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ADbstract

This work presents a numerical model able to simulate the effect of biomass growth on the hydrau-
lic properties of saturated porous media, i.e., bioclogging. A new module for an existing coupled
flow and reactive-transport code-PHWAT-was implemented. Laboratory experiments were used to
validate the model.. Good agreement with the experimental data was found. Model behavior was
satisfactory in terms of numerical discretization errors and parameter calibration, although-grid-
independent results were difficult to achieve. The new code was applied to investigate the effect of
the initial conditions on clogging development. A set of simulations was conducted considering 1D
and 2D flow conditions, for both uniform and heterogeneous initial biomass concentrations. The
simulation results demonstrated that the rate and patterns of bioclogging development are sensitive
to the initial biomass distribution. Thus, the common assumption of an initially uniform biomass

distribution may not be appropriate and may introduce a significant error in the modeling results.

Keywords

PHWAT, reactive transport modeling, porosity changes, hydraulic conductivity, dispersivity, bio-

film, biomass, calibration, validation
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1. Introduction

Hydrodynamic and transport properties of porous media may evolve over time as a consequence of
biological, chemical and physical processes. Among the most important phenomena is clogging,
1.e., the reduction of porosity and permeability. Pore-clogging is a widespread process occurring in
many systems, both natural and engineered. While in natural ecosystems the variation of the hy-
draulic properties is often moderate and subject to periodic cycles, anthropogenic disturbances may
have deleterious effects and potentially change the functioning of the ecosystem itself. Clogging
phenomena also play an important role in different fields related to hydro-geology and environ-

mental engineering.

At the pore-scale, clogging is due to modifications of the geometry and effective pore radii, with an
increase of the resistance to water flow, thus resulting in a decrease of both porosity and hydraulic
conductivity. Several mechanisms may be responsible for the modifications of the pore-space geo-
metry (Baveye et al., 1998; Amos and Mayer, 2006) Indeed, the most important biological process
leading to clogging is the development of microbial biomass. Bacterial communities can grow in
the pore space, forming continuous biofilms or isolated colonies that fill a large fraction of the pores
(Baveye et al., 1998). In this work we focus primarily on bioclogging, because it often impacts on
the functioning and performance of both natural and engineered ecosystems. Nevertheless, the

model we describe below can be applied with few modifications to the other types of clogging.

Much experimental research has been conducted to study causes of clogging and to identify possi-
ble strategies to reduce its effects although most experiments are limited to measurements of the
evolution of the bulk hydraulic conductivity with time. This type of experiment is able to provide
information regarding how real, field scale systems can be managed, but gives only limited insight

on the functioning of the clogging processes. In the recent years, some more detailed experiments
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have also been conducted. These provide a more detailed picture of the clogging process with both
1D and 2D flow conditions (e.g., Seki et al., 1998, 2006; Islam et al., 2001; Bielefeldt et al., 2002;
Thullner et al., 2002a; VanGulck and Rowe, 2004; Arnon et al., 2005; Wantanaphong et al., 2006;

Ford and Harvey, 2007; Pavelic et al., 2007; Scheibe et al., 2007; Seifert and Engesgaard, 2007).

Concerning modeling, a distinction can be made between pore-scale and macro-scale models. Pore-
scale simulations have often be used to investigate the effect of biomass development (as biofilms
or microbial colonies) on the hydraulic conductivity, and in turn to develop or validate constitutive
relationships linking porosity to permeability changes (e.g., Dupin et al., 2001; Thullner et al.,
2002b; Kim and Whittle, 2006; Kapellos et al., 2007). A number of macro-scale models have been
developed and used to reproduce data from laboratory experiments (e.g., Baveye and Valocchi,
1989; Taylor and Jaffé, 1990d; Tan et al., 1994; Clement et al., 1996; Kildsgaard and Engesgaard,
2001; Thullner et al., 2004) and to understand the processes governing the interactions between wa-
ter flow and biomass development. The general conclusion of macro-scale modeling studies is that
it is in general possible to reproduce, at least qualitatively, the development of clogging and subse-
quent drop of the hydraulic conductivity. Nevertheless, model applications suffer from a number of
significant limitations that may hinder a model’s predictive capabilities. Among the most important
is the lack of robust relationship between the porosity and hydraulic conductivity (e.g., Molz et al.,

1986; Baveye and Valocchi, 1989; Clement et al., 1996; Baveye et al., 1998).

Lack of information about some key properties of the physical system is another aspect that requires
some attention. For example, in most previous studies a homogeneous biomass distribution was as-
sumed. However, some works conducted considering both laboratory experiments and simulations
highlighted that even relatively small heterogeneities in the initial distribution of hydraulic conduc-
tivity and bacteria can induce visible changes in the substrate consumption rates and patterns of bio-
mass growth (Miralles-Wilhelm et al., 1997; Scholl, 2000; Magid et al., 2006; Mohamed et al.,

2006). To the best of our knowledge, there is no study directly addressing the coupling between he-
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terogeneity in the physical and microbiological properties and pore clogging, although it is likely

that initial biomass distributions has also some effect on the rate of clogging development.

In this paper we present a modular modeling tool suitable for simulating the clogging process in 1,
2 and 3D. The model is developed at the macro-scale, and includes the effect of flow-induced shear
stress on biofilms. Compared to most of the previous clogging simulators, the model we present in
this work has a greater flexibility, because (i) an arbitrary reaction network can be considered and
(i1) multiple components can induce pore-clogging. In the second section we apply the new simula-
tor to two experimental datasets. These applications are used to validate the new code and to per-
form a sensitivity analysis to identify the critical processes and features that control the response of
the system, particularly the decrease of hydraulic conductivity. An analysis of the numerical errors
introduced by the additional feedback is also presented. Finally, in the fourth section we investigate

the impact of initial conditions on the rate and extent of clogging.
2. Model formulation and implementation

Bioclogging is a complex phenomenon resulting from the interaction of many different processes.
Biomass in porous media is present in two forms, an immobile component attached to the surface of
the solid matrix or trapped by it, and the mobile component suspended in the pore-water solution.
Attachment and detachment phenomena are responsible for the conversion of mobile biomass to
immobile, and vice versa. In a simplified view, the detachment process is controlled by the shear
stress exerted by the fluid flow on the surface of the immobile biomass, while attachment is funda-
mentally a deposition process (O’Melia and Ali, 1978; Reddi et al., 2000; Breadford et al., 2003;
Tufenkji, 2007). Mobile biomass can be transported by pore-water flow, but can also be actively
moving in response of a chemical gradient (chemotaxis) (Hornberger et al., 1992; Ford and Harvey,

2007; Tufenkji, 2007).
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Other than attachment and detachment, the additional fundamental process required to properly
model clogging is biomass growth and decay. This process involves both the increase of number of
bacterial cells and the production of extra-cellular polysaccharides (EPS), which increases the vo-

lume of the biofilm or colonies and consequently changes the medium’s porosity.

Using the macroscopic approach (e.g., Clement et al., 1997; Kildsgaard and Engesgaard, 2001), a
simple relationship between the current porosity and the fraction of pore-space occupied by the bio-

mass can be written:
n=n, -n,. (M)

where nNg is the porosity of the clean porous medium (i.e., without biomass), and Ny is the volume
fraction of biomass occupying the pore space. In porous media, biomass may be present both as sin-
gle cells in the pore fluid, and as immobile aggregates and cells trapped in the pores due to their
size. In this work, we assume that only the immobile fraction of the biomass contributes to the
changes in pore volume. Indeed, the total volume of immobile biomass results from the sum of dif-
ferent constituents, such as multiple bacteria strains, EPS and macromolecules that form the struc-
ture of the biofilms (e.g., Vandevivere and Baveye 1992). As a result, the ‘biological’ immobile po-

rosity is computed as a sum of the contributions of each constituent:

n xi
nbio:; ;p ) (2)

where X is the mass (dry weight) of the i component of the immobile biomass per unit mass of
aquifer solids, o, is the bulk density of the porous medium without biomass, and ,ds is the density of

the i component of the immobile biomass.

2.1 Processes affecting the immobile biomass

We assume that biomass growth can be modeled using a Michaelis-Menten-type equation (e.g., Bar-
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ry et al., 2002), while the biomass decay is assumed to be a first-order kinetic process. We also as-
sume that growth is only limited by the substrate (electron donor and C source) and the electron ac-

ceptor. These can be written as

Ce C, , and 3)
Kea + Cea KS + CS

H= iy

d = k,X, @)

where (/ is the growth rate, X the biomass concentration (mobile or immobile), fiux the maximum
growth rate, C the concentration, K the half-saturation constant and the subscripts ea and S stand for
electron acceptor and substrate, respectively. Equation (4) describes instead the biomass lysis rate

dr, with kg being a first-order decay constant.

The modeling assumptions used here are commonly found in biomass simulations, including all the
existing bioclogging models (Clement et al., 1996; Kildsgaard and Engesgaard, 2001; Thullner et
al., 2004). As will be made clear later, however, one of the strengths of our approach is that such
assumptions can easily be modified, and potentially any equation can be used to describe the

growth/decay process.

Biomass growth is also self-limited, in that it reduces the available pore space and reduces the nu-
trient and carbon source fluxes (e.g., Kindred and Celia, 1989; Prommer and Barry, 2005). A mathe-
matical expression that accounts for these two phenomena was proposed by Zysset et al. (1994),
and has already been used in bioclogging models (Kildsgaard and Engesgaard, 2001):

X™ ~(X +X,)
lyo = X X > 5)

where X™ is the maximum possible biomass content of the porous medium per mass of solids, Xq

and Xs the current amounts of mobile and immobile biomass, respectively. As discussed by
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Kildsgaard and Engesgaard (2001), an upper bound for lpio is given can be computed considering
the volume of pore space in the clean porous medium, i.e., its porosity. In practice, however, this
value is always smaller than its upper bound because as biomass grows nutrient transport becomes

progressively a diffusion-controlled process.

Attachment and detachment processes are instead less well understood and only a small number of
theoretical studies have been carried out to elucidate the effect of various chemical and physical
properties on both the porous medium and the pore-water solution on their rates. Most of the availa-
ble equations contain inconsistencies and weaknesses that limit model applicability and robustness
(Tufenkji, 2007). The more often used equations are based on colloid filtration theory, which has
probably only limited applicability to bacteria motility (Rittmann, 1982; Harvey and Garabedian,
1991; Reddi et al., 2000; Tufenkji, 2007). Recently, a number of experimental and theoretical inves-
tigations have been carried out, but there still is a lack of reliable, closed-form constitutive rela-
tionships (e.g., Breadford et al., 2003; Gargiulo et al., 2007; Jiang et al., 2007; Scheibe et al., 2007).
For these reasons, and following previous works (Clement et al., 1996; Kildsgaard and Engesgaard,
2001; Thullner et al., 2004; Tufenkji, 2007), we adopted the classical equations from deep-bed fil-

tration.

The attachment coefficient is computed as (Harvey and Garabedian, 1991; Scheibe et al., 2007):

3A-nvn
att = 2d 4

g

(6)

where V;, is the pore velocity, n the porosity, dg is a characteristic grain diameter and 77 the collector
efficiency, a parameter representing the frequency of collisions between mobile bacteria and grain
surfaces. Some relationships have been proposed to compute the collector efficiency (Tien et al.,
1979; Scheibe et al., 2007). Such equations however contain some parameters that are difficult to

measure or estimate. For this reason, we considered the collector efficiency as an empirical parame-
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ter and estimated it during model calibration.

The sensitivity and importance of shear detachment has been debated in the literature, and no
unique approach can be identified. According to Thullner et al. (2004), shear detachment can be
safely neglected, at least when the flow field is 2D, while Kildsgaard and Engesgaard (2001), also
considering a 2D flow field, found good agreement using a simplified law independent from flow
velocity. We decided instead to consider the dependency of the detachment rate on the flow veloc-

ity, and to implement the semi-empirical equation proposed by Rittmann (1982):

0.58

W (l - n)3

Koer = Cq {p— ) (7)
d;n3M

where Ky is the detachment rate, yis the viscosity of water, dp is the characteristic grain diameter,
M the specific surface area and Cq an empirical parameter. By calibrating the model on experimental
datasets, Rittmann (1982) proposed a value of 2.29 x 10 for cg. As this value is dependent on the

experimental circumstances, it was calibrated in the applications presented below.

Upon combining the different processes, the following coupled ODEs describing biomass variation

in time are obtained:

a(;is = felpio X =Ky X =K X+ Ky X, and &)
oX
Ota = tualbioxa _kdxa+ kdetxs _kattxa ’ (9)

where the subscripts S and a refer to the immobile and mobile biomass, respectively. As has been
assumed by others (Taylor and Jaffé, 1990b; Kildsgaard and Engesgaard, 2001; Clement et al.,
1996), we do not consider separately living cells and EPS. Biofilms are composed of nearly 95%

water, and it is consequently reasonable to assume that their density is equal to that of water. Since
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the mass fraction of soil grains and water phase remains constant over time, we can express solid

biomass in terms of pore-fluid concentration instead of concentration per unit mass of soil.

2.2 Hydraulic conductivity changes

The relationship linking permeability to porosity changes is non-trivial to define. Permeability de-
pends on a large number of micro-structural and geometrical properties of the porous structure, such
as pore size distribution, pore shape, pore connectivity and tortuosity. All these properties cannot be
directly deduced from the changes in the porosity, and depend primarily on the biomass configura-
tion and distribution at the pore level. A number of constitutive relationships have been proposed,
such as the well-known Kozeny-Carman formula, but none is generally applicable (Zheng and Ben-
nett, 2002). A sub-set of these relationships has been developed to account for the properties of the
biomass aggregates (Vandevivere et al., 1995; Baveye et al., 1998). Among the most well known
are the model of Clement et al. (1996), the colonies and the biofilm models (Thullner et al., 2002b).
These relationships rely on a simplified description of both the porous medium and biomass, and
have been found to be suitable to reproduce the clogging patterns observed in several experiments.
The main difference between these three functions is in the geometry of the immobile biomass, and

the fraction of pore space that is occupied initially.

It has been observed that an exponential relationship between porosity and hydraulic conductivity is
often found in experimental data (Sahimi, 1995; Clement et al., 1996). Several authors (Ives and
Pienvichitr, 1965; Okubo and Matsumoto, 1979; Knapp et al., 1988; Taylor and Jaffé, 1990b) pro-

posed consequently the relationship:
Krel (nrel): an; ’p>0 (10)

where K¢ and Ny are the relative hydraulic conductivity and porosity (defined respectively as n/n
and K/Kp). Here and in the following, K denotes the hydraulic conductivity, and the subscript 0 in-

dicates the hydraulic conductivity of the clean porous medium. The exponent p is a parameter that

10
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depends on the micro-geometrical properties of the porous medium and on the morphology of the
biomass. We note that Equation (10) is analogous to the unsaturated hydraulic conductivity for wa-
ter flow in a porous medium (references), where Nyg is replaced by the normalized moisture content.
There, the physical basis of the rapid decline in relative conductivity with moisture content is that
the larger pores drain most readily due to capillarity. On that basis, whatever the derivation of Equa-
tion (10), its use in bioclogging models is entirely consistent with the notion that the biomass clogs
the larger pores in preference to smaller pores. Clement et al. (1996) developed a relationship
equivalent to Equation (10) considering the pore-size distribution and a relationship between rela-
tive water saturation and pressure head. An explicit dependence between the exponent p and the
pore-radius distribution was obtained. It was found that for typical sandy materials, it is appropriate
to take p = 19/6. Since Clement’s model was developed considering the analogy with drainage,
where larger pores are initially drained, the underlying assumption of this constitutive equation is

that the larger pores fill first with biomass.

The other two models we consider were not derived using analytical descriptions of the porous
structure, but on pore-network simulations that were carried out considering different conditions,
with the results fitted to closed-form relationships. The colonies model (Thullner et al., 2002b) as-
sumes that the total biomass in the medium is split into different entities and that bacterial growth
occurs in the smallest pores first. This model is thus a contrast to the Clement model, in which the

larger pores are clogged first. The colonies model is expressed as:

0 )’ 0 )2
Koo (Na)= a[—nf‘_ e J +(1- a)(—nf_ e j , (11)
rel rel

where a and n’g are adjustable parameters, with 1- n., being interpreted as the relative volume of
biomass needed to get the maximum reduction of hydraulic conductivity, i.e., the hydraulic conduc-

tivity goes to O as the relative porosity N, approaches n’,. Model fitting on experimental data
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shows reasonably good agreement (Thullner et al., 2004). The parameter n°, was found in most of

the cases in the range 0.4-0.9 while a was found between -1 and -1.9.

A third concept to pore clogging is the biofilm model of Thullner et al., (2002b), which assumes a
single, connected layer of biomass covering the wall of each pore. As a consequence of biofilm de-
velopment, the pore-radius is reduced and therefore also water flow and solute transport is mod-
ified. In the pore-network simulations used to derive this model, a growth-limiting nutrient was

considered. The final relationship is:

b
n,—-n 1
K (n.)=|| e "Te | 4k , 12
rel( rel) [[ l_no J mn]1+ Km-n ( )

rel

where Kyin is the lower limit of hydraulic conductivity, i.e., the value of hydraulic conductivity

when Nnyg approaches N’y , similar to the colonies model. Applying the biofilm model to experimen-

tal data (Thullner et al., 2004) resulted in a good fit, with the parameter N’ in the range 0.2-0.4 and

6 x 10°-107 for Kin.

2.3 Model implementation

A new clogging module was implemented for the numerical model PHWAT (Mao et al., 2006),
which evolved from PHT3D (Prommer et al., 1999a,b, 2000, 2003). PHWAT is a computer code for
3D reactive transport in variable-density saturated flow. PHWAT was developed coupling SEAWAT
(Guo and Langevin, 2002) with the aqueous chemistry model PHREEQC (Parkhurst and Appelo,
1999). The variable-density model SEAWAT is also a coupling between two other software pack-
ages, MODFLOW-88 for water flow (McDonald and Harbaugh, 1988) and MT3DMS for solute
transport (Zheng and Wang, 1999). A sequential non-iterative operator splitting algorithm was used
to couple solute transport and biochemical reactions. The resulting model has a modular structure.

Therefore, additional capabilities can be implemented as separate modules The bioclogging module
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consists of three main subroutines. The first subroutine computes the coefficient required during the
reaction step, namely the attachment, detachment and activity coefficients (Equations 5-7). This is
done computing the Darcy flux and pore-water velocity from the current hydraulic head, conductiv-
ity and porosity. The coefficients are subsequently used during the reaction step to compute the mo-
bile and immobile biomass concentrations (Equations 8 and 9). The second subroutine updates the
porosity, comparing the immobile biomass concentration at present and previous time step. The new
value for the mobile porosity is computed from Equations 1 and 2. Next, the third subroutine up-
dates the hydraulic conductivity using one of the constitutive equations implemented (Equations 10
to 12). As already discussed, these equations were selected because previous works showed they
provide a good fit of experimental data for bioclogging studies. Nevertheless, additional constitu-
tive equations can easily be incorporated in order to extend the model to account for clogging phe-
nomena originating from different processes and with different behavior, e.g., due to mineral phase

precipitation/dissolution, or entrapment of gas bubbles.

During model testing we found the embedded PHREEQC reaction module to be very slow some-
times for calculation of reaction kinetics. For this reason, an alternative module was developed.
This alternative biogeochemical module implements the standard 4"/5" order Runge-Kutta solver

and can save up to 50% of the CPU time compared with PHREEQC.

3. Model validation with experimental data

As already discussed in the introduction, some experimental results are available in the literature.
These can be used to test and validate the numerical model. Design and implementation of such la-
boratory experiments is difficult, since potentially the hydraulic properties change rapidly in space,
and a high resolution sampling regime would be required to capture well the evolution in space and

time.
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In order to validate the numerical model presented in the previous section, we selected two labora-
tory experiments conducted using different setups and different approaches to monitor the evolution
of biomass development in the porous medium. This choice allows us to test the model under differ-

ent conditions, and to assess the model sensitivity to different parameters.

3.1 Column experiment with bioclogging

The numerical model was first tested against the 1D laboratory experiment of Taylor and Jaffé
(1990a). The setup consists of a plastic column filled with sand. Bacteria and organic carbon were
removed by incinerating the porous medium before packing. Next the column was flushed for a pe-
riod of four hydraulic retention times to seed it with a solution containing a mineral growth me-
dium, bacteria and methanol as the carbon source. Table 1 summarizes the main properties of the

experimental setup and of the porous medium.
TABLE 1 NEAR HERE

Two experiments were carried out simultaneously using different substrate concentrations and flow
rates, but detailed information on the evolution of the hydraulic head at different heights are availa-
ble only for one of them. For this reason, in the rest of the work we only consider data from experi-
ment #1 of Taylor and Jaffé (1990a). The experiments were run continuously pumping a solution
containing the mineral growth medium and methanol, but without biomass. The concentration of
methanol was selected to prevent complete oxygen depletion inside the column, based on estimated
consumption rates. This is a significant advantage for numerical modeling, since assuming that oxy-
gen is not a limiting factor permits some simplification of the reaction network, thus reducing the
number of parameters in the model. Flow rates were instead chosen to produce Darcy velocities
similar to those observed near injection wells, which are higher than those occurring in aquifer. As

will be discussed later, this has some negative consequences for modeling.
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Hydraulic heads and substrate concentrations were monitored every one to four days during the first
phase of the experiment (106 d), while the sampling frequency was reduced during the second part.
The hydraulic conductivity was computed via Darcy’s law from the measured hydraulic head be-
tween two consecutive measurement ports. The computed hydraulic conductivity is thus an average

value reflecting the distribution of this parameter between two sampling ports.

3.1.1 Model setup

The column used during the laboratory experiments was discretized with a 1D grid of 52, 0.01-m
cells. Numerical experiments were carried out to ensure grid-independent results. Simulation results
were also compared to those obtained with an equivalent 2D domain, with excellent agreement. All
the initial hydrodynamic properties are known from the experiment, except for the longitudinal dis-
persivity (ai), which was set to 10 m according to values for similar sands at the same length scale
(Zheng and Bennett, 2002). The molecular diffusion coefficient (d) was instead assumed negligible

compared to the hydrodynamic dispersion and was consequently set to zero.

Following the experimental setup, a flow boundary condition was used at the inlet both for water
and solutes, while a fixed hydraulic head was set at the exit of the simulated column. The value of
the hydraulic head was set high enough so that the whole column remains fully saturated during the
simulation period. As for the initial conditions, the concentrations of all the components were set to
zero, except for the immobile biomass. No information is available about the concentration of this
component or its spatial distribution and density within the column. For this test case, we set a ho-
mogeneous small concentration throughout the modeled domain (10'6 mol 1'1). Indeed, we found the
choice of the initial biomass distribution may have a significant impact on the development of bio-
mass and thus on the patterns of clogging. For this reason, a detailed sensitivity analysis was carried

out and is described in the fourth section of this work.

As already pointed out, the flow rate adopted during the experiment is large, resulting in average
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pore velocity at the beginning of the experiment of about 5.5 m d™', increasing up to about 38 m d”'
as the pores become increasingly clogged (here we assume a residual porosity of 5%). This has
some consequences for the numerical modeling since to control the split-operator error associated
with the coupling of the transport and reaction equations a refined time step is needed. Numerical
experiments were conducted to choose an appropriate time step. A summary of the results and some
discussion is presented in Section 3.1.4, but here we anticipate that we found the best results using a

constant time step of about 45 s.

The Total Variation Diminishing (TVD) method was used to solve the transport equation. It is a
high-order finite-difference (Eulerian) scheme, with the advantages of being mass conservative, os-

cillation-free and with small numerical dispersion (Zheng and Bennett, 2002).

According to Taylor and Jaffé (1990a), methanol concentrations were selected to avoid oxygen be-
ing completely depleted. Consequently, the Monod-type equation introduced above was used (Eq-

uation 3) to model substrate consumption, but the electron-acceptor limitation was removed.

3.1.2 Modd calibration

Various parameters are unknown and were adjusted to fit the experimental data. Model calibration
is complex because the different biological and physical processes are highly non-linear. Depending
on the porosity-hydraulic conductivity relationship used, the number of parameters that it is possi-
ble to tune is between 8 and 11. An initial sensitivity analysis involving sequential parameter varia-
tion identified three key variables, viz., the maximum growth rate for biomass, and the coefficients
controlling the attachment and detachment rates. In order to reduce the complexity of the inverse

problem, only these parameters were initially optimized.

Automated model calibration was performed using PEST (Doherty, 1998), a general-purpose pro-
gram for gradient-based calibration and optimization. The main limitation of the method is that,

while it is very efficient for linear and quasi-linear models, it is easily trapped in local minima,
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which is the case for reactive transport models. However, the same algorithm implemented in PEST
has been often used to calibrate reactive transport models, and proved effective in a number of cases
(Dai and Samper, 2004; Shawn Matott and Rabideau, 2008). In order to partially overcome these
difficulties, we coupled the model calibration performed with PEST with a Latin-Hypercube multi-
restart technique (e.g., Bajracharya and Barry, 1995). The parameter space was subdivided into reg-
ular intervals (the range of each parameter was divided into three sub-intervals), and within each
interval a value was randomly selected and used as the initial guess for the Levenberg-Marquardt
algorithm. Because of the computational cost, this approach works well only when the number of

parameters to be calibrated is small.

FIGURE 1 NEAR HERE

3.1.3 Results and comparison with experimental data

Only the experimental data after 14, 28 and 42 d since the beginning of the experiment were used to
validate the numerical model, although the experiment was run for 283 d. We decided not to con-
sider the experimental results at later times because the pattern of the permeability decrease shows a
radically different behavior. It is likely that at later times the main clogging mechanism is not di-
rectly related to further biomass growth, because all the substrate is consumed near the inlet to
maintain the existing biomass. As suggested by other works (Seki et al., 1998; Bielefeldt et al.
2002), possible alternative causes for the observed hydraulic conductivity reduction are the filtra-
tion of colloids and fine particles suspended in the pore fluid (e.g., dead cells and detached poly-
mers) or the presence of gas bubbles, factors that were not included in the model. This difference
was reflected in the difficulty in the model’s ability to fit the data, e.g., unreasonably large parame-
ter changes. As described below, the early-time model calibration did not make reasonable predic-

tions for data collected at later times.

The model parameters were calibrated on the experimental data measured at 14 and 28 d, while ex-
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perimental data at 42 d were used to verify to what extent the model can be used as a predictive
tool. Experimental data and the best simulations obtained using PEST are compared in Figure 1.
Overall, model results show a reasonably good agreement with the experiment and, among the pub-
lished modeling results that are compared to this experiment (e.g., Taylor and Jaffé, 1990c; Ham et
al., 2007), this model shows (at least visually) the best agreement. Indeed, while the fit is excellent
at 28 d, the predicted permeability reduction significantly underestimates the measured value near
the column inlet at 14 d. It is possible to improve the fit by giving more weight to the early results
than to those at 28 d, but this gives a significant decrease in the quality of the fit at later times.
Moreover, it should be noted that, while the parameter set we are using is that providing the best fit
(i.e., the lowest value of the weighted residuals), a relatively good fit can be obtained with signifi-
cantly different values for the three parameters we calibrate. This is possibly due to the presence of
local minima, which limits the validity of the model as an explanatory and forecasting tool. This is a
common challenge in modeling biogeochemical processes, and in the case of bioclogging it is fur-
ther evident because of the additional processes considered and the feedback of biological reactions

on water flow and solute transport.

Simulated results at 42 d, not used during model calibration, show good agreement up to 0.15 m
from the inlet. Instead, while in the experiment there is a transition zone where the relative conduc-
tivity gradually changes from about 10™ to unity over a distance of 0.2 m, the same transition in the
simulated results is sharper and requires only 0.15 m. This happens at later times, with an even
more pronounced difference. While in the simulation the clogging front moves gradually towards
the outlet without a significant change in the shape and slope, in the experiment the front become

broader and more stretched.

The substrate distribution within the column was measured 14 d after starting the experiment. Fig-
ure 2 shows the experimental and simulated data. The modeling results correctly reproduce the ob-

served sharp decline of concentration near the inlet. Only the measured value of methanol near the

18



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

Accepted Version

inlet shows a significant difference with the simulation. However, the observed concentration is
very close to the initial concentration (about 7 mg I'"). It is likely that the measurements are strongly
affected by the influent solution composition. The simulated value is instead an average of the con-
centration in the first cell, where the concentration of biomass is higher, and thus the transformation

rate for methanol is also high.

FIGURE 2 NEAR HERE
3.1.4 Model accuracy

As already mentioned, incorporating the additional feedback due to clogging in a numerical simula-
tion may require more stringent constraints than normal on the grid and time discretization to main-
tain the accuracy of the numerical results. For this reason, we carefully investigated the effect of
discretization using a set of numerical experiments that considered different grid and time step siz-
es. The effect of both grid refinement and dispersivity on the accuracy of the results was investi-

gated by means of the grid Péclet and Courant numbers. The Péclet number Peis:

Pe:VAL: VAL :&’ (12)
D d+va, a,

where V is the pore water velocity, D the hydrodynamic dispersion coefficient and AL the grid spac-
ing. If Eulerian schemes are used to solve the advective term of the transport equation, a common
constraint for this criterion is Pe < 5 (Zheng and Bennett, 2002). Indeed, for the current simulations
Pe not only affects stability and accuracy of the numerical scheme, but also the correct development
of the porosity and hydraulic conductivity changes. Since within each cell the concentration of each
component is constant, an excessively coarse grid spacing is not able to capture the correct develop-
ment of the clogging front, and in turn the water flow is not updated correctly. This is similar to

what is observed in variable density flow simulations, where a coarse grid does not properly capture
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instabilities at the interface between fresh and dense water. In such cases, it is appropriate to use a
more stringent constraint to achieve a better accuracy, e.g., Pe <2 (Zheng and Bennett, 2002; Bro-

velli et al., 2007).

TABLE 2 NEAR HERE

FIGURE 3NEAR HERE

FIGURE 4 NEAR HERE

Table 2 summarizes the four test cases considered, while Figures 3 and 4 compare, respectively, the
porosity and hydraulic conductivity profiles for the same four cases. The figures are divided in two
panels with results obtained setting the longitudinal dispersivity to the same value. The left panel of
both Figures 2 and 3 shows that even Pe = 2 may not be appropriate to capture correctly the clog-
ging front. Comparing the results of the four simulations in Figures 3 and 4, it is clear that the dif-
ference is significantly larger in the hydraulic conductivity profile than in the porosity profile. The
reason for this different behavior is related to the exponential relationship between the two quanti-
ties. The relative error was also computed, both for porosity and hydraulic conductivity (Figure 5).
The larger error is found in the area near the inlet, with values as high as 45% for Cases A-B, and
8% for Cases C-D. This is not surprising as this is the zone with the larger biomass growth and
higher flow velocity. Moreover, for Cases A-B a significant error is visible in the area around the

clogging front, indicating that Pe = 2 is not suitable to properly capture the patterns of clogging.

Cases C and D show a much better agreement, but some differences are still visible. The error for
the porosity profile is always below 3%, while the error on the conductivity profile is larger but al-
ways below 10%. Again, the more critical areas are near the inlet and adjacent to the clogging front.
This indicates that resolution-independent results are extremely difficult to achieve, and when the

transport is dominated by advection this effect is more pronounced. Following this analysis, we take
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Pe=1, as it provides a good balance between accuracy of the solution and CPU time needed.

FIGURE 5 NEAR HERE

FIGURE 6 NEAR HERE

FIGURE 7 NEAR HERE

Apart from the grid spacing, numerical results are greatly affected by the time stepping. Two differ-
ent errors can potentially be introduced (i) an error associated with the solution of the transport equ-
ation and (ii) the operator splitting error (OSE), related to the sequential solution of water flow, so-
lute transport and biogeochemical processes. The first error is automatically controlled by the trans-
port module of PHWAT, which selects the more appropriate time step size on order to obtain an ac-
curate solution (Zheng and Wang, 1999). Instead, a time step size suitable to minimize the OSE
must be decided case-by-case. For this reason, we conducted a set of numerical experiments using
different time steps for the coupling between transport and biochemical reactions. We also used
these tests to ascertain whether the additional processes and non-linearities introduced when ac-
counting for clogging require a reduced time step. Simulated biomass profiles obtained when clog-
ging is accounted for were compared with the results for the same model setup but with the clog-
ging module disabled. Results are compared using the Courant number (Cr) (Zheng and Bennett,

2002):

Cr=— (13)

where At is the time step size. In the simulations with clogging, due to the constant flux boundary
condition at the surface, the average pore velocity V increases as the porosity decreases, and thus the
Courant number varies in space and time. In order to compare results with the simulations without

clogging, Cr was computed using the initial (constant) porosity.
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The immobile biomass profiles for three different Cr values are shown in Figure 6. In the left panel
are plotted the results of the simulations with clogging, while on the right panel the results with
constant porosity and conductivity. Comparing the two pictures it is clear that the effect of the OSE
is a smearing of the immobile biomass concentration peak in the first cells, behavior that is consis-
tent with analyses that show that the splitting can introduce numerical dispersion (Barry et al.,
1997). It is also evident that the amplitude of the peak is smaller when the clogging module is ac-
tive. This is likely to be due to the increase in flow velocity as a consequence of the porosity de-
crease, which in turn increases the shear stress on the biofilm. In the model, this phenomenon re-
sults in a larger detachment coefficient. The OSE of the simulations with Cr = 0.4 and Cr = 2 rela-
tive to the case with Cr = 0.1 was computed and is reported in Figure 7. Surprisingly, the error is
smaller in the simulations with clogging than in those were the porosity is kept constant. This can
be again explained considering the increase of detachment rate when the porosity decreases. The
main biochemical reaction considered in the model is the consumption of substrate and subsequent
biomass growth. The process of shear detachment reduces instead the biomass growth, which is
equivalent to a reduction of the biomass growth rate and thus of the OSE. The same behavior was
observed with different growth and water flow rates. According to these results, the feedback of the
biological growth on solute transport does not require a smaller time step than simulations con-

ducted without considering clogging.

3.2 2D clogging experiment

3.2.1 Experimental setup

Kildsgaard and Engesgaard (2002) reported a laboratory experiment conducted to investigate bioc-
logging under 2D flow conditions. The experimental system consisted of a rectangular thin box
filled with sand. The dimensions and main properties of the device and experiment are reported in

Table 3. The sand was incinerated prior to packing the porous medium. Next, a strip of sand near
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the center of the box was inoculated with biomass (Figure 8). The bacterial community was taken
from the effluent of a wastewater treatment plant (after the nitrification step). Background water
flow (degassed tap water) was applied at a constant rate. A solution of acetate (CH3COONa-3H,0)
as electron donor and nitrate (KNO3) as electron acceptor was prepared using untreated tap water
and injected in the chamber through a needle placed in the center of the device, upstream to the in-

oculated strip.
TABLE 3NEAR HERE
FIGURE 10 NEAR HERE

Biomass growth and subsequent changes of the flow field were visualized conducting tracer experi-
ments at regular intervals (1 to 3 d). Brilliant Blue tracer was used, which is nontoxic and only
slowly biodegraded. It is however sorbed to the sand surface, but the equilibrium partitioning con-
stant is known and was used in the model. The time and space evolution of the plume was recorded
taking camera snapshots and the actual concentration of colorant was recovered using image-

processing techniques. Further details can be found in Kildsgaard and Engesgaard (2002).

3.2.2 Numerical model

A 2D regular grid was used to simulate the experimental setup of Kildsgaard and Engesgaard
(2002). The optimal grid spacing was of 5 x 10 m, resulting in finite difference grid of 2640 nodes,
while the time step was 10~ d. With this discretization the simulation of 20 d required about 1.5 d of
CPU time on an Intel Xeon 2.33 GHz machine. Flux boundary conditions were used along the top
and bottom (Figure 8) of the domain (other sides set to zero flux), as well as to simulate the injec-
tion needle. A small initial concentration of immobile biomass was used to reproduce the sand strip
inoculated with bacteria. The biomass concentration in the inlet water was assumed negligible and
set to zero. Following the experiment, we simulated tracer experiments for comparison with the la-

boratory data.
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A numerical model reproducing the experiment is available (Kildsgaard and Engesgaard, 2001).
Therefore, instead of calibrating the missing parameters, we used the same values as Kildsgaard and
Engesgaard (2001). This provides a way to verify the computer code, as well as reducing the com-
putational burden by removing the calibration exercise. The major difference between our descrip-
tion of the clogging process and the previous implementation is in the attachment and detachment
coefficients. Whereas the two coefficients are constant in Kildsgaard and Engesgaard (2001), in our
model they are dependent on the flow velocity. To be able to compare our simulated results with the
measured tracer concentrations using the published parameter set, they were initially fixed. Follow-
ing this, the dependency on flow velocity was introduced to investigate the effect and sensitivity of
these two parameters. A few parameters were still missing, and were taken from Clement et al.

(1997).

FIGURE 9 NEAR HERE

FIGURE 10 NEAR HERE

3.2.3 Resultsand comparison with experimental data

To able to compare the results of our simulations with those of Kildsgaard and Engesgaard (2001),
the numerical model was first run using the porosity-hydraulic conductivity constitutive relationship
proposed by Clement et al. (1996), with the detachment rate independent of the flow velocity. Fig-
ure 9 shows the evolution of the mobile and immobile biomass concentration as a function of time
with this model setup. As soon as the feed solution reaches the zone where the sand is seeded with
bacteria, the immobile biomass starts growing, in turn reducing the porosity and hydraulic conduc-
tivity within a strip parallel to the flow direction. The aqueous biomass concentration starts increas-
ing as well, being related to the concentration of immobile biomass. While at early time (5-10 d) the
shape of the suspended biomass plume is similar to a strip and has constant width, when the clog-
ging becomes more intense (17-25 d) the upstream part of the plume is larger and rounded, while
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the part close to the outlet is again a strip of constant with. This is related to the development of a
more complex flow field around the clogged area, with most of the water bypassing the area with
lower hydraulic conductivity (Figure 10). The branched shape of the immobile biomass is also re-
lated to the increased complexity of the flow field. The carbon source and nutrients injected with
water do not penetrate into the clogged zone, but bypass it flowing along the edges. Only in this
area can biomass grow. Due to the lack of nutrients, within the clogged zone, the growth rate de-
creases to zero and decay becomes predominant, thus leading to a decrease in biomass and conse-

quently to an increase of the hydraulic conductivity.

The results of the simulated tracer experiment conducted with the numerical model were compared
with the laboratory results. The comparison is reported in Figure 11 for results at 10 and 17 d. To-
gether with the simulated tracer concentrations obtained using the Clement model; here also the re-
sults obtained using the biofilm and colonies model are shown. Figure 12 reports instead the evolu-
tion of the hydraulic conductivity over time, as predicted by the three relationships. The simulated
results represent reasonably well the experiment, with no parameter adjustments. The two-branch
shape of the plume is correctly reproduced. However, while the Clement and biofilm models better
reproduce the experimental data at 10 d, the plume obtained with the colonies model is a closer
match to the experiment at 17 d. The Clement and biofilm models show a very similar pattern of
hydraulic conductivity change. Indeed, a quantitative comparison of the results obtained with the
two models show that the biofilm model leads to less clogging than Clement’s. The reason for this

is the larger hydraulic conductivity decrease at small porosity changes in the Clement model.

FIGURE 11 NEAR HERE

FIGURE 12 NEAR HERE

Both our simulations and those of Kildsgaard and Engesgaard (2001) show some discrepancies with

the experimental (Figure 11). First, the downstream concentration gradient near the front of the
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plume is sharper in the experiment than in the simulations. This is surprising because other investi-
gations have reported that clogging leads to a significant increase in dispersion coefficients (Taylor
and Jaffé, 1990c; Bielefeldt et al., 2002; Seifert and Engesgaard, 2007). There is no clear explana-
tion for this difference. However, two possible sources of error can be identified (i) the image
processing technique used to measure the concentration possibly does not resolve well the gradient,
and (ii) the tracer sorption on sand or to the transparent top of the sandbox may hide the devel-
opment of a concentration gradient. The other difference between experiment and simulation is the
development of a broader plume in the upstream clogged area. The reason for such a difference may
be found in the partial clogging of the area surrounding the injection nozzle, due for example to
biomass growth, formation of gas bubbles or calcite precipitation (Kildsgaard and Engesgaard,
2001). The clogging of this area decreases the hydraulic conductivity and therefore leads to a more
dispersed flow. Kildsgaard and Engesgaard (2001) partially reproduced the observed behavior as-
suming that a small amount of biomass was present in the tap water used to prepare the feed solu-
tion, thus inducing some partial clogging of the medium near the inlet. We did not consider this
process in our model because it seems to produce excessive lateral spreading of the tracer plume at
later times (Kildsgaard and Engesgaard, 2001, Figure 8), while it has little if any impact before 15
d. A possible reason is that other clogging processes (biogenic gas production and mineral phase

precipitation) are more important and cannot be correctly reproduced as bioclogging.

Next, we conducted some numerical experiments to investigate the sensitivity of clogging to the
detachment rate. We found that, as soon as the flow rate increases, most of the biomass is detached
and clogging does not take place. Therefore, it seems that only a very weak dependence of the de-
tachment rate is required. It is likely that different parameters (maximum growth rate and attach-
ment rate) would be required to match the experimental dataset when the flow-dependent detach-
ment rate is activated. We did not try to find such a parameter set because the system is already suf-

ficiently parameterized. Considering one more parameter only increases the flexibility of the model
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but in this case does not improve the insights one can gain from model-based analysis of the experi-

mental data.

3.3 Discussion of model application to experiment data

Modeling results and experimental data show satisfactory qualitative agreement both for the 1D
case of Taylor and Jaffé (1990a) and for the 2D experiment of Kildsgaard and Engesgaard (2002).
Although most of the features observed in the experiments are reproduced in the simulations with a
good degree of accuracy, open issues remain that require further investigation and improvements of

both experimental systems and modeling.

As noted earlier, the link between porosity and hydraulic conductivity changes is not yet well un-
derstood and still lacks a robust constitutive relationship. Our simulations show that the Clement
and biofilm models seem more suitable for moderate clogging, while the colonies model gives in-
stead more realistic results when clogging is pronounced. This finding accords with the conclusions
of Thullner et al. (2002b) and Seifert (2005), who noted that it is likely that the biomass morphol-
ogy changes as clogging becomes more severe. The three models make different assumptions re-
garding the fraction of pore-space occupied by the bacteria. In particular, the colonies model as-
sumes that small pores are blocked first. Our results seem to indicate that this assumption is not va-
lid for early times as the simulations conducted with this constitutive relationship cannot match the
experimental results. However, as will be discussed below, the initial biomass distribution is an im-
portant factor in clogging development, making it difficult to isolate the different effects of the

clogging models used.

The detachment coefficient shows a different sensitivity depending on the flow conditions. While
for the 1D column experiment of Taylor and Jaffé (1990a) the modeling results are strongly affected
by this parameter, bioclogging in a 2D flow field is slightly sensitive to the flow-dependent detach-

ment coefficient. The same conclusion was also reported in other works (Kildsgaard and Enges-
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gaard, 2001; Thullner et al., 2004). While in the 1D case the clogging is rather uniform in a given
cross-section of the column, leading to a uniform increase of the pore-velocity, in the 2D flow field
alternative, non-clogged flow paths remain. Consequently, the increase of pore velocity is moderate,

and biomass is less influenced by shear stress.

As for many reactive transport models, significant difficulties were found during model calibration.
This problem is related to the high number of parameters that need to be estimated, their correlation
and the high non-linearity of the model. The automated calibration approach we used for the Taylor
and Jaffé (1990a) case proved extremely useful. However, this method is time-consuming and not
suitable when larger numerical domains are considered, such as for the Kildsgaard and Engesgaard

(2002) case.
4. Sensitivity to initial conditions

The above model validation showed that a number of key properties of the domain play a crucial
role in determining the evolution of the porosity and conductivity profile along the flow direction,
and consequently in determining the bulk, effective hydraulic conductivity of the system. While
some parameters can be measured or reliably estimated, others are not accessible, at least at the be-
ginning of the experiment. A possible way to investigate the impact of unknown parameters in
complex environmental models is perform a sensitivity analysis (Campolongo et al., 2007; Checchi
et al., 2007; Refsgaard et al., 2007; Zoras et al., 2007, Norton 2008). In modeling bio-clogging, one
difficult-to-measure property is the initial biomass distribution. In most of the experiments reported
in the literature, the porous medium used is first treated to remove all the organic carbon and subse-
quently seeded with some selected bacterial communities. While no experimental data are available,
it is reasonable to assume that the initial concentration of biomass is not homogeneous, but varies
both across the longitudinal and transverse flow directions. This is evident from the experimental

results of Kildsgaard and Engesgaard (2002, Figure 11). For a homogeneous initial concentration,
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one would expect the tracer plume to be symmetric at any time, while it is not. In the simulations
reported above, as in the literature, we assumed a homogeneous small initial concentration of bio-
mass. In this section we investigate the impact of this condition on the final results, as well as the
additional uncertainty introduced. Also, several experiments reported a medium to large increase in
dispersivity together with the reduction in porosity and permeability (Taylor and Jaffé, 1990c; Bi-
elefeldt et al., 2002; Seifert and Engesgaard, 2007). Among the possible reasons to explain such be-
havior is the increased tortuosity of the flow paths as a consequence of the inhomogeneous biomass
growth. We will use numerical experiments to investigate the extent to which such process can con-

tribute to an increase of dispersivity.

4.1 Procedure

Two basic domains have been used to investigate the sensitivity of clogging development to the ini-
tial biomass distribution. The first setup is equivalent to that used to simulate the Taylor and Jaffé
(1990a) experiment in Section 3.2 above. Since it is 1D, only the inhomogeneity along the flow di-
rection can be studied. The underlying assumption is that concentrations are homogeneous normal
to flow, and remain so. The second setup consists of 2D, regular grid with cell size of 0.005 m and
physical dimensions of 0.05 m by 0.25 m. The same initial hydraulic properties of the 1D domain
were used. The flow and degradation rates were slightly decreased to allow a larger time step size to

be used, thus decreasing the model run-time.

TABLE 4 NEAR HERE

Two sets of numerical experiments were run. A summary of the main properties of the simulated
domains is reported in Table 4. The first group uses a 1D domain similar to that of Taylor and Jaffé
(1990a). The initial biomass concentration decreased with distance from the inlet. Linear, exponen-
tial and quadratic decreases were considered, together with a simulation were biomass was kept

constant. In order to be able to compare the results of the different test cases, the same immobile

29



659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

Accepted Version

biomass concentration at the inlet and outlet was used, with a different but comparable total immo-
bile initial biomass. As an alternative, it would have been possible to use the same total biomass but
different values at the inlet for each case. In our view, this would have made the comparison of the
different simulations more difficult. In fact, a few numerical experiments demonstrated that the
clogging rate is more sensitive to the biomass concentration near the inlet than the cumulative val-
ue. In the simulation with constant biomass instead, we selected a value so that the total biomass in
the domain was comparable to the other three cases. The second group of numerical experiments

made use of the 2D domain.

Different types of initial biomass distribution were tested, but in this work we report only the results
obtained with two of them, since they capture the overall observed behavior. The two distributions
were (i) log-uniform and (ii) log-normal. While for the log-uniform case there was no spatial corre-
lation, i.e., the concentration of biomass in each cell did not depend on the concentration of the ad-
jacent cells, for the log-normal distribution case spatial correlation was included. The main parame-
ters characterizing the distributions are given in Table 5. Two examples of the initial conditions are
shown in Figures 13 (log-uniform) and 15 (log-normal, correlated). For each distribution, five dif-
ferent realizations of the initial (immobile) biomass concentration were generated. A constant-flux
boundary condition was used at the column inlet during the clogging simulation, while a fixed head
boundary was set at the outlet. The bulk (effective) hydraulic conductivity was computed from the
head difference between inlet and outlet at a given time step via Darcy’s law. The average hydraulic
head in the first strip of cells was used as the hydraulic head at the inlet. The Clement model was
used to link porosity and hydraulic conductivity. Also, the sensitivity to growth rate and flow ve-
locity was assessed, and we observed the same overall behavior regardless the values of these two

parameters.

In order to study possible changes in dispersivity, for each realization at the end of the clogging si-

mulation we simulated tracer experiments at selected time steps.
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FIGURE 13 NEAR HERE

FIGURE 14 NEAR HERE

FIGURE 15 NEAR HERE

FIGURE 16 NEAR HERE

FIGURE 17 NEAR HERE

FIGURE 18 NEAR HERE

FIGURE 19 NEAR HERE

TABLE 5 NEAR HERE

4.2 Simulation results and discussion

Hydraulic concentration profiles for the 1D numerical experiments are reported in Figure 15. Li-
near, quadratic and exponential decreases of the biomass concentrations were considered, together
with constant concentration. At the end of the simulation, the four cases exhibit a hydraulic conduc-
tivity profile with significantly different shapes, with different slopes of the clogging front. Never-
theless, in all cases the conductivity decrease near the inlet is very similar. This is not completely
surprising since the growth rate of biomass and thus the clogging rate are directly dependent on
concentration itself. The three cases with initial concentration decreasing towards the outlet show
that both the distribution and the absolute value of biomass affect the rate and pattern of clogging
development. This behavior is transient, and the differences reduce as the hydraulic conductivity
decrease becomes more pronounced. This is reasonable, because biomass growth becomes progres-
sively slower as the mobile porosity becomes the limiting factor and the detachment rate becomes
larger. Due to the smaller initial biomass in the cells near the inlet, the constant concentration case

underestimates the development of clogging. These observations lead to the conclusion that clog-
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ging models are sensitive to initial conditions, at least for the cases where the immobile biomass
concentration is not homogeneous along the flow direction. Although there are no direct mea-
surements, it is reasonable to assume that this is always the case for sandy columns inoculated from
the inlet, as was the case for the Taylor and Jaffé (1990a) experiment. Due to filtration, most of the
bacterial cells remain near the inlet of the column, and only a small fraction can penetrate deeply
into it. Assuming a constant concentration can lead to a different pattern and rate of biomass and
clogging development which could, at least partially, explain some of the observed differences be-

tween experimental measurements and simulations.

The evolution with time of the hydraulic conductivity for the second group of numerical experi-
ments is reported in Figure 16 (log-uniform distribution) and Figure 17 (log-normal, spatially corre-
lated distribution). Results are reported in terms of mean value and standard deviation (vertical bar)
of the five realizations. While the ‘mean’ behavior is similar for the two distributions, the standard
deviation is significantly different. Simulations with log-uniform initial biomass distribution have
almost no variability, with the results of the five independent realizations very close to the average
value (Figure 16). Simulations with log-normal, spatially correlated initial biomass distributions
show instead a large standard deviation, i.e., the bulk conductivity of each of the five independent
realizations is significantly different from the mean value. Moreover, the variability is not constant.
It is initially small, increasing with the clogging rate (slope of hydraulic conductivity evolution with
time). It reaches a maximum at around 80 d, and then decreases again with a relatively small value
at the end of the simulation. At early times, the biomass concentration is still small, and a large
growth rate has a small effect only on the hydraulic conductivity and on the rate of clogging. As the
biomass concentration becomes larger, also the clogging rate increases and hydraulic conductivity
changes rapidly, thus amplifying the initial heterogeneity. After some time however, the hydraulic
conductivity near the inlet drops. The bulk value becomes controlled by the high resistance to flow

in the clogged area, and less sensitive to the hydraulic conductivity in the rest of the column. As ob-
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served in the 1D simulations above, as the hydraulic conductivity approaches the lower limit, also
the clogging rate decreases, thus in turn reducing the variability. From this reasoning one can expect
that, as a larger part of the column becomes strongly clogged, the standard deviation reduces again

to a small, negligible value.

The large variability is clearly related to the more ‘structured’ pattern of initial biomass distribution,
when compared to the random, log-uniform case (Figure 13). The spatial correlation introduced in
the log-normal distribution allows the creation of preferential water flow paths. Instead, the lack of
structuring in the random log-uniform field results in an almost homogeneous distribution at the
macro-scale. A further confirmation is given by the hydraulic conductivity profile along the length
of the column (Figures 18 and 19). The two graphs report the average and standard deviation hy-
draulic conductivity along a cross-section of the column for one of the five realizations. By looking
at the standard deviation, it is evident that in both cases the hydraulic conductivity in the transverse
direction shows a variable degree of heterogeneity, which however disappears when looking at the

bulk behavior for the random log-uniform case.

These findings confirm once again the sensitivity of clogging processes to initial conditions, and to
immobile biomass distribution particularly. A similar behavior has often been observed in labora-
tory experiments, with similar setups resulting in a different value of hydraulic conductivity. On one
hand, our results are able to identify a source of uncertainty, thus providing new insights into the
clogging process. On the other hand, however, they introduce a further complexity in the model,
i.e., no prior assumption should be made on the biomass distribution. Instead, the initial condition
should be regarded as one of the model parameters, and needs to be calibrated or measured during

the experiment.

The same set of simulations was also used to investigate to what extent the increased tortuosity

modifies the hydrodynamic dispersivity. The breakthrough curves obtained from these simulations
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overlap almost perfectly, clearly showing that the heterogeneity at this scale does not play any role

in increasing the dispersivity.

5. Summary and conclusions

This work presented a new modular numerical model to simulate clogging of porous media. The
work was mainly focused on bioclogging, i.e., changes of the hydraulic properties as a consequence
of biomass growth and decay. Comparing numerical simulations and experimental data we found a
reasonably good quantitative agreement, both under 1D and 2D water flow conditions. The numeri-
cal model can thus be used to forecast the extent of clogging in the numerous situations where this

process plays an important role and cannot be neglected.

We found however a number of open issues that potentially limit the model reliability. Among the
most important is the lack of robust, physically-based constitutive relationships to translate porosity
changes into hydraulic conductivity modifications. Three relationships, with qualitatively different
physical interpretations in how the bioclogging progresses at pore level, were unable to correctly
reproduce the development of clogging during long-term experiments. Furthermore, each of the eq-
uations we used contains one or more tunable parameters with limited physical significance. Al-
though our model validation investigation indicated that the small pores do not clog first, a lack of
experimental information on the initial biomass distribution means that a definitive conclusion can-
not be reached. In addition, the detailed pore scale simulations of Kapellos et al. (2007, Fig. 6)
show biofilm development to be irregular, and not conforming to any simplified view of bioclog-
ging development. Despite this, we suggest that the models used here provide a reasonable bracket-
ing of the range of clogging possibilities, giving the possibility of providing bounds on overall be-

havior of porous media underling clogging.

A suite of simulations was used to investigate mesh convergence. We found that grid-independent

results are extremely difficult to obtain, and even with very small grid Péclet numbers (Pe < 1) po-
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rosity and hydraulic conductivity still depend on the size of the grid cells. This suggests that poten-
tially under some conditions mesh convergence cannot be achieved. Further research however

needs to be conducted to investigate this issue.

From a different perspective, another limitation identified by our numerical model applications is
the large number of parameters that need calibration. While this fact on one hand may appear as an
advantage, because it increases the flexibility of the model, on the other hand the non-uniqueness of
the inverse problem may largely reduce the effectiveness of the model as a predictive tool. This is
an important limitation shared with most of the process-based reactive transport models. While
some techniques exist to partially overcome it, in general it represents one of the major difficulties
in the practical use of this type of modeling approach. The code we developed was subsequently
applied to investigate the effect of the initial conditions on the rate and extent of hydraulic conduc-
tivity changes. A common assumption is that the initial concentration of biomass is homogeneous.
This is certainly a simplification, because it is likely that even under well-controlled laboratory
conditions the distribution of biomass shows some degree of heterogeneity. We tested the effect of
this assumption by comparing the evolution of the hydraulic conductivity with time starting from
different initial conditions, and found that the results are sensitive to this factor. In particular, we
observed the largest degree of variability in the simulations where the initial biomass concentration
was a log-normal spatially correlated random distribution. This finding has important consequences
for modeling because it shows that quantitative prediction of the extent and rate of bioclogging is

possible only when the initial conditions are well characterized.
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1 Tables

2 Table 1. Summary of the properties of the column experiment by Taylor and Jaffé (1990a).

Parameter Value
Column length 0.52 m
Column diameter 0.0508 m
Mean grain diameter 7x10% m
Grain diameter range 59x10"-84x 10" m
Porosity 0.347
Specific surface 485 m”
Initial hydraulic conductivity 217md’
Influent substrate concentration 72mgl"
Flow rate 1.915m’ d*



Accepted Version

5  Table 2. Summary of the numerical experiments conducted to investigate the effects of resolution and

6  dispersivity on the accuracy.

Case AL [m] a. [m] Pe Relative error, porosity Relative error, conductivity

A 107 5% 107 2

13% 45%
B 5x10° 5x10° 1

C 107 5x 1072 0.5

3% 8%
D 5x10° 5x1072 0.1
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8  Table 3. Summary of the properties of the sandbox experiment (Kildsgaard and Engesgaard, 2002).

Parameter Value

Box length 0.44 m

Box width 0.3 m

Box thickness 0.0l m
Porosity 0.39

Grain size (o) 32x10%m
Initial hydraulic conductivity 84.7md"
Longitudinal dispersivity (a;) 7.7%x10% m
Transversal dispersivity (ar) 6x10° m
Concentration, CH3COONa-3H,0 90 mg 1!
Concentration, KNOj3 90 mg It
Background flow rate 9.61d"
Solution flow rate 0.721d"
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11

12

Table 4. Main properties of the simulated domains in the experiments conducted to investigate the sen-

sitivity of clogging to initial conditions.

Accepted Version

Properties

Domain length

Domain width

Domain thickness

Grid resolution

Starting porosity

Starting hydraulic conductivity

Maximum growth rate

Half-saturation constant

Yield factor

1D simulations

25%x10"'m

5x10°m

5x10°m

5x10°m

0.35

215md?!

9x1074"

8 x 10*mol I'!

0.2

2D simulations

25%x10"'m

5x10%m

5x10°m

5x10°m

0.35

215md’?!

9x1074"

8 x10*mol I'!

0.2
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13 Table 5. Properties of the log-normal random distribution of biomass. The correlation lengths are rela-

14 tive to the total size of the domain.

Property Log-normal distribution Log-uniform distribution

Biomass concentration, mean

-2.8
value (logarithm base 10)
Biomass concentration, standard
-0.6
deviation (logarithm base 10)
Biomass concentration, range 10°- 10" mg1”
Correlation length, longitudinal 0.4
Correlation length, transversal 04

15
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Figure 1. Comparison of the 1-D simulations with the experimental data from Taylor and Jaffé (1990a).

The experimental data at time 14 and 28 d were used for calibration, while the results at 42 d are used

for model validation.
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21  Figure 2. Measured and simulated substrate concentrations at 14 d. The substrate data were not used
22 during calibration. The good agreement indicates successful calibration of the model.
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25  Figure 3. Effect of the Pe on the simulated porosity. Time is 28 d. The capital letters A, B, C, D refer to

26  the cases described in Table 2. Even for very small Pe values some small discrepancies are observed.
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Figure 4. Effect of Pe on the simulated hydraulic conductivity. Time is 28 d. The capital letters A, B, C,
D refer to the cases described in Table 2. Due to the exponential relationship between porosity and hy-
draulic conductivity, the errors are larger than in Figure 4. This indicates that a small Pe value is neces-

sary to capture correctly the evolution of the clogging process.
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32  Figure 5. Relative error between the simulations with different Pe values.
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34  Figure 6. Immobile biomass distribution inside the column for the 1D simulation. Results of the simu-
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37

38

lations with and without clogging are reported using different time steps. Due to the increase in flow

velocity as a consequence of clogging, the biomass concentration near the inlet is lower when clogging

is activated.
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40  Figure 7. OSE for different Courant numbers. The biomass concentration is compared to the values ob-

41  tained with Cr = 0.1. The error is less pronounced when the simulation includes clogging.
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42 Figure 8. Schematic representation of the experimental set-up of Kildsgaard and Engesgaard (2001).
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44 Figure 9. Mobile (left panel) and immobile (right panel) biomass concentrations using the constitutive

45  relationship of Clement et al. (1996). The flow direction is top to bottom.
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Figure 10. Initial and final simulated flow field for the Kildsgaard and Engesgaard (2002) case. The
flow lines in black show the trajectory of the background water, while the lines drawn in red are rele-
vant to the water injected from the nozzle. The disturbance to flow induced by clogging is clear, with

little or no water flowing through the zone with higher biomass concentration.
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Figure 11. Simulation results for the Kildsgaard and Engesgaard (2002) case. The first column shows
the experimental result, while the other three columns are relevant to different constitutive equations
for the porosity-hydraulic conductivity relationship. The Clement and biofilm models show better
agreement at early times (up to about 10 d), while the colonies model better reproduces the experimen-

tal data when clogging is more pronounced.
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Figure 12. Evolution of the hydraulic conductivity with time (5, 10, 17 and 25 d) for the three constitu-
tive relationships used in this work. The shape of the clogged zone for the biofilm and Clement rela-

tionship is similar, while it significantly differs for the colonies model.
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Porosity

Figure 13. Example of the initial porosity and hydraulic conductivity using a log-uniform, uncorrelated

distribution of biomass. Porosity and hydraulic conductivity values are normalized with respect to the

original (i.e., clean sand) values.
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Figure 14. Example of the initial porosity and hydraulic conductivity using a log-normal, spatially cor-

related distribution of biomass. Porosity and hydraulic conductivity values are normalized with respect

to the original (i.e., clean sand) values.

Width [m]

19

Hydraulic conductivity

0 1

0.98
0.05 0.96
L1004
01 4002
L1109
F40.88

015
F40.88
0.84

02
n.ge
0.8

0.25
0 0.05



69

70

71

72

Accepted Version

-1
=
i
T

0
=
Lo s]

T

=
)
T

05

Relative conductivity K K
L]
La]

04

+ Constant concentration
— Linear decrease

0.3f - - - Quadratic decrease ||
== Exponential decrease
02 ' ' | | |
0 01 0.2 0.3 0.4 05

Distance from inlet [m]

Figure 15. Hydraulic conductivity variations along the length of the column (after 28 d). Three initial
biomass distributions are used. The initial concentration of biomass is homogeneous across the trans-
verse direction, and decreases from the inlet to the outlet of the column. Different initial conditions re-

sult in a different hydraulic conductivity profile and thus in a different bulk value.
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Figure 16. Evolution of the hydraulic conductivity with time using a random, uncorrelated initial distri-
bution of biomass. Porosity and hydraulic conductivity values are normalized with respect to the origi-

nal (i.e., clean sand) values. Mean value and standard deviation of five realizations are shown.
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Figure 17. Evolution of the hydraulic conductivity with time using a log-normal, spatially correlated
distribution of biomass. Porosity and hydraulic conductivity values are normalized with respect to the

original (i.e., clean sand) values. Mean value and standard deviation of five realizations are shown.
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81  Figure 18. Spatial profile of the hydraulic conductivity along the length of the column. For each cross-
82  section, the mean value and the standard deviation are reported. Initial biomass distribution is log-uni-

83  form, uncorrelated.
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84  Figure 19. Spatial profile of the hydraulic conductivity along the length of the column. For each cross-
85  section, the mean value and the standard deviation are reported. Initial biomass distribution is log-nor-

86  mal, spatially correlated.
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