Environmega, 2003) was proposed by Melcer et al. (1994). This model includes 
volatilisation from quiescent surfaces, weirs, drop structures and sewer reaches and stripping from 
mechanically aerated surfaces and bubbled-aerated tanks, adsorption and biodegradation.   
These removal mechanisms can be assessed in reactors or units in collection systems and treatment and 
sludge dewatering processes. The mass transfer coefficients in the liquid phase are calculated by using the 
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expressions proposed by Mackay and Yeun (1983) in Equations 5 and 6 whereas the mass transfer coefficient 
in the gas phase is calculated by using the expressions proposed by Mackay and Yeun (1983) in Equation 8. 
 ݇ீ = 1.0 × 10ିଷ + 46.2 × 10ିଷ(ݑ∗)(ܵܿீ)ି଴.଺଻ (8) 

2.3 Gostelow et (2001) model 
Gostelow et al. (2001) presented an emission model including stripping as a removal mechanism in bubble-
aerated tanks and mechanically aerated surfaces and volatilisation in quiescent surfaces, channels, weirs, 
drop structures, and trickling filters (where they suggested the biodegradation mechanism should also be 
included). Gostelow et al. (2001) fit their own correlation to a compilation of data from the literature, obtaining 
expressions for the mass transfer coefficients in the liquid (kL) and gas (kG) phases as presented in Equations 
9 and 10. 
 ݇௅ = ீ݇ ଴.ହ (9)ି(௅ܿܵ)∗ݑ0.0035 =  ଴.଺଻ (10)ି(ீܿܵ)∗ݑ0.04

3. Empirical expression in-built in the WATER9 model to estimate friction velocity over 
liquid surface in WWTPs 

Nearly all expressions used to determine ݇௅ and ݇ீ include ݑ∗, therefore a good estimate of this parameter is 
essential to calculate the emission rate. Equation 11 developed by Smith (1980) is frequently recommended in 
emission modelling guides (Gostelow et al., 2001; ENVIROMEGA, 2003; US EPA, 1994, 2001) and is 
included as a built-in component in the US EPA-endorsed modelling code WATER9 (US EPA, 1994, 2001).  
Smith (1980) presented a correlation for the drag coefficient (air phase over the ocean) as a linear function of 
wind speed at 10 m height under near neutral atmospheric condition (Equation 11). Smith (1980) used high-
frequency wind velocity data measured by an anemometer installed in a floating platform (12.5 m above water 
level) to estimate values of ଵܷ଴ and directly calculate the eddy fluxes of momentum in the surface layer.  ଵܷ଴ 
values were found from 6 m s-1 to 22 m s-1, with long wind fetch and waves propagating in deep-water regime.  
Waves are formed in WWTPs unit processes in which the liquid surface is exposed to wind shear (Figure 1), 
except for very light winds, sheltered surfaces and/or in the presence of surface films and scums. The 
differences between ocean surface and liquid surfaces in WWTP are the very short fetches (most commonly, 
between 5 and 100 m) and the absence of free-propagating waves (swell). Therefore, wind drag and wave 
data obtained for open sea do not necessarily apply for such particular cases. On the other hand, detailed 
wind and wave measurements are not routinely performed in wastewater treatment tanks.  

Table 1:  Expression proposed by Smith (1980) to calculate friction velocity based on wind velocity measured 
at 10m for different ranges of wind speed. 

Expression Wind speed 
range (m s-1) Conditions ݑ∗ = 10ିଶ ଵܷ଴(6.1 + 0.63 ଵܷ଴)଴.ହ (11) 6 ≤ ଵܷ଴≤ 22 

neutral atmospheric condition; long 
wind fetch; deep-water waves. ݑ∗ = ଵܷ଴ ቈ1݇ ݈݊ ቆ10ݖߥ∗ݑ଴ା ቇ቉ିଵ (12) ଵܷ଴ < 6 
neutral atmospheric condition; long 
wind fetch; deep-water waves; ݖ଴ା = 0.11. 

 
The validity of Smith (1980) expression does not include short fetches and low velocities which commonly 
occur in WWTP. The experimental work conducted by Smith (1980) found average waves heights from 0.28 m 
to 1.35 m, which are not verified in short fetch tanks. Furthermore, Smith (1980) also recommend a different 
approach, based on the turbulent logarithmic wind velocity profile over a smooth flat plate (Equation 12), for 
velocities lower than 6 m s-1. This is not mentioned in emission models, which means that modellers use 
Equation 11 for the entire range of wind speed. Figure 2 shows the differences between the calculations 
obtained with Equation 11 compared to Equation 12 for lower wind speeds (U10 < 6 m/s). However, the 
differences in the mass transfer coefficients due to the use of Equation 11 instead of Equation 12 for wind 
speed lower than 6 m/s will depend on the emission model and the wind velocity.  Table 2 shows the 
maximum relative differences in kL, kG, and KL for H2S, produced by using Equation 11 instead of Equation 12 
for the range 1 < U10 < 6 m s-1, comparing three different emission models (the maximum relative differences 
occur at the extremes of the range, 1 m s-1 and 6 m s-1). Considering the global mass transfer coefficient KL , 
these differences varied from -21.0% to +18.9% (Table 2). Nevertheless, it is important to highlight that the 
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expressions proposed are valid only for long fetches and therefore experimental work should be conducted to 
produce a wind friction equation valid for conditions that apply in WWTP tanks. 
 

          
    (a)           (b) 

Figure 1: Near-smooth (a) and wavy conditions (b) for liquid surfaces in an WWTP.  

There are several other issues concerning the use of this expression to calculate ݑ∗ based on Smith (1980): (i) 
waves are formed on the liquid surface depending on wind velocity and geometrical aspects of the liquid 
surface regarding wind direction (Figure 1 (a) and (b)); (ii) scums and foam can occur on the liquid surface 
altering, the interaction with the wind and the mass transfer process (Figure 3 (a) and (b)) and (iii) aerated or 
non-passive surface must be treated differently to calculate mass transfer (Figure 4). 
 

 
Figure 2: Friction velocities as a function of wind velocity at reference height (=10 m) proposed for oceans by 
Smith (1980) for long fetches and neutral atmospheric conditions. The thin solid line indicates the expression 
used in emission models and produced by Smith (1980) for wind speed between 6 and 22 m s-1, and the 
dotted line represents the extrapolation of this same expression for the range between 1 m s-1 and 6 m s-1; the 
thick grey solid line represents the expression for a smooth surface, recommended by Smith for wind speed 
lower than 6 m s-1 

Table 2:  Percent differences (%) for the mass transfer coefficients used in different emissions models 
considering the two formulations proposed by Smith (1980), evaluated at the extremes of the low wind speed 
range. 

Emission model U10 = 1 m/s U10 = 6 m/s 
kG kL KL kG kL KL 

WATER 9 - - - - 18.9 18.9 
Toxchem + -13.1 -10.4 -10.4 7.9 18.9 18.8 

Gostelow et al (2001) -21.0 -21.0 -21.0 8.8 8.8 8.8 
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           (a)                  (b) 
 

         
          (c)                    (d) 

Figure 3: Scum (a) and foam (b) covering the liquid surface. Presence of building (c) and trees (d) that modify 
the wind profile approaching the liquid surface.  

  
                      (a)                                              (b)                                                      (c) 
 
Figure 4: Non passive liquid surfaces: agitation by rotating paddles (a) augment the spiraling flow to create a 
mechanically induced vortex which settles the grit; inlet channel flow (b) showing a hydraulic jump disrupting 
the surface and mechanically aerated  surface (c).  

4. Conclusions 

Emission models usually applied to assess the impact of compounds that volatilise from passive liquid 
surfaces in WWTP tanks are based on two-resistance approach, with a global mass transfer coefficient that 
depends on the wind flow and surface characteristics. The wind forcing parameter used to calculate the mass 
transfer coefficients is either wind speed at 10 m or the friction velocity on the surface. The wind speed is 
easily measured; the friction velocity, on the other hand, is normally calculated using an expression proposed 
by Smith (1980), which was developed for wind speed higher than 6 m s-1 and long fetches over oceans, 
where large waves are present and can influence significantly the mass transfer process. In WWTP, fetches 
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are usually lower compared to ocean and winds are weaker. It means that different types of waves driven by 
wind can be formed and alter the mass transfer process. Nevertheless, the most used emission models do not 
explain or include the validity of the expression proposed by Smith (1980) into their calculations. Smith (1980) 
has also recommended the use of a different expression for velocities lower than 6 m s-1, however, it is not 
included in the models. Depending on the model used, the inclusion of a different expression can lead to 
differences of about 20% in the global mass transfer coefficients (assessed here for H2S) and therefore in the 
emission rate. Future experimental work must be carried in order to evaluate the relation between wind speed 
at 10 m and friction velocity for the conditions found in WWTP. Other problems also arise in the field where 
buildings and trees around the WWTP can significantly alters the fluid flow and consequently friction velocity 
over the liquid surface. In this case, only numerical simulations of fluid flow in the real site can estimate more 
accurately the friction velocity. There are other issues that arise from the operation of the WWTP unities such 
as accumulation of scum, which avoids emission, and formation of foam after aeration which also covers the 
liquid surface and limits the volatilisation process. 
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