Investigation of mass transfer phenomena affecting emission rate
of gaseous compounds from porous solids

F. Lucernoni?, L. Capelli?, V. Busini?, R. Del Rosso?, A.A. Prata Jr.?, R. Stuetz®, S. Sironi®*

aPolitecnico di Milano, Department of Chemistry, Materials and Chemical Engineering "Giulio Natta" - Piazza
L. da Vinci 32, 20133 Milano, Italy
PUNSW Water Research Centre, School of Civil and Environmental Engineering, The University of New South
Wales, Sydney, NSW, 2052, Australia

*Corresponding author, e-mail selena.sironi@polimi.it

Abstract

Emissions of atmospheric pollutants from facilities like wastewater treatment plants or
landfills typically come from so called “passive area sources”. Such emissions, often resulting
in direct or indirect health effects on the population, are hardly quantifiable, because of the
lack of standardization regarding sampling and assessment from this kind of source.

Passive solid area sources are most commonly sampled using specific enclosure devices
(hoods). However, fluxed hoods with different designs and different operating conditions
produce results that are not comparable to each other.

In this work, two mathematical models for the description of the mass transfer inside a wind
tunnel were compared with experimental data in order to define the actual fluid dynamics in
different configurations. The tests involved first a liquid source and then a solid bed, using
different airflow rates and different bed thicknesses. Results showed that the behaviour of
emissions from solid porous media are affected by the sweeping airflow rate, but the
dependency is different to the case of liquid sources. For solids with limited porosity intra-
phase diffusion becomes the controlling stage for diffusion, thus giving that the emission rate
becomes constant with respect to the sweeping airflow rate.
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Highlights

e Different hoods currently used for sampling on passive area sources produce results
that are not consistent nor comparable

e Mass transfer phenomena occurring inside the hood are not fully understood.

e A new method is proposed to evaluate emissions of gaseous pollutants from solids.

e Emissions from porous media are proven to be affected by airflow rate.

e Mass transfer and its dependency on the ventilation rate is different to the case of
liquid surfaces.
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1. Introduction

Atmospheric emissions from facilities such as wastewater treatment and waste management
plants, agricultural operations and landfills, if not directly hazardous, often lead to nuisance
and complaints in the neighbouring areas (Guo et al., 2003; Hayes et al., 2014). In such
plants, gaseous pollutant emissions typically come from so called “passive area sources” and
are typically produced by the aerobic and anaerobic processes that occur into the liquid or
solid mass, either directly from the microorganisms or as a consequence of chemical-physical
interactions between compounds (Gostelow et al., 2001). Such emissions usually are a
complex mixture many different compounds, either volatile organic compounds (VOCSs) such
as acetone and benzene or non-VOCs such as ammonia, hydrogen sulfide and other reduced
sulfur compounds (Cai et al., 2007). Most of the gaseous pollutants emitted may not represent
a direct hazard for human health, but they are often characterized by low odour detection
threshold, thereby causing odour nuisance in the near-living population, which may result in
adverse health effects (Aatamila et al., 2011).

A range of different direct assessment approaches has been applied to the evaluation of
gaseous emissions from passive area sources, typically known as enclosure device techniques
(i.e. hood methods). Such methods entail the use of some sort of chamber that is capable of
isolating a sub-area of the emissive surface (Bahlman et al., 2006; Dai and Blanes-Vidal,
2013; Zhang et al., 2016; Song et al., 2008; Dunlop et al., 2016). These chambers can be
either passive (i.e. static hoods) or dynamic. Dynamic hoods, differ from static chambers in
that these systems require a neutral flushing gas to sweep the surface; these devices can be
with directional flow (wind tunnels (WT)) or non-directional flow (flux chambers) and,
independently from the design and volume of the chambers, are operated with large flow rates
(i.e. high speed) or small flow rates (i.e. low speed).

There are challenges and technical limitations with enclosure sampling as different designs
typically produce results that are not consistent and are not comparable to those obtained with
different chambers. This uncertainty is often the result of limited benchmarking of the mass
transfer phenomena taking place inside such devices as well as the tools used to assess the
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emission devices themselves. More detailed examples of the variety of possible designs
(Leyris et al., 2005; Kolari et al., 2012; Catalan et al., 2009; Galvin et al., 2004; Taha et al.,
2005; Bliss et al., 1995; Van Belois & Anzion, 1992; Park & Shin, 2001; Parker et al., 2010;
Parker et al., 2013; Prata Jr. et al., 2016; Santos et al., 2012) are shown in Supplementary
material (Table Al).

The study of gas and odorant emissions from different solid porous media (such as
wastewater sludge, poultry litter and contaminated soils) is an important task that has not been
fully investigated (Capelli et al., 2013). This is especially the case for solid materials that
present a deeper level permeated with an evaporating volatile liquid and/or a dried-out upper
level in contact with the atmosphere. For emissions from porous solids, the mass transfer
phenomenon can be generally described by Thibodeaux (1996): diffusion in the liquid phase,
volatilisation, diffusion through the solid’s pores to the surface, migration of the odorant to
the overlying gas phase, diffusion to the gaseous bulk and following advection due to the
wind action on the solid surface.

There are several studies addressing the correlation of emission rate with the sweep air
velocity, both for the case of solid sources (Capelli et al., 2012; Zhang et al., 2002; Nakano et
al., 2004) and liquid sources (Hudson and Ayoko, 2008; Thibodeaux and Scott, 1985; Capelli
et al., 2009), for inside the sampling hood (Hudson and Ayoko, 2008; Nakano et al., 2004)
and open field situations (Kawamura and McKay, 1987; Fingas, 1998). For example, Capelli
et al. (2009) studied the phenomenon inside a sampling WT device and validated a model
using Eq. (1)-(3), relying on Prandtl’s Boundary Layer Theory for forced convection over a
flat plate (Thibodeaux and Scott, 1985):

ER = SER * Ay, = QA—bC % Ay (1)
1
c & vz (2)
1 1
ER X Quir *C; X V¥ A; v 2 X 12 (3)

Where: (ER) Emission Rate [ou/s or mg/s], (SER) Specific Emission Rate [ou/m?s or mg/
m?s], (A,,,) emissive area [m?], (Qgi) fluxed neutral air flow rate [m%s], (c;) compound
concentration in the hood outlet steam [ou/m® or mg/m®], (4,) WT base area [m?], (v) air
speed [m/s],, (4;) WT cross section area [m?].

For further clarification SER is the quantity of substance emitted per unit of surface and time,
emissive area is the area of the source (for example the area of a tank or a heap), whereas the
base area is the base area of the wind tunnel, which typically covers a small part of the
emissive area. The air speed is the speed of the sweeping airflow inside the hood calculated as
the ratio between sweeping air flow rate [m®/s] and hood cross section [m?].

Eqg. (3) assumes that the motion regime is laminar. Laminar flow is the most common
condition inside sampling hoods, although it should be considered that the effective air flow
on real sources (e.g., wastewater treatment tanks of big dimensions) is mostly turbulent,
giving that suitable models will be necessary in order to extend wind tunnel considerations to
real field conditions (Lucernoni et al., 2017) While the model of Eq. (3) seems to work fine
for the liquid, its application for a solid surface scenario is more complex and a more suitable
specific volatilisation model is necessary (Capelli et al., 2013), which builds on previous
emission research from area sources (Thibodeaux, 1996; Zhang et al., 2002).



This study aims to develop a more appropriate methodology to evaluate the dependency of
emission rate (ER) (or equivalently the concentration in the gas phase) on the diffusivity
through the solid porous medium and on the air flow motion regime. The research
investigated the issue of emissions from solid area sources on the basis of a laboratory-scale
system that simulates a real situation, (i.e. a surface emission of a gas generated in the deeper
wet levels). A specific wind tunnel device was used simulate the phenomenon at different
stages of complexity, both in static and dynamic conditions and a comprehensive model was
applied to describe the phenomenon, which was capable of predicting the emissive flow and
the resulting gas concentration in the gas phase.

2. Materials and Methods

A WT sampling device was used in laboratory-scale experiments to assess the concentration
of acetone (chosen as a reference gas representative of the components typically found in
contaminated soils, aerobic solid waste treatment plants, wastewater treatment plant sludges)
being emitted from a simulated solid surface. The phenomenon reproduced is treated with an
increasing degree of complexity: a simple liquid-gas bi-phase system is considered first and
then microspheres are introduced, thus obtaining a solid bed with a dry layer crossed by a
diffusive flow of acetone originated in the lower levels wetted by the liquid acetone. The dry
layer width was changed over different trials. At all stages both static and dynamic tests were
performed, thereby changing the sweep air flow rate in order to investigate the dependence on
the air speed.

2.1 Experimental Setup

In order to simulate a typical situation that can be investigated analytically, the air flow inside
the wind tunnel needs to be uniform and fully developed; this is why a proper design of the
hood is necessary: for homogeneity vertical velocity gradients should be avoided, e.g., by
limiting the height of the WT as suggested by several authors (Loubet et al., 1999; Sohn et
al., 2005). For a fully developed flow it is crucial to guarantee a hood length of at least equal
to 3 times the equivalent diameter from the entrance zone (Bird-Stewart-Lightfoot, 2002). The
designed wind tunnel satisfied this requirement.

The WT device was made of stainless steel, a material that does not interfere with the fluids
involved in the experiments, i.e. water, air, acetone (CEN EN 13725, 2003). The WT has a
rectangular base and a rectangular cross-section (dimensions: length, 60 cm x height, 20 cm
high x width, 15 cm). The top of the wind tunnel had a removable cover that can be adjusted
at different heights, allowing to regulate the free head-space in the hood and to easily clean
the device. The cover is also equipped with inlet and outlet orifices on the top wall and two
grates 5 cm high with 6 mm diameter holes — opened only on the face with dimensions 5 cm x
15 cm - that assure a directional gas flow parallel to the surface under evaluation (i.e. no
vertical mixing); the grid was placed exactly on top of the emitting surface to avoid deviations
in the streamlines. The designed wind tunnel (Fig. 1 and Fig. 2) satisfies all the above
mentioned requirements.
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Figure 2. The Wind Tunnel scheme.

The experimental study simulated the emitting solid as a layer without discontinuities, having
the deeper levels wet with the liquid acetone and the upper levels dry.

The solid layer was made of glass microspheres with diameters ranging from 400 um to 800
um; glass was chosen as it is inert and odourless, and microspheres in order to have a good
porosity. The characteristics of the bed are: void fraction 37.3% and tortuosity 2.083.




Figure 3. The glass microspheres.

The void fraction was evaluated empirically measuring a known solid volume and the liquid
volume that was possible to add to the packed bed without varying the level of the solid; for
the tortuosity the default Blake-Kozeny value (Kozicki and Tiu, 1988) was adopted,
acceptable for a wide range of solid beds.

Acetone (C3HsO) was selected for the experimental study’s due to its, volatility, non-boiling
liquid characteristics, low odour detection threshold, and is easily detectable via gas
chromatograph. Moreover, acetone is a good reference compound (see Appendix A) as it is
representative of the components that are typically found in contaminated soils, in the
emissions from aerobic solid waste treatment plants (Zhang et al., 2012; Fricke et al., 2005)
as well as wastewater treatment plants sludge (Wu et al., 2006). The TLV-TWA level for
acetone is 750 ppm, thus acetone was deemed safe enough to be used for the experiments.

2.2 Experimental methods

The experiments were carried out at different flow situations, i.e. setting different flow rate
values for the forced neutral air flux sent into the wind tunnel in order to simulate the wind
action over the solid surface: no flow (static condition), minimal flow (0.65 m%h), medium
flow (1.25 m®/h) and high flow (2.40 m3/h). The flushed runs last for a period of 3 min. The
air flow is provided through a compressor feeding a Teflon® pipe linked to the WT 6 mm
diameter inlet, where the flow is stabilises due to a diffusion grid. The flow rate is adjusted
using a rotameter and a regulation valve. The following tests were performed:

¢ liquid only (no solid/glass microspheres); static hood plus three different air speeds;

e dry solid, a 1 cm dry solid layer above the wet layer (3 cm imbued with liquid
acetone); static hood plus three air speeds;

e drysolid, a2 cmdry solid layer above the wet layer; static hood plus three air speeds;

e drysolid, a5 cmdry solid layer above the wet layer; static hood plus three air speeds;

e drysolid, a 8 cm dry solid layer above the wet layer; static hood plus three air speeds.

The sampling at the outlet of the wind tunnel were collected by means of a gas syringe, with
0.1 mL being injected into a Gas Chromatograph coupled to a Thermal Conductivity Detector
(GC-TCD) (HP6890, USA). The GC-TCD analysis conditions included using a general
purpose column (Supelco, USA) with a fused silica filling (30 m long, inner diameter 0.53
mm, film thickness 0.50 pm), a flow rate of 2.0 ml/min with helium as the carrier gas at an
oven temperature of 30°C. This provided an analysis time of 10 minutes, which enabled
experiments to be repeated many times and acetone concentrations to be expressed in ppm.

2.3 Diffusion and volatilization models

An important aspect to consider is that it is necessary to distinguish between the situation
inside a sampling wind tunnel and the situation in the open field. For the situation in the open
field, it possible to rely on several studies that provided satisfactory expressions giving the
emission rate from area sources. The fundamental theory for these kind of problems was
provided by Sutton (1934), who devised the expression here reported:

n

2—-n 2 _
E = K uz+n qz+n x **" 4)
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Where: (E) is the emission rate, (u) is the wind velocity measured at a given height (i.e., the
height at which anemometers data are available), (a) is a parameter depending on the
atmospheric characteristics of the area, (x,) is the leeward source length, (n) is a parameter
function of the wind velocity profile on the pool surface which for a neutral stability class can
be assumed constant and equal to 0.25, (K) is a proportionality coefficient. Based on Sutton’s
dissertation, several later studies have been able to determine semi-empirically the constant
terms (K) and (a) (Kawamura and MacKay, 1987; MacKay and Matsugu, 1973; Yellow
Book, 1992), whose values are usually what distinguish one model from the other. For further
details, a recent publication discusses the application of one of these models for the extensions
of wind tunnel results to the evaluation of open field emissions of some odorants (Lucernoni
etal., 2017).

For the situation inside the sampling wind tunnel, the fluid-dynamics is different and the
formulation of models, capable of describing the dependency of emission on different
parameters varying into the hood, is the aim of this work. The task will be achieved
comparing two suitable mathematical models of the mass transfer in the wind tunnel with
experimental results to define which one describe better the actual phenomena. Thus, in this
section, the suggested models are presented following the same scheme as the experiments:

1. static hood (i.e. flush rate zero) with evaporating liquid;

2. fluxed chamber with evaporating liquid;

3. static hood (i.e. flush rate zero) with emission from a dry porous solid above a wet
solid layer;

4. fluxed chamber with emission from a dry porous solid above a wet solid layer;

Four experimental setups are schematised in Fig. 3, in which: (v) is the horizontal air velocity
inside the wind tunnel, (Ai) is the inlet/outlet cross section i.e. the grid area, (6,) is the
distance crossed by the flux (i.e. 5 cm, the chamber’s height), (Av) is the liquid bed area, (Jst)
is the emissive flow for the static scenario, (J) is the emissive flow for the fluxed situation,
(Cv) is the equilibrium concentration above the liquid surface, (Cb.ave) is the average effective
bulk concentration in the gas phase, (Cout) is the outlet concentration in the gas phase, (Cs) is
the concentration into the gas phase at the gas-solid interface, (;) is the dry bed thickness.

Con | Coun |

Co Co




Figure 4. Scheme of gaseous emission from a liquid surface (1 and 2) and from a solid surface (3 and 4).

In Fig. 4 it is possible to see the flat velocity profile at the inlet, which develops in the
parabolic profile for laminar flows.

For the static situation of evaporating liquid, it is possible to adopt the analogy with the
diffusion through a stagnant film as reported by Mauri (2011), obtaining the expression for
the flux (Jst) here reported:

1— b6 4

]st — @mol.»:lsiE*Ctot « LN ( 1_C£zt ) (5)
Ctot

Where: (§m01,4ce) is the molar diffusivity of the evaporated vapor (i.e. acetone) in air, (¢ 5,)

is the bulk concentration of acetone at the top of the chamber in the gas phase, (C;,;) is the

total concentration in the chamber (i.e. “’t) (Psot) 1s the total pressure inside the chamber,

(Cp) is the equilibrium concentration (i.e. the concentration obtained at the vapor pressure at

0
temperature T, P°(T), as PR—(TT)).

At this point, by means of a mass balance it is possible to evaluate the concentration trend
over time and compute the value at a given time:
dChs, — Pmolace*Ctot  Ap dt (6)
v

b5
- Ctolt,il 8a
LN| —¢2&
1_
- - - - - CtOt - - - -
This ordinary differential equation can be solved numerically. This also allows determination

of the time required for the concentration to become constant in the wind tunnel. That is the
time when the fluxed run can be started.

For the situation of an emitting liquid surface in presence of an air flux (Thibodeaux and
Scott, 1985; Capelli et al., 2009), Eq. (7) holds true:
1
Cout =ax* v 2 (7)
Where: (C,,:) IS the concentration at the outlet and (a) is a proportionality constant. Such
dependence from the velocity can be explained starting from the stationary mass balance
inside the chamber:
alr ClTl +] Ab 3# Cout (8)
Assuming that the concentration of the contaminant in the fluxed air (Cin) is zero and that ] «
in it is possible to consider Q. ~Q9%t = Qg and write the concentration at the outlet
(Coye) as the ratio between the emission and the sweep air flow rate as shown in Eq. (9):

Cout ]Q*:i kC*(CL vleave)*Ab =ax*xv 2 (9)
With:
PM*Py(T)
G, = P o

Where: (PM) is the molecular mass of the compound.

Now, considering that the section of the WT is a wide and short rectangle, it is possible to
suppose that the mass transfer from the emitting liquid surface is like the one known for a flat
plate ( (Bird, Stewart, Lightfoot, 2002) and to write the mass transfer coefficient (k) as:
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ke = (Jorr;oz,ACE) N (0.664 N Re% " SC%) — (M) % <0.664 * (v*Lwr)% . ( VAIR )%) (11)

wT wT VAIR $mol, ACE

Where: (§.01.4ck) 1S the diffusivity coefficient for acetone, (Ly,r) is the WT length, (Re) is
the Reynolds number, (Sc) is the Schmidt number, (v) is the air speed in the wind tunnel,
(varr) 1S the air kinematic viscosity. Hence, equaling the two expressions for C,,;, the
dependency on the velocity is explicit:

_ ke (CL—Chave)*Ap _ _ kexCrxAp -
Cout - V*Aj - v*A;+0.5%xkcxAp - f (U 2) (12)
In Eq. (12) the average concentration inside the chamber (Cp 4,,) is assumed equal to the 50%

of the concentration at the outlet.

Another possible expression for the mass transfer coefficient, involves the analogy with
heat/mass transfer phenomena for internal flows between parallel flat plates (Bird, Stewart,
Lightfoot, 2002; Perry, 1997; Incropera, DeWitt, Bergman, Lavine, 2007; Shah and London,
1978). These authors all refer to the case of heat transfer, but the results can be extended to
mass transfer problems by means of the Colburn’s analogy.

The delicate point is the evaluation of the mass transfer coefficient:

k, = Sh@g@ﬂ (13)
1
Sh = Nu * (%) 3 (14)
S¢ = M wAl (15)
mol,ACE
pr = Ak (16)
QACE
(611/2)2/3 1/
Nu = 4.425 * W * Uaig (17)
apce*l '3

1 8a/ Vo . gE /s

k= (o), <Nu f (%) /3>  (Emsacr). (4.425 . (L> o (e ) ) (18)
Where in Eq. (13)-(18) the Colburn’s analogy was applied and (Sh) is the Sherwood number,
(D,) is an equivalent diameter (for this case, 2 * §,), (Nu) is the Nusselt number, (Sc) is the
Schmidt number, (Pr) is the Prandtl number, (v4,z) is the kinematic viscosity of air, (a4cg)
is the thermal diffusivity of acetone, (L) is the plates length (i.e. the WT length Ly1), (Vair)
Is the air velocity (inside the WT).
Therefore, considering also in this case (Cj 4,¢) €qual to the 50% of the concentration at the
outlet:

kc*(CL—Ch ave)*Ap kc*Cp+A -2
Cout — ( ave) — C*CLL*Ap — f v 3 (19)
VA V*A;+0.5xkc*Ap

In the following sections, it will be discussed whether the single flat plate or the parallel flat
plates expression is better for the evaluation of the mass transfer coefficient.

The previous dissertation allows moving to the more complex situation involving a solid
porous layer; the situation schematized in Fig. 3, bottom, box 3 and box 4.

For the case of static hood, in analogy with what was described with Eq. (5)-(6), it is possible
to write an ordinary differential equations system (ODES) and the interface concentration (c;)
can be directly determined:
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( a Ay 0 1
des _ Ay Pefpace o 1n< ctot>

at Vg 8s 1_CCtLt
0
Coare (20, 21)
dchave __ Ap " $mol ACE " +1In Ctot
d - 1% s CtOt Cs
t a a 1_Ct "
o

Where (V;) is the volume of the solid, (V) is the volume of the air in the chamber, (§¢ff ace)

is the effective diffusivity of acetone in air, (85) is the distance crossed by the flux in the solid

(i.e. 1/2/5/8 cm), (c,) is the concentration at the gas-solid interface, (cj qye) IS the mean
concentration in the hood.
The resolution provides the stationary value of (c;) and (c;, 41¢) at any given time.
Finally, for the situation of the fluxed hood, it is possible to write an equation expressing that
(J) is continuous, formulaically:

J = ke * (Cs = Cpave) = "4 (€, ~ ) (22)

Where: (k) is the mass transfer coefficient, (. 4ce) is the effective diffusivity of acetone
through the porous layer, equal to the molecular diffusivity in air multiplied by the porosity
(¢) and divided by the tortuosity (t) of the medium, and (Js) is the dry layer thickness.

Eq. (22) allows the expression to be written for the concentration at the solid-gas interface
(Cs) as shown in Eq. (23)-(24):

Peff, Peff,
(k¢ * Cs) — (k¢ * Cpape) — (% * Cp) + (% * (g) =0 (23)
(kC* Cb,ave)"‘(gge%::a;* CL) (24)
s = -
(e +2eLLACE,

Knowing (Cs) enables to investigate the dependency of the outlet concentration (C,,,;) on the
air speed, as shown in Eqg. (25):

Ap*] Apxkc*(Cs—Cp,ave)
Cout = Ali)*v — Zb**c A:U Ch (25)
Through further rearrangements of Eq. (25), that is substituting the expression of Cs and by
considering also in this case (Cp 41e) €qual to the 50% of the concentration at the outlet, it is

possible to write:

Ap

Peff,ACE
*%*kC*CL

(26)

C =
out o A o A
Ai*v*(kc.k%)_Fols*Ab*%*kc

Eq. (26) allows to make some interesting considerations:
o For (kc)>> (‘@e%;m), I.e. high values of (v) and/or high values of (&s), (Cyye) Will be
proportional to the speed (v) to an exponent of (-1);
o For (ko) << (pe%;m), i.e. low values of (v) and/or minimal values of (8s), (Cpy) Will

be proportional to the speed (v) to an exponent of (-0.5) or (-0.67), thus resembling the
“liquid only” case, depending on the model chosen (flat plate or parallel plates).

In analogy with Eq. (7), it s possible to write Eq. (27) for the case of a solid area source:

Cout = @’ * v (27)

The experimental results reported in the next section were used to determine the exponent:
that is the situations in which the limiting phenomenon is the diffusion through the porous
solid or the mass transfer in the wind tunnel and to discriminate between the parallel flat
plates or flat plate model for mass transfer coefficient.
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3. Results and Discussion

Before each fluxed run, a “static” experiment (no flow) was performed in order to check that
the initial working condition were the same (i.e. at the equilibrium condition). For each
situation the concentration expression was solved by means of a Matlab® code, Eq. (6) for the
liquid or Eq. (19, 20) for the solid, in order to determine the time to await in order to reach the
steady- state condition. In the case of the solid this procedure also provided the interface
concentration required to compute the outlet concentration for the fluxed runs. In that regard,
it was concluded that this was the most suitable model to describe the situation inside the
chamber during the static period.

For the sake of clarity, Tab. 1 reports the value of the parameters used for the theoretical
computations.

Table 1. Parameters for the theoretical computations.
s

.. PM 5.80E-02 kg/mol
” mol,ACE 1.06E-05 m2/s
,eff, ACE 1.90E-06 m2/s
A,a 4.42E+00 -
B,a 1.31E+03 -
C,a -3.24E+01 -
A,i 7.50E-03 m2
Ab 7.50E-02 m2
v,AIR 1.51E-05 m2/s
€ 0.373 -
T 2.083 -

In Tab. 1 are reported, in order: acetone molecular weight, acetone molecular diffusivity in
air, acetone effective diffusivity in air, (A,a) Antoine’s equation parameter for acetone, (B,a)
Antoine’s equation parameter for acetone, (C,a) Antoine’s equation parameter for acetone
(http://webbook.nist.gov/chemistry), the wind tunnel cross section area, the hood base area,
the kinematic viscosity of air, the porosity of the packed bed, the tortuosity of the packed bed.

3.1 The liquid case

First the static test was performed. The experimental value obtained after 20 min, at the
stationary condition, was 226’000 ppm while the theoretical calculated value was 222’000
ppm, computed in Matlab® by solving Eq. (6); the agreement is satisfactory.

Moving to the flushed case, the results of the tests are depicted in Tab. 2 and in Fig. 4: in Tab.
2 the third column refers to the theoretical values computed for the flat plate (FP) model (Eqg.
12) while the fourth column refers to the values computed for the parallel plates (PP) model
(Eq. 18). The same acronyms are used also in the following figures and tables.

Table 2. Mean concentrations for the “liquid only” case.

Air flow rate [m3/h] C exp [ppm] C theo FP [ppm] C theo PP [ppm]
0.65 55000 38000 54000
1.25 34000 28000 37000
2.4 27000 21000 24000
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Figure 5. Comparison of theoretical and experimental mean concentrations, “liquid only”.

Experimental errors are so contained that the errors bars are not visible in the figure.

It is possible to see that also in the fluxed runs, performed flushing different air-flow rates
inside the wind tunnel, it was found a rather good agreement between theory and experiments,
especially for the intermediate and high flush rates.

3.2 The solid case

Since the gas-solid interface concentrations are required for the computation of the outlet
concentrations for the flux cases, and both room and pool temperature were found to vary
from one experiment to the other. They were evaluated according to Eg. (20, 21) for the four
different scenarios (i.e. bed thicknesses of 1/2/5/8 cm) at the actual temperature of the liquid
acetone measured at the beginning of each experiment. The (Cs) values refer to the
concentration at the time when the fluxed runs were started. Particularly for the experiments
at thicknesses of 5 cm and 8 cm, the time required to reach the actual stationary value for the
average concentration inside the chamber is great (from 2 to 4 h) but the time to reach a value
very similar to the stationary is much less (i.e. growth rate very slow in the period preceding
the stationary, after 1 h), therefore it was decided to start the flushed runs after this time for
logistical reasons. The times awaited before the fluxed runs were started are: 22 min for the 1
cm bed thickness, 30 min for the 2 cm bed thickness, 60 min for the 5 cm bed thickness, 60
min for the 8 cm bed thickness. An example for the mean acetone concentration trend over
time inside the wind tunnel is shown in Fig. 6, evaluated at 21°C for the different bed
thickness values by means of a Matlab® code.
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Figure 6 Computed mean acetone concentration trends over time.

In analogy with the liquid case, the theoretical and experimental static concentrations were
compared, as shown in Tab. 3, which reports acetone temperature as well.

Table 3. Static concentrations comparison.

Cst exp [ppm] Cst theo [ppm] T,ace [°C]
1
cm 221000 243000 20
Cst exp [ppm] Cst theo [ppm] T,ace [°C]
2cm
194000 243000 20
Cst exp [ppm] Cst theo [ppm] T,ace [°C]
5cm
222000 224000 19.1
Cst exp [ppm] Cst theo [ppm] T,ace [°C]
8cm
212000 167000 19.5

As previously discussed, the Matlab® code allows to have an idea of the time required for the
system to reach the stationary condition, which is the time that should be waited before
initiating the fluxed experiments; however, since that time may become very high for higher
bed thicknesses, for practical reasons that time was approximated with the time required to
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reach a concentration value forthcoming to the stationary value. In Tab. 3, both theoretical
(Cst theo) and experimental (Cst exp) concentration static values, are taken at the time chosen to
start the flushed tests: 22 min for the 1 cm bed thickness, 30 min for the 2 cm bed thickness,
60 min for the 5 cm bed thickness, 60 min for the 8 cm bed thickness.

Finally, it is possible to evaluate the outlet concentrations as well for the flushed experiments,
exploiting Eq. (24), as shown in Fig. 7; in particular, in the application of Eq. (26) the base
area Ap was doubled to take account of the greater evaporating surface due to the presence of
the microspheres.

Solid 1 cm Solid 2 cm
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Figure 7. Comparison of theoretical and experimental outlet concentrations.

Also in this case experimental errors are contained and the errors bars are scarcely visible.

It can be observed, qualitatively, that the forecasted trends agree with the experimental ones.
However, there are differences and discrepancies; this may depend on the presence of a
capillarity rise as demonstrated by Mauri (2011) who suggests that for the present situation
the capillary rise in the solid bed of the liquid can reach up to 2 cm, or from an even higher
evaporating surface or both; however further study are necessary. In any case, this is the
reason why we considered as significant for the results concerning the solid bed only those
relevant to the higher thicknesses, i.e. 8 cmand 5 cm.

Fig. 6 shows that, in presence of the solid, all the resistance is in the solid phase, thus the
results do not depend on the fluid dynamics in thewind tunnel, thereby demonstrating that
there is no difference between the results obtained with the model of parallel plates (PP) and
the model of flat plate (FP).

4. Conclusions

In the present study the problem of the emissions assessment from porous media was
addressed. First two models for this purpose were presented (i.e. FP and PP), discussing the
features of each option. Experiments were performed with a laboratory scale WT device
designed for studies on solid surfaces. The experiments provided significant observations;
they confirmed that also for the case of solid sources the outlet concentration and the emission
rate depend on flow rate of the neutral air sweeping the surface, even if it is crucial to
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properly describe the phenomena taking place inside the solid bed and to correctly define the
mass transfer coefficient.

For the flushed period, the analogy with a flow over a flat emissive plate was chosen as the
most reliable description of the system.

The theoretical model adopted is the model for mass transfer for the geometry of a flat plate
and the regime is laminar with the fluid dynamics boundary layer fully developed and the
mass transfer boundary layer not developed.

This model was chosen since it was deemed the one that better describes the studied situation.
In facts, for the situation here inspected, where the Schmidt’s number is greater than 0.6, the
material boundary layer is always comprised inside the fluid dynamics boundary layer that
develops until reaching a height equal half of the chamber’s grates height (i.e. 2.5 cm).
Therefore, for laminar regime with Reynolds’ number always lower than 350’000, the mass
transfer phenomenon is not affected by the presence of the second plate, i.e. the top wall of
the hood, which allows to say that the flat plate analogy is acceptable for the situation of
interest, i.e. emissions from porous media. The experimental work allowed to confirm that the
chosen model is capable of describing the real situation as the agreement between
experimental and calculated values is fairly good. It was also found that the concentration
trends in the presence of the solid bed depend only on the fluid dynamics in the solid, which
leads to a dependence on (v) more close to -1.

Differences in numerical data are probably due to effective area and capillarity rise; further
study will be necessary to better investigate these phenomena. It is worth remarking here once
more that, due to the possibility of significant capillary rise, as discussed. The experiments
considered to be relevant for the discussion are those referring to the higher bed thicknesses
(i.e. 5 cm and 8 cm). However further tests and experiments are required to confirm these
findings, modifying the porous medium, the sampling device and/or the investigated
compound.
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Supplementary Material

Appendix A — Chemical Compounds

In the present section, some supplementary material will be presented in order to better
explain the performed work.

Here it will be presented a table (Tab. Al) depicting the most common compounds found in
the emissions from passive area sources such as: municipal solid waste treatment (MSW),
contaminated soils (CS), aerobic waste treatment (AWT), waste water treatment (WWT),
animal feeding operations (AFO).

Table Al. Chemical compounds found in emissions from area sources.
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Compound Found in References Th [°C] | Diffinair[cm2/s] [ MW [g/mol] Density [kg/m3]
styrene MSW Zhanget al., 2012 145 0.071] 104.15 909
benzaldehyde MSW Zhang et al., 2012 178 0.073 106.12 1044
toluene MSW Zhang et al. , 2012 111 0.087 92.14) 870
1,2-dichloroethane |MSW Zhang et al., 2012 84 0.104] 98.95 1253
pentane MSW Zhang et al. , 2012 36.1 0.826 72.15) 626]
limonene MSW Zhang et al., 2012; Perry, 1997 176 0.5111] 136.24 841
camphene MSW Zhang et al. , 2012 159) 0.072 136.24 842)
alpha-pinene MSW Zhang et al., 2012; Perry, 1997 155 0.511 136.24] 858
ethanol MSW Zhang et al. , 2012 78.37 0.115 46.07 789)
methylmethacrylate |MSW Zhanget al., 2012 101 0.077 100.12] 940)
acetone MSW, CS, AWT, WWT |Zhang et al., 2012; Fricke et al., 2005; Wu et al., 2006 56 0.124] 58.08 791
2-propenal MSW Zhanget al., 2012 53 0.105 56.06) 839
ammonia AFO US EPA, 2001 -33.34 0.259 17.03] 730)
hydrogen sulphide  |WWT Beghi et al., 2012; Perry, 1997 -60) 0.9592 34.08] 1.36)
mercury cs Zhang et al., 2002 356.7 0.031 200.59| 13593

Before acetone was adopted as reference compound, experiments were performed also with
an aqueous solution of ammonia (NHs).

Appendix B — Ammonia Experiments

Here results will be presented of experiments involving different compounds and/or different
configurations.

For ammonia, the procedure is similar to the one presented for acetone: experiments
performed at 3 different flush rates for 3 different thicknesses of the microspheres bed, each
run repeated 3 times.

The (averaged) results for the 1 cm thickness of “dry bed” are reported in Tab. B1:

The (averaged) results for the 2 cm thickness of “dry bed” are reported in Tab. B2:

The (averaged) results for the 5 cm thickness of “dry bed” are reported in Tab. B3:

Table B1. Ammonia concentrations, static and fluxed case, for the 1 cm bed thickness.

Table B2. Ammonia concentrations, static and fluxed case, for the 2 cm bed thickness.

Table B3. Ammonia concentrations, static and fluxed case, for the 5 cm bed thickness.

Flux [m3/h] | Cexpst[ppm] | Cexp fl [ppm]
0.65 136000 50000
1.25 124000 39000
2.4 120000 35000

Flux [m3/h] | Cexpst[ppm]| Cexp fl [ppm]
0.65 108000 43000
1.25 106000 36000

2.4 104000 34000

Flux [m3/h] | Cexpst[ppm]| Cexp fl[ppm]
0.65 93000 36000
1.25 90000 33000
2.4 91000 33000
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The tables show how the results for higher thicknesses become almost independent on the
flush ratio, this is probably due to the high volatility of ammonia and the fact that the
emission is controlled more by what happens in the liquid phase. Moreover, another problem
encountered was the high variability of the liquid solution — in terms of concentration in the
condensed phase - even between one repetition and the next one, an aspect difficultly
controllable, which becomes even more severe as temperature increase (i.e. for experiments
performed during summertime). These reasons led to the choice of discarding ammonia
solutions in favour of a pure compound like acetone that assures no variability of the liquid
phase and thus make the emission controlled only by the flush ratio and the bed thickness.

Appendix C — Fluff Layer Experiments

In addition, another possibility was tested, adopting a fluffy layer of material for the bed
instead of the glass microspheres.

In this case, instead of the microspheres bed, a fluff material made of nylon was used to
simulate the emission source. The results obtained showed a high variability, as depicted
below, probably due to the fact that the “solid bed” is very heterogeneous. This led to discard
this idea in favour of the glass microspheres bed.

Here in Tab. C1 are reported the static values (i.e. no flux):

Table C1. Acetone concentrations, static case, for the fluff bed experiments.

Flux [m3/h] t [min] C exp st [ppm]
0 10 102000
0 30 195000
0 30 217000

Here in Tab. C2 are reported the values obtained for the lower flush rate (i.e. 0.65 L/h):

Table C2. Acetone concentrations, flushed case, for the fluff bed experiments.

Flux [m3/h] t [min] C exp st [ppm]
0.65 3 38000
0.65 6 23000
0.65 2 32000
0.65 2 27000

Appendix D — Dynamic Hoods

Referring to Table 1, in this Appendix it will be presented another table showing an extended
overview of possible hoods design, both for Wind Tunnels and for Flux Chambers, as found
in the scientific literature.

Table D1. Different kinds of hood design from different authors.

Title and Method of Design Parameters Results
authors sampling
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sulphur compound at
gas-liquid interface
are related through
Henry's law and
Henry's law constant
varies with
temperature.
Results suggest that:
- for the primary
clarifier only the
emission flux of CS,
is significantly
correlated with
temperature
(Pearson's
correlation
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coefficient = 0.77)

- for the secondary
clarifier emission flux
of €S, (Pearson's
coeff=0.40), cos
(Pearson's coeff =
0.38) and DMS
(Pearson's coeff =
0.40) are significantly
correlated with
temperature.
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In general, emission
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and dry conditions.
Air flow rate
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Pressure release
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emission
measurement.

artificial increase in
compounds

concentration in the
headspace. This
increase reduces the
emission rate
because the driving
force of volatilization
decreases.

Even when the flow
rate is theoretically
high, if there is not
enough mixing in the
air phase, local
accumulation can be
present.
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Aerodynamic phenomena
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Effect of
narrowed
channels on
emission
measurement.

The presence of
narrowed channels
(Top Figure) creates
an aerodynamic
phenomenon, called
unsticking of
streamlines, that is
unfavorable to
convective transfer.
For this reason, the
measurement of
emission rates from
the sampled surface
is not precise.

On the other hand, a

chamber without
narrowed channels
(Bottom Figure)
increases the
measurement

precision because

the sampling system
does not disturb the
natural wind/water
surface interaction.
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