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Abstract. This paper presents a numerical procedure for simulating the dispersion of
ethanol-amended gasoline in ground water flows. In this problem the degree of influence of
the ethanol in the biodegradation of the BTEX compounds is not known, since the common
models does not include the presence of ethanol. The transport equation includes the
dispersion, advection, sorption and biodegradation of the compounds BTEX and ethanol
carried by the flow of water modeled using the Darcy’s equation for porous media flow. The
mathematical model is solved using the finite volume method with a first-order decay mode
for the biodegradation. It is assumed that the hydrophobic organic compounds solubility in
the aqueous-phase increases log-linearly with the presence of ethanol, in a phenomenon
called the *“co-solvency effect”. The sorption phenomenon (retard of the plume) is modeled
using linear equilibrium isotherm. To evaluate the model and demonstrate its potentialities, it
is solved some groundwater contamination problems with ethanol-amended gasoline.
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1. INTRODUCTION

Environmental protection agencies around the world have demonstrated that the soil has been
frequently contaminated by spills during explotation, refinement, transport and operations of
petroleum and its derivates. Gasoline, the most important petroleum derivate, offers high
potential risk of contamination because its BTEX compounds (benzene, toluene, ethyl-benzene
and xylems) are released when the gasoline is in contact with the groundwater. These are
dangerous substances because they affect the central nervous system and may cause several
serious diseases. In Brazil this problem is crucial since the fuel storage tanks were made in 70’s
and their life duration is estimated in about 25 years. Consequently, it is expected an increasing
number of spills in Brazilian’s gas station tanks. Additionally, the refineries and processing
plants offers increased risk of larger spills which may put in danger larger areas.

Several models that provide analytical and numerical simulations for the groundwater
contamination can be found in the literature. The “Bioscreen” software, for example, is one of
the available tools for simulation of groundwater contamination. It includes three different
models: solute transport without decay, solute transport with first order decay biodegradation
and solute transport, with biodegradation modeled with instantaneous biodegradation reaction. It
is based on the Domenico’s analytical model? that assumes an infinite vertical source of constant
concentration.

Rifai et al., on the other hand, developed the “Bioplume 1117, that is a finite-difference model
for the simulation of natural attenuation of organic contaminant in groundwater, including the
advection, dispersion, sorption and biodegradation processes. This numerical tool is based on the
Method of Characteristics (MOC), which includes the water flow equations with the solute
transport equations”.

In Brazil, however, the commercial gasoline is amended with 24 % of alcohol (ethanol) and
this causes a different behavior of the plume dispersion® compared with the plume without
ethanol. The plume of the BTEX compounds, as expected, contaminates a larger region, since its
biodegradation starts only after the ethanol is biodegraded. Therefore, the available models do
not apply to these situations. This paper is devoted for the development of numerical model for
the prediction of the dispersion of contaminants when ethanol-amended gasoline is considered.
Tests problems are presented for evaluating the model and show the influence of the ethanol in
the concentration of the BTEX compounds.

2. PHYSICAL CONSIDERATIONS

Gasoline is a mixture of volatile hydrocarbons, which include the benzene, toluene, ethyl-
benzene and xylems elements (called BTEX group). BTEX compounds are among the most
water-soluble, mobile and potentially harmful hydrocarbons found in gasoline.

2.1. Influence of ethanol in the BTEX biodegradation.

Kinetics correlations have been developed to estimate the biotransformation of organic
contaminants. A simple alternative for modeling the biodegradation rate is the use of a first order
decay, given by

dC
— =_5IC

where C is the concentration and Ais the first-order degradation coefficient. The coefficient
o ranges from 0 to 1, depending on the alcohol concentration. The physical explanation for this
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coefficient is now given. Santos® observed in his experiments that microorganisms prefer to
degrade ethanol, retarding the BTEX compounds biodegradation. This phenomenon is
represented in Fig. 1 for benzene, as an example, where the pure contaminant (no alcohol mixed)
was all consumed in less than 4 days, while there is no significant biodegradation in 12 days in
the mixture with 300 mg/L of ethanol.

The most probable cause for no degradation of BTEX compounds in presence of ethanol is
the fact that the ethanol is a simpler substrate than benzene, toluene, ethyl benzene and xylems
and, therefore, is easier to biodegrade by microorganisms.
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Fig. 1. Effects of ethanol concentrations in the benzene
aerobic biodegradation, Santos®

2.2. The co-solvency effect of ethanol in the gasoline.

The effective co-solvency of an organic compound in the gasoline can be estimated from the
aqueous solubility of the pure component and its mole fraction in the gasoline. The solubility in
the gasoline increases if the compound has oxygen, such as alcohols and ethers. When the
gasoline is in contact with the water, the alcohol existent in this gasoline, due to be fully miscible
in water, will migrate for the groundwater’. Therefore, high concentrations of ethanol in water
facilitate the transfer of the BTEX existing in the gasoline to the aqueous-phase, increasing the
aromatic hydrocarbon solubility in the groundwater, in a process called “co-solvency effect”.

A simple mathematical model for predicting the possible increase of the contaminant
solubility in presence of ethanol in groundwater assumes, in a mixture of binary solvents, that
the solubility of hydrophobic compounds in water (BTEX, for example) increases log-linearly
with the volume fraction of fully miscible organic solvents. This relationship can be expressed,
as proposed by Yalkowsky and Roseman®, by

log(Sm)=10g(Sy )+ fc 3 )

where S, and Sy, are the solubility in water and in the water-co-solvent mixture, respectively, f;
is the volume fraction of the co-solvent (ethanol, for example) in the aqueous phase, and g is a
measure of the relative ability of the co-solvent to increase the solubility of hydrophobic organic

compounds (co-solvency power). For the mixture of BTEX and ethanol, Corseuil and
Fernandez’ recommend the following expression
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B =1.02l0g(K gy )-1.52 (3)

where Ko, is the octanol-water partitioning coefficient that represents the compounds
hydrophobicity®. For the BTEX compounds, the log (Kow) ranges from 2 to 3, according to
Howard'. Laboratory experiments have demonstrated that the total mass of BTEX compounds
increases in about 10 to 30 % of ethanol fraction in the water’.

2.3.The Sorption effect — the interaction of contaminant with the soil

The fate of hydrophobic organic pollutants in a natural water system is also dependent upon
the sorption behavior. The sorption effect is determined experimentally by measuring the
contaminant in a particular sediment, soil or rocks. The Freundlich’s isotherm is the non-linear
model largely used™, and can be written as

S=K,4C" (4)

where Ky is the partition coefficient and b is a coefficient obtained experimentally. If b = 1,
Eq.(4) is known as linear isotherm. The linear isotherm is appropriate for cases where the
sorption potential increases uniformly with the concentration. This model has been shown
suitable in cases of very low solute concentrations and for solids of low sorption potential*’.

3. MATHEMATICAL FORMULATION

The mathematical model used in this work involves the solution of Darcy’s equation in the
porous media, the solute transport equations for the BTEX and ethanol components. Darcy’s

Law states that the velocity vector V' can be given by

. k
V' =—ZVP 5
P ()

where k is the absolute permeability (scalar or anisotropic tensor), x is the groundwater viscosity
and P the pressure.

Considering the physical phenomena presented in the previous section, it is easy to show that
the transient transport equation of a specie, involving the decay, adsorption, and a mass source of
contaminant by pumping/suction is given by

a(pC) 1[ 0 [ 5 6CJ_5(pCVi)} IRV /. (6)

ot Rlox|" Vox, ox NAXAYAZ

where pis fluid density, n the porosity, V; the average interstitial velocity in the direction i,
obtained by dividing the Darcy’s velocity (average velocity in the volume) by the porosity n, C
the concentration of transported solute, Dj; the second order tensor called mechanical dispersion,
Athe first order decay coefficients of contaminant in the solution, W the volumetric source,
which assumes negative sign in cases of suction. The factor, R, has the effect of retarding the
adsorbed species in relation to the groundwater advective velocity, and it is given by
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Phb
R=1+—K
n d (7)

where p, is the bulk specific mass of the porous medium. In equation (6) the experimental
coefficient of sorption b, Eq. (4), was assumed equal to 1.0, meaning that the substrate decays in
the same manner in the solution and in the adsorbed phase. Details and a complete derivation of
this equation can be found in Cordazzo and Maliska™.

4. NUMERICAL FORMULATION

The task of a numerical technique is to transform a partial differential equation, like Eq. (6),
in a system of n linear algebraic equations with n unknowns, one for each node. This procedure
is realized here using the finite volume method. The resulting discrete equations obeys the
conservation principle at discrete level. The discretized equations are obtained by integrating the
conservative transport equation in the elemental control volume shown in Fig. 2.

¥
M N ME
© nw © ng ©
y+dy 4
W F E
o W o3 = o)
¥
g
- S o f=y=] -
SW S SE
¥ X +Ax %

Fig. 2. Elementary control volume and its neighbors

The domain is discretized using Cartesian grids with constant thickness, even though
different grid types can be used using the same physical, mathematical and numerical modeling
presented herein.

4.1 Discretization of the advection/diffusion transport equation

Therefore, integrating Eq. (6) in time and space, including the z direction between 0 and AH
(the domain thickness),

t+At e n AH t+At e n AH

1l o ac) alecvy) WpC _ (a(pc)jdddd 8
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resulting in
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where the superscript (0) indicates that the variable is evaluated at the previous time level.

It can be seen in Eq. (9) that the derivatives and the values of the concentration are required
at the interfaces of the control volume. The cross-derivatives terms are evaluated using CDS
approximations, while the remaining diffusive and advective terms uses the WUDS (Weighted
Upstream Differencing Scheme) procedure proposed by Raithby and Torrance®®. Therefore,

1 1
Ce=(5+aeij +(E—aeJCE (10)
and,
ac| _ Cg -Cp
| (=] (11)

where o and g are coefficients depending on the Peclet number, Pe. They are defined by

Pe
1 e2 -1

ae:E_ePe _1 (12)
Pe
e 2
Pe =Pe oPe 1 (13)
The Peclet number, Pe, is defined as the ratio of advective and diffusive mass fluxes, by
Pe _vat (14)

where V is the interstitial velocity component in a direction (u or »), AL is the volume
dimension in this direction, i. e. Ax or Ay, respectively, and D is the dispersion coefficient.
Another important characteristic of the model advanced in this paper is that it can handle
domains with different permeabilities. Hence, it is necessary to have a special treatment for the
cross-derivatives terms. As already stated, in a situation of uniform permeability (homogeneous
media), the cross-derivative terms are discretizated by central differences, but in the
heterogeneous cases this approximation is not recommended. A good option would be to have an
interpolation function that weights the cross derivative approximation as a function of the
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permeability. For example, the cross derivative approximation in the face e of Fig. 2 could have
the form

8C CP +CE_CSE_CS — CNE +CN _CP_CE
Py 4Ay

(15)

where z,, and p,, are factors that have the role of representing physically consistent the value

of the dispersion tensor component D,y for each face. Details about the determination of the
dispersion tensor components can be found in Bear'. Thus, if in Fig. 2, for example, the
permeability in volumes S and/or SE are equal to zero, Eq. (15) should be written as

}{CNE+CN—CP—CEJ (16)

oC
ny E

2Ay

e

_ { 2ny|e ny ne
ny|e+ DXy|ne

when, z,,and g,, are given by

Ty =0
and
Exy _ 4ny e DXY ne (17)
Dy .t Dyy el
Cordazzo™ proposed the evaluation of z,, and 3,, by
Exy| = 4‘nyse P 1- ‘nyne P (18)
¢ ‘DXYSe + ‘DXYe ‘DXYe ‘ + DXYne ‘DXYe
Exy‘ = 4‘ny”e P 1- ‘nyse Pxye (19)
¢ ‘DXYne +‘DXye ‘DXYe + DXYse ‘DXye

where the values between the | | are absolute values.
As a demonstration of the behavior of these factors, consider in the Fig. 2 that Dyyjne = Dyyje.
The variation of a, and g,, with the dispersion coefficient in the interface *“se” is analyzed in

the Fig. 3. One can note that when the dispersion at the interface “se” increases, the factor «,,
tends to the value 2D,y and the factor g,, tends to zero. This characteristic is obvious since the

derivative at the face “e” should be first order approximated. On the other hand, when the
domain is homogeneous, the factors &, andp, are equal to Dy, what recovers the

approximation of centered differences (second order approximation). On the contrary, when Dy
in the face “se” decreases, the factor z,, tends to zero and the factor g,, tends to 2Dy,.
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Fig. 3. Variation of factors «,, and Bxy in function of dispersion Dy,
at the interface “se” of Fig. 2, assuming that interfaces “ne”
and “e” have the same transversal dispersion.

Considering an equally-spaced grid and a fully implicit formulation, Eq. (9) reads
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- (/15/0 —nA)\(AA/#]CPAXAyAH :ﬁpCP_A—tpoCPO)AxAyAH (20)
Therefore, the general equation for the concentration, in a compact form, is given by
ApCp =ACe + AyCw + ACn + ACs + A Cye + ACqe + A, Crw + A Cow +B (21)
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where A, is the central coefficient, A are the connecting coefficients and B the independent

term.
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Fig. 4. Boundary control volume with zero derivative boundary condition

Now, the procedure for obtaining the discrete equations for the boundary volumes is
presented. As example, the volume of Fig. 4 subject to a boundary condition of zero derivative
of concentration in the face e is analyzed. Eq. (9), in this case, can be rewritten as

D,, oC D, oC D, oC u u
W2 o p=2Xx"Z4 p—Y 2= || —p—| Co +p—| C, |AYAHAL +
KpRayl[Rapraij pReeprw}y
D,oCc D, oC D,oC D, aoC
+ | p—=2 6_+p_yy8_ — . a—+,o—"ya— —p~ Cn+p1 C, |AXAHAt +
Roax "R ay) R ox Ry R RI,
sy Wp__ _ _ p°C.0
[/15/) A ijAxAyAHAt—(pCP p°Co° ) AXAYAH (22)

After collecting terms, the concentration equation for the volume P, shown in the Fig. 4 is given
by
ApCp = AWCW ""AnCN +ASCS + A1WCNW + AEWCSW + B (23)

This boundary condition is called “local parabolic boundary condition”. For the volumes
representing the contamination points of the groundwater, a prescribed and maximum value of
concentration can be used, according to Raoult’s Law. Therefore, the coefficients for these

volumes are given by
Ap =1
Ae = Ay = Ay = As = Aqy = Agy = Ase = Ape =0
B =Prescribed Concentration Value
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It is clear that one does not need to obtain the approximated equation using the mass balance
for these volumes, since the concentration is prescribed. One can use the mass balance to
determine the dissolved mass. Thus, the dissolved mass, obtained integrating the equation (6) in
the time and in the elemental control volume of Fig. 2, is given by

Myissoly. = — l Dxx £+ ny & -uC | - (Dxx £ + ny £ - UCJ AtAyAHN +
' R AX Ay . Ax Ay w

L ACp AC ¢ - DYX£+DW£—vC AtAXAHN — AGAXAYAHNCAL} (24)
RIL ™ Ax 7 Ay ) AX Ay .

where the negative sign is required according to the definition used for the dissolved mass.

For a finite contamination source there will be a time where no more mass is available to
sustain the prescribed concentration, and the concentration at the source should decrease in time,
as expected. This condition can be easily implemented in the computational program, subtracting
the dissolved mass (mg,, ) Of the contamination source in each step time At. Fig. 5 illustrates

the situation where there are two contamination sources in the groundwater. The procedure is
analogous for a situation with more sources. It can be seen that the two sources acts
independently while the plume does not reach the downstream source. That is mass is dissolved
in both places, as shown in Fig. 5(a). However, when the concentration of the volume containing
the downstream source recovers its maximum value, by influence of the contamination of the
upstream source, according to Raoult’s Law, the downstream source ceases to dissolve mass, as
we can see in the Figure 5 (b), where the stored mass level, symbolized by the level of the
vertical tubes, does not change. When the upstream source exhausts, the other source starts to
contaminate again, Fig. 5(c), until its mass finishes, Fig. 5(d), when the residual contamination
will be only transported and fully biodegraded.

——— Contamination Source — &

/Cr 7~ 7 g/
/ = 7 Pas .
¢ VA4 Vs

()

Fig. 5 — Aquifer exposed to two contamination sources: (a) beginning of the contamination, where the
sources do not interfere themselves; (b) the upstream contamination source interferes in the other source,
which does not dissolve more mass by Raoult’s Law; (c) the upstream source becomes exhausted, permitting
that the downstream source contaminates again; (d) the two sources became exhausted, and the residual
contamination is only transported and biodegraded in the aquifer.
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4.2 Discretization of the momentum equation

The governing equations for the flow in the porous media are given by the Darcy’s equation,

_uv__kop
n o nuox
(25)
v k oP
V=—=———
n  nuoady

where K is the permeability, s is the groundwater viscosity and P the pressure.

Using Fig. 6, noting that the velocities are staggered related to pressure, and taking into
account the heterogeneity of the medium using the harmonic averaging for the absolute
permeability, Eq. (25), for the u-component at the east face, can be approximated by

ug 1 2kgkp (Pe-Pp)

ue :T: nu (kE +kp) AXe (26)
¥
N ¥y
n
y+dy 4
i i a AE
oW —p
f=]
= ue
o
S
¥ x+Ax X

Fig. 6. Control volume for the pressure P and velocities u and v

Replacing the equations of ue, Uy, v, and v, in the mass conservation equation for porous
media’®,

9 (pn)+ o(pu’) , o(pv’)

=0
ot

27
~ 5 (27)
we obtain the general equation for the pressure, given by

ApPp = AcPe + ARy + APy +AsPs +B (28)

Solving for the pressure field, the velocities can be obtained from Egs. (25). For the
boundary volumes, the procedure to obtain the pressure equation was proposed by Maliska®’ for
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boundary-fitted coordinates. It consists in just applying the mass conservation equation for these
volumes, taking in account the boundary condition in that boundary. This procedure satisfies the
balance for the boundary volumes and do not increase the number of equations of the linear
system'®, a happens if fictitious boundary nodes are used.

5. RESULTS

In order to validate the model and to demonstrate its applicability, this section presents results
for some key test problems.

5.1. Simulation of a two-dimensional problem

The first case analyzed is depicted in Fig. 7. This problem, involving first order decay, constant
horizontal velocity and retard has analytical solution given by Sudicky™.

The comparison between the analytical solution and the numerical solution using a grid with 30
x 60 volumes and time step of 1.8 s is shown in the Fig. 8. It can be seen that the numerical
results are in good agreement with the analytical ones. In order to perform this comparison, the
velocity field was assumed one dimensional with constant u-velocity. The nonzero components
of dispersion tensor Djj, neglecting the molecular diffusion, are given by Bear'*:

DXX =aqiu and Dyy =atu (29)
z(m) (( L
6 oz
e u - Ly
o
2
C=C.p
0" — + X(m
0 < _y 60 )

dz

Fig. 7. Domain and boundary conditions of the two dimensional problem analyzed,
withu=0,09 m/d, o, =0,6m, ¢, =0,006 m,R=12and 4=0,007 day™

c
S 1 -
= ° This work, t=40 d
5 08{%, | ----- Analytical, t=40 d
So5o06] a o This work, t=280 d
50 Analytical, t=280 d
OO 04 0‘
2 o2 o
w [}
K9] 0 L
[a g

0 5 10 15 20 25 30

Longitudinal Distance, m

@)

236



Jonas Cordazzo, Clovis R. Maliska

° This work, t=120 d
084 | e Analytical, t=120 d
o This work, t=280 d

Analytical, t=280 d

0,6

Relative Concentration
(C/Co)

Transversal Distance, m
(b)

Fig. 8. Comparison between the numerical and analytical solution for the (a)
longitudinal (z = 0) and (b) transversal (x =10 m) concentration profile

5.2. Simulation of the five-spot problem

In this problem the flow in a porous media considering the advection and diffusion of a specie
is considered and compared with experimental results. The problem chosen is the well-known 5-
spot problem, where due to the well distribution, the boundaries of the domain result
impermeable. A flow of water in steady-state exists between the injection and production well
when, suddenly, it is inject in the injection well a tracer with specified concentration.

Productor
Welf

/l

infector
Well

()

s

(b)

(b) Field of groundwater velocities this configuration

Fig. 9. (a) Typical “Five-Spot” configuration;
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Two situations are examined; the injection of the tracer during some specified time step and the
continuous injection of the tracer. The results are compared with the data reported by Santos et
al®*. Table 1 gives the data used in the simulation and in the experimental work.

Tab. 1 Data used in the simulation and experiment

Parameter Value
Dimension 15 x 15 cm?
Permeability 519 mDa
Porosity 0,1775
Injected flow rate 0,004116 cm®/s
Dispersion coefficient 0,00115m

1 Darcy (Da) is equivalent to 0,987.10® cm?

Fig.10 shows the tracer concentration at the production well for the two cases. The pulse
injection of the tracer was equal to 0,4 porous volume (PVI). For definition, the porous volume
injected is given by

W.t

PVI =——
7.n (30)

where W is the volumetric flow rate , t the injection time, V the volume, and n the porosity.

Fig. 10 shows the results of the pulse and of the continuous injection in a grid of 10x10
volumes and time step, At, equal to 2,77 h. The results can be considered very good, since the
numerical method well captured the tracer fate in the production well. Moreover, the
concentration peak of the pulse is also in a good agreement with the experimental data. Good
results are also obtained for the continuous injection of the tracer, where it can be seen that the
tracer concentration at the production well tends to unity for large time levels.

777777 Pulse of 0,4 PVI
Continuous Injection
12 o Experimental Data

Concentration at the Production Well

Injected Porous Volume (PVI)

Fig. 10. Concentration at the production well. The solid and dotted curves
represent the numerical results for continuous injection and a pulse of
0,4 PVI injection. The points are experimental data of Santos et al*.
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5.3. Simulation of a heterogeneous aquifer contamination

The next example is a groundwater contamination where the hydraulic permeability of the
central region of the domain is close to zero. Therefore, the flow will tend to avoid this region. It
is simulated a spill of gasoline with 30 kg of BTEX, in a area of 3 m? of an aquifer of fine clay
with 1 m thickness and permeability of 5.10™*® m% The prescribed velocity is 0,9 m/day in the
left face and zero derivative at the right face of the domain. The other faces are impermeable.
The domain of 31x21 m? was discretized using a grid of 31x21 volumes. The retard factor is R =
1,2. The longitudinal dispersion is «; =0,26 m and the transversal is a; =0,015 m. The BTEX

maximum solubility was assumed as 1 g/l. Fig. 11 depicts the boundary conditions and other
details of the problem.

The flow solution is shown in the Fig.12, where the flow has the tendency to deviate from the
low permeability region, as expected. The contaminant transport without decay was simulated
for six distinct time levels: 10, 30, 50, 60, 70 e 75 days, using time step, At, equal to 0,1 day. Fig.
13 shows the iso-concentrations lines for several simulation times. It is clear that in the
beginning of the simulation, until approximately 30 days, the low permeability region works as
barrier, but not hindering the propagation of the contamination.

Impermeable

u=08md 2im
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/ Permeability S
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Fig. 11. (a) Flow boundary conditions, and (b) concentration
boundary conditions of the heterogeneous aquifer contamination problem
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Fig. 12. Velocity vectors for the aquifer given in Fig. 11

5.4. Simulation of a one-dimensional contamination of ethanol-amended gasoline

As a final application, the contamination problem using the model with considers the
presence of ethanol is solved. Results for the BTEX concentration are compared with the model
with no ethanol in the gasoline. This case involves the spill of 100 liters of the Brazilian
commercial gasoline, which is composed of 24 liters of alcohol and 76 liters of pure gasoline. As
its volumetric fraction in the gasoline is 0,42 %, there is 0,32 liters of benzene. Its specific mass
is 870 kg/m®, therefore, 0,277 kg of this compound is present in the mixture. It is easy to show
using Raoult’s Law, that the maximum amount of benzene able to migrate to the aqueous
solution is 18 mg/l. However, the presence of ethanol increases the benzene solubility, according
to Eq. (2). The data needed to calculate the new benzene solubility are

e benzene solubility in the pure water S,, = 18 mg/l;
e the volume fraction of the ethanol in the gasoline f. = 0,24,
o the relative increasing of solubility S = 0,665

Solving Eq. (2), the benzene solubility in the water/co-solvent mixture, Sy, increases to 26
mg/l. This value will be maintained as the prescribed concentration of the contamination while
the contamination source has available mass to spill. When the ethanol is fully consumed, the
benzene solubility in the source will return to the value 18 mg/l. Since the ethanol specific
mass is 790 kg/l, there is 19 kg of ethanol that will fully dissolve in the groundwater, since the
ethanol solubility in the water is assumed to be infinite.

t=10d
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The 1D solution domain is 30m long discretized with 40 volumes, as shown in Fig. 14.
The contamination source is located at x = 1,125 m. The boundary conditions are C(0,t) =0
with a locally parabolic condition in x = 30 m. The values adopted for the first order decay,
A, were 0.1 day™ and 0.2 day™, for benzene and for ethanol, respectively. The plume retard
factor, R, is assumed equal to 1.0 for the ethanol and 1.12 for the benzene. The groundwater
velocity is 0.25 m/day and the longitudinal dispersion coefficient, ¢, = 0,01 m. The minimum

value of ethanol concentration able to retard the benzene biodegradation (that justifies the
adoption the value 5 =0 in the BTEX transport equation), is under investigation, but here it is
assumed 3 mg/I.

30 m

Fig. 14. Physical domain of the one dimensional problem of the
benzene contamination amended-ethanol

Fig.15 presents the results of the simulation for the benzene concentration after 320 days. It
is clear the influence of the ethanol in the benzene consumption by biodegradation. Without
ethanol in the gasoline the benzene concentration peak is around 0.1, while with the presence
of ethanol it reaches a peak four times greater.

0.6
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Fig. 15. Comparison of dimensionless benzene concentration after 320 days, as
a function of the distance, with and without ethanol in the gasoline
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6. CONCLUSIONS

The contamination with BTEX compounds, unfortunately, occurs very often and to predict
the fate of these species is extremely important for safety and health reasons. It is a world
tendency to add ethanol to the gasoline, in order to decrease the emission of toxic gases.
However, the presence of ethanol in gasoline retards the heavy contaminants biodegradation,
as could be seen in this work. The main contribution this work is to present an approach for
modeling and simulating groundwater contamination. It is shown that it is possible to model
the biodegradation with a first order decay for ethanol.

To model the increasing of the contaminant solubility in the aqueous phase in presence of
ethanol (the co-solvency effect), it was assumed that the hydrophobic compounds solubility in
water (BTEX, for example) increases log-linearly with the fully miscible organic solvents
volume fraction. The inclusion of co-solvency phenomena in the model and the application of
Raoult’s Law in the definition of the dissolved mass of the source contamination can be
considered as important contributions of this work.

The sorption effect was modeled by the Freundlich’s isotherm, where the distribution
coefficient b was assumed to be unity. This assumption simplifies the numerical scheme,
since it avoids non-linearity in the model, but it is recommended in cases of low contaminant
concentrations and low sorption potential. The numerical scheme developed can now be used
to simulate different biodegradation models and, associated to experimental measurements,
can be of extremely value in creating new biodegradation models.

Even though the authors had no enough field data to full validate physically the model, the
results followed the physical trends and the numerical model developed can be very useful to
help in predicting contaminant dispersion in groundwater flows.
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