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ADbstract

This work presents a numerical model able to sitaulae effect of biomass growth on the hydrau-
lic properties of saturated porous media, i.e.clogging. A new module for an existing coupled

flow and reactive-transport code-PHWAT-was impletedn Laboratory experiments were used to
validate the model.. Good agreement with the erpamtal data was found. Model behavior was
satisfactory in terms of numerical discretizationoes and parameter calibration, although-grid-
independent results were difficult to achieve. Tieav code was applied to investigate the effect of
the initial conditions on clogging development. &t sf simulations was conducted considering 1D
and 2D flow conditions, for both uniform and hetgoeous initial biomass concentrations. The
simulation results demonstrated that the rate atidqms of bioclogging development are sensitive
to the initial biomass distribution. Thus, the coamassumption of an initially uniform biomass

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

Keywords

PHWAT, reactive transport modeling, porosity changeydraulic conductivity, dispersivity, bio-

film, biomass, calibration, validation
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1. Introduction

Hydrodynamic and transport properties of porousieathy evolve over time as a consequence of
biological, chemical and physical processes. Amthreg most important phenomena is clogging,
i.e., the reduction of porosity and permeabilitgré&2clogging is a widespread process occurring in
many systems, both natural and engineered. Whileataral ecosystems the variation of the hy-
draulic properties is often moderate and subjegiettodic cycles, anthropogenic disturbances may
have deleterious effects and potentially changefuiinetioning of the ecosystem itself. Clogging

phenomena also play an important role in differggltls related to hydro-geology and environ-

mental engineering.

At the pore-scale, clogging is due to modificatiofishe geometry and effective pore radii, with an
increase of the resistance to water flow, thusltieguin a decrease of both porosity and hydraulic
conductivity. Several mechanisms may be respons$ibléhe modifications of the pore-space geo-
metry (Baveye et al., 1998; Amos and Mayer, 200@eed, the most important biological process
leading to clogging is the development of microlbadmass. Bacterial communities can grow in
the pore space, forming continuous biofilms orased colonies that fill a large fraction of the gor
(Baveye et al., 1998). In this work we focus priityaon bioclogging, because it often impacts on
the functioning and performance of both natural @ndineered ecosystems. Nevertheless, the

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

Much experimental research has been conductedidy sauses of clogging and to identify possi-
ble strategies to reduce its effects although resperiments are limited to measurements of the
evolution of the bulk hydraulic conductivity witinte. This type of experiment is able to provide
information regarding how real, field scale systeras be managed, but gives only limited insight

on the functioning of the clogging processes. I ribcent years, some more detailed experiments
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have also been conducted. These provide a morgedepécture of the clogging process with both
1D and 2D flow conditions (e.g., Seki et al., 199806; Islam et al., 2001; Bielefeldt et al., 2002;
Thullner et al., 2002a; VanGulck and Rowe, 2004 dkr et al., 2005; Wantanaphong et al., 2006;

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

Concerning modeling, a distinction can be made betwpore-scale and macro-scale models. Pore-
scale simulations have often be used to investitpgesffect of biomass development (as biofilms
or microbial colonies) on the hydraulic conduciiviand in turn to develop or validate constitutive
relationships linking porosity to permeability clg@s (e.g., Dupin et al., 2001; Thullner et al.,
2002b; Kim and Whittle, 2006; Kapellos et al., 2RDOX number of macro-scale models have been
developed and used to reproduce data from labgra&xperiments (e.g., Baveye and Valocchi,
1989; Taylor and Jaffé, 1990d; Tan et al., 1994n@int et al., 1996; Kildsgaard and Engesgaard,
2001; Thullner et al., 2004) and to understandotioeesses governing the interactions between wa-
ter flow and biomass development. The general csimh of macro-scale modeling studies is that
it is in general possible to reproduce, at leastitptively, the development of clogging and subse-
guent drop of the hydraulic conductivity. Nevertss, model applications suffer from a number of
significant limitations that may hinder a modeligegictive capabilities. Among the most important
is the lack of robust relationship between the pibtycand hydraulic conductivity (e.g., Molz et al.,

1986; Baveye and Valocchi, 1989; Clement et aB6lBaveye et al., 1998).

Lack of information about some key properties @f pinysical system is another aspect that requires
some attention. For example, in most previous sgidihomogeneous biomass distribution was as-
sumed. However, some works conducted consideritig laboratory experiments and simulations
highlighted that even relatively small heterogeesiin the initial distribution of hydraulic conduc
tivity and bacteria can induce visible changeshgubstrate consumption rates and patterns of bio-
mass growth (Miralles-Wilhelm et al., 1997; Sch@Q00; Magid et al., 2006; Mohamed et al.,

2006). To the best of our knowledge, there is ndystlirectly addressing the coupling between he-



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

Accepted Version

terogeneity in the physical and microbiological gedies and pore clogging, although it is likely

that initial biomass distributions has also soniectfon the rate of clogging development.

In this paper we present a modular modeling todéble for simulating the clogging process in 1,
2 and 3D. The model is developed at the macro-saatkincludes the effect of flow-induced shear
stress on biofilms. Compared to most of the previdogging simulators, the model we present in
this work has a greater flexibility, because (i)abitrary reaction network can be considered and
(i) multiple components can induce pore-cloggilmgthe second section we apply the new simula-
tor to two experimental datasets. These applicatame used to validate the new code and to per-
form a sensitivity analysis to identify the critiggocesses and features that control the respafnse
the system, particularly the decrease of hydrazdiductivity. An analysis of the numerical errors
introduced by the additional feedback is also presk Finally, in the fourth section we investigate

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

Bioclogging is a complex phenomenon resulting fribva interaction of many different processes.
Biomass in porous media is present in two formapanobile component attached to the surface of
the solid matrix or trapped by it, and the mobitenponent suspended in the pore-water solution.
Attachment and detachment phenomena are resporigibtee conversion of mobile biomass to
immobile, and vice versa. In a simplified view, tthetachment process is controlled by the shear
stress exerted by the fluid flow on the surfacéhefimmobile biomass, while attachment is funda-
mentally a deposition process (O’'Melia and Ali, 89Reddi et al., 2000; Breadford et al., 2003;
Tufenkji, 2007). Mobile biomass can be transpotbgdpore-water flow, but can also be actively
moving in response of a chemical gradient (chems)gklornberger et al., 1992; Ford and Harvey,

2007; Tufenkiji, 2007).
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Other than attachment and detachment, the additiondamental process required to properly
model clogging is biomass growth and decay. Thigss involves both the increase of number of
bacterial cells and the production of extra-cetlyjalysaccharides (EPS), which increases the vo-

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

Using the macroscopic approach (e.g., Clement.efl@97; Kildsgaard and Engesgaard, 2001), a
simple relationship between the current porosity dne fraction of pore-space occupied by the bio-

mass can be written:
n=n, =Ny, (1)

whereng is the porosity of the clean porous medium (igthout biomass), antd, is the volume
fraction of biomass occupying the pore space. hog® media, biomass may be present both as sin-
gle cells in the pore fluid, and as immobile aggteg and cells trapped in the pores due to their
size. In this work, we assume that only the imneliibction of the biomass contributes to the
changes in pore volume. Indeed, the total volumienafobile biomass results from the sum of dif-
ferent constituents, such as multiple bacteriarstydaPS and macromolecules that form the struc-
ture of the biofilms (e.g., Vandevivere and Bav&®82). As a result, the ‘biological’ immobile po-

rosity is computed as a sum of the contributionsawh constituent:

n x;
nbio:; pip ) (2

whereX is the mass (dry weight) of th& component of the immobile biomass per unit mass of
aquifer solids g, is the bulk density of the porous medium withoionbass, angs is the density of

thei™ component of the immobile biomass.

2.1 Processes affecting the immobile biomass

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

ceptor. These can be written as

Can C. , and 3)
Kea + Cea KS + CS

H= iy

d, =k,X, (4)

wherey is the growth rateX the biomass concentration (mobile or immobijg)x the maximum
growth rateC the concentratiorK the half-saturation constant and the subscep@nds stand for
electron acceptor and substrate, respectively. titquéd) describes instead the biomass lysis rate

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

The modeling assumptions used here are commonhdfoubiomass simulations, including all the

existing bioclogging models (Clement et al., 1988¢dsgaard and Engesgaard, 2001; Thullner et
al., 2004). As will be made clear later, howevere @f the strengths of our approach is that such
assumptions can easily be modified, and potentiafly equation can be used to describe the

growth/decay process.

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

X~ (X + X,
lyo = X(max )’ %)

whereX™ is the maximum possible biomass content of they®medium per mass of solids,
and Xs the current amounts of mobile and immobile biomasspectively. As discussed by

7



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

Accepted Version

Kildsgaard and Engesgaard (2001), an upper bountlifas given can be computed considering
the volume of pore space in the clean porous medigm its porosity. In practice, however, this
value is always smaller than its upper bound bexasgsbiomass grows nutrient transport becomes

progressively a diffusion-controlled process.

Attachment and detachment processes are insteadvédsunderstood and only a small number of
theoretical studies have been carried out to ehteithe effect of various chemical and physical
properties on both the porous medium and the patessolution on their rates. Most of the availa-
ble equations contain inconsistencies and weakadbae limit model applicability and robustness
(Tufenkji, 2007). The more often used equationstaged on colloid filtration theory, which has
probably only limited applicability to bacteria niy (Rittmann, 1982; Harvey and Garabedian,
1991; Reddi et al., 2000; Tufenkji, 2007). Recerdlpumber of experimental and theoretical inves-
tigations have been carried out, but there stith imck of reliable, closed-form constitutive rela-
tionships (e.g., Breadford et al., 2003; Gargiulale 2007; Jiang et al., 2007; Scheibe et al0,720
For these reasons, and following previous workerft&nt et al., 1996; Kildsgaard and Engesgaard,
2001; Thullner et al., 2004; Tufenkji, 2007), weopted the classical equations from deep-bed fil-

tration.
The attachment coefficient is computed as (Harvel@arabedian, 1991; Scheibe et al., 2007):

31-n)v,7

g

(6)

wherey, is the pore velocityn the porositydy is a characteristic grain diameter apthe collector

efficiency, a parameter representing the frequaiayollisions between mobile bacteria and grain
surfaces. Some relationships have been proposedntpute the collector efficiency (Tien et al.,
1979; Scheibe et al., 2007). Such equations howawetain some parameters that are difficult to

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

The sensitivity and importance of shear detachnmast been debated in the literature, and no
unigue approach can be identified. According tollitew et al. (2004), shear detachment can be
safely neglected, at least when the flow field Iy @/hile Kildsgaard and Engesgaard (2001), also
considering a 2D flow field, found good agreemesing a simplified law independent from flow

velocity. We decided instead to consider the depeoay of the detachment rate on the flow veloc-

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

0.58

W (1— n)3

Koet = C4 {p— ) (7)
d’n°M

wherekqe is the detachment ratgjs the viscosity of waten, is the characteristic grain diameter,
M the specific surface area aadan empirical parameter. By calibrating the modekgperimental
datasets, Rittmann (1982) proposed a value of 2.20° for cq. As this value is dependent on the

experimental circumstances, it was calibrated enapplications presented below.

Upon combining the different processes, the foltayvcoupled ODEs describing biomass variation

in time are obtained:

oX

6ts = :uslbioxs - kdxs - kdetxs+ kattxa and (8)
oX
ata = lualbioxa - kdxa+ kdetxs _kattxa ! (9)

where the subscriptsanda refer to the immobile and mobile biomass, respebti As has been
assumed by others (Taylor and Jaffé, 1990b; Kildsyand Engesgaard, 2001; Clement et al.,
1996), we do not consider separately living celid &PS. Biofilms are composed of nearly 95%

water, and it is consequently reasonable to asshateéheir density is equal to that of water. Since
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the mass fraction of soil grains and water phas®ies constant over time, we can express solid

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

2.2 Hydraulic conductivity changes

The relationship linking permeability to porositiganges is non-trivial to define. Permeability de-
pends on a large number of micro-structural andrgocal properties of the porous structure, such
as pore size distribution, pore shape, pore coivitgcand tortuosity. All these properties cannet b
directly deduced from the changes in the poroaitg depend primarily on the biomass configura-
tion and distribution at the pore level. A numbérconstitutive relationships have been proposed,
such as the well-known Kozeny-Carman formula, lmrtenis generally applicable (Zheng and Ben-
nett, 2002). A sub-set of these relationships g weveloped to account for the properties of the
biomass aggregates (Vandevivere et al., 1995; Baeewl., 1998). Among the most well known
are the model of Clement et al. (1996), the cokaied the biofilm models (Thullner et al., 2002b).
These relationships rely on a simplified descriptad both the porous medium and biomass, and
have been found to be suitable to reproduce thggioig patterns observed in several experiments.
The main difference between these three functiems the geometry of the immobile biomass, and

the fraction of pore space that is occupied injtial

It has been observed that an exponential relatiprstween porosity and hydraulic conductivity is
often found in experimental data (Sahimi, 1995;n@at et al., 1996). Several authors (lves and
Pienvichitr, 1965; Okubo and Matsumoto, 1979; Knappl., 1988; Taylor and Jaffé, 1990b) pro-

posed consequently the relationship:
Krel (nrel ) = nr% ’ p > O (10)

whereK.q andng are the relative hydraulic conductivity and porpgidefined respectively agng
andK/Ky). Here and in the following{ denotes the hydraulic conductivity, and the supsé€rin-

dicates the hydraulic conductivity of the cleanqu® medium. The exponeptis a parameter that

10
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depends on the micro-geometrical properties ofpttr®us medium and on the morphology of the
biomass. We note that Equation (10) is analogoukdainsaturated hydraulic conductivity for wa-
ter flow in a porous medium (references), whgges replaced by the normalized moisture content.
There, the physical basis of the rapid declineelative conductivity with moisture content is that
the larger pores drain most readily due to cajtyla®n that basis, whatever the derivation of Equa
tion (10), its use in bioclogging models is entirebnsistent with the notion that the biomass clogs
the larger pores in preference to smaller poreem€ht et al. (1996) developed a relationship
equivalent to Equation (10) considering the pore-glistribution and a relationship between rela-
tive water saturation and pressure head. An exglependence between the exponemind the
pore-radius distribution was obtained. It was fotimat for typical sandy materials, it is appropgiat
to takep = 19/6. Since Clement's model was developed censig the analogy with drainage,
where larger pores are initially drained, the uhagieg assumption of this constitutive equation is

that the larger pores fill first with biomass.

The other two models we consider were not deriveidguanalytical descriptions of the porous
structure, but on pore-network simulations thatemvearried out considering different conditions,
with the results fitted to closed-form relationshiffhe colonies model (Thullner et al., 2002b) as-
sumes that the total biomass in the medium is sybt different entities and that bacterial growth
occurs in the smallest pores first. This modehissta contrast to the Clement model, in which the
larger pores are clogged first. The colonies madekpressed as:

K.u(n)= a[—} (1)[—j , a1

1-n°,

wherea andn’y are adjustable parameters, witl n., - being interpreted as the relative volume of
biomass needed to get the maximum reduction ofawidrconductivity, i.e., the hydraulic conduc-

tivity goes to O as the relative porosity, approache:n’,. Model fitting on experimental data

11
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shows reasonably good agreement (Thullner et @042 The parameten’, was found in most of

the cases in the range 0.4-0.9 whaileas found between -1 and -1.9.

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

considered. The final relationship is:

b
n,-n’ 1
K (n.)=|| e "Te | 4k , 12
rel( rel) [[ 1_n0 j mn]l+ Km-n ( )

where Kin is the lower limit of hydraulic conductivity, i,ethe value of hydraulic conductivity

whenn,g approache n’, , similar to the colonies model. Applying the biafimodel to experimen-

tal data (Thullner et al., 2004) resulted in a gligdvith the parameten’, in the range 0.2-0.4 and

6 x 10°-102 for K.

2.3 Model implementation

A new clogging module was implemented for the nucaémodel PHWAT (Mao et al., 2006),
which evolved from PHT3D (Prommer et al., 1999200, 2003). PHWAT is a computer code for
3D reactive transport in variable-density saturdked. PHWAT was developed coupling SEAWAT
(Guo and Langevin, 2002) with the agueous chemistogel PHREEQC (Parkhurst and Appelo,
1999). The variable-density model SEAWAT is alsooapling between two other software pack-
ages, MODFLOW-88 for water flow (McDonald and Hargh, 1988) and MT3DMS for solute
transport (Zheng and Wang, 1999). A sequential iterative operator splitting algorithm was used
to couple solute transport and biochemical reastidime resulting model has a modular structure.

Therefore, additional capabilities can be impleradras separate modules The bioclogging module

12
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consists of three main subroutines. The first sutime computes the coefficient required during the
reaction step, namely the attachment, detachmehaetivity coefficients (Equations 5-7). This is
done computing the Darcy flux and pore-water véjoitom the current hydraulic head, conductiv-
ity and porosity. The coefficients are subsequemslyd during the reaction step to compute the mo-
bile and immobile biomass concentrations (Equati®m@sd 9). The second subroutine updates the
porosity, comparing the immobile biomass conceiutnaat present and previous time step. The new
value for the mobile porosity is computed from Hipres 1 and 2. Next, the third subroutine up-
dates the hydraulic conductivity using one of tbhastitutive equations implemented (Equations 10
to 12). As already discussed, these equations saleeted because previous works showed they
provide a good fit of experimental data for biogog studies. Nevertheless, additional constitu-
tive equations can easily be incorporated in otdexxtend the model to account for clogging phe-
nomena originating from different processes anth wifferent behavior, e.g., due to mineral phase

precipitation/dissolution, or entrapment of gaslilab.

During model testing we found the embedded PHREE€XCtion module to be very slow some-
times for calculation of reaction kinetics. Forsthieason, an alternative module was developed.
This alternative biogeochemical module implemehts standard "¥5™ order Runge-Kutta solver

and can save up to 50% of the CPU time comparddRHREEQC.
3. Model validation with experimental data

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

time.

13
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In order to validate the numerical model preseimeithe previous section, we selected two labora-
tory experiments conducted using different setuqkdifferent approaches to monitor the evolution
of biomass development in the porous medium. Tiasoe allows us to test the model under differ-

ent conditions, and to assess the model sensitwithfferent parameters.

3.1 Column experiment with bioclogging

The numerical model was first tested against theldldratory experiment of Taylor and Jaffé
(1990a). The setup consists of a plastic colunmedfilvith sand. Bacteria and organic carbon were
removed by incinerating the porous medium beforkipg. Next the column was flushed for a pe-
riod of four hydraulic retention times to seed ithwa solution containing a mineral growth me-
dium, bacteria and methanol as the carbon souatde L summarizes the main properties of the

experimental setup and of the porous medium.

TABLE 1 NEAR HERE

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

will be discussed later, this has some negative@guences for modeling.

14
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Hydraulic heads and substrate concentrations weretared every one to four days during the first
phase of the experiment (106 d), while the samglieguency was reduced during the second part.
The hydraulic conductivity was computed via Dardgw from the measured hydraulic head be-
tween two consecutive measurement ports. The cadgwdraulic conductivity is thus an average

value reflecting the distribution of this parametetween two sampling ports.

3.1.1 Model setup

The column used during the laboratory experimerds discretized with a 1D grid of 52, 0.01-m
cells. Numerical experiments were carried out tsuea grid-independent results. Simulation results
were also compared to those obtained with an eluniv@D domain, with excellent agreement. All
the initial hydrodynamic properties are known fridm experiment, except for the longitudinal dis-
persivity (@), which was set to 7m according to values for similar sands at theestngth scale
(Zheng and Bennett, 2002). The molecular diffusioefficient ¢l) was instead assumed negligible

compared to the hydrodynamic dispersion and wasemprently set to zero.

Following the experimental setup, a flow boundaoydition was used at the inlet both for water
and solutes, while a fixed hydraulic head was s#taexit of the simulated column. The value of
the hydraulic head was set high enough so thawttwe column remains fully saturated during the
simulation period. As for the initial condition$iet concentrations of all the components were set to
zero, except for the immobile biomass. No inforimatis available about the concentration of this
component or its spatial distribution and densitthim the column. For this test case, we set a ho-
mogeneous small concentration throughout the mdd#enain (10 mol I'%). Indeed, we found the
choice of the initial biomass distribution may havsignificant impact on the development of bio-
mass and thus on the patterns of clogging. Foréaison, a detailed sensitivity analysis was aérrie

out and is described in the fourth section of wnisk.

As already pointed out, the flow rate adopted dutime experiment is large, resulting in average

15
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pore velocity at the beginning of the experimenalbéut 5.5 m d, increasing up to about 38 rit d
as the pores become increasingly clogged (heressenze a residual porosity of 5%). This has
some consequences for the numerical modeling $ocentrol the split-operator error associated
with the coupling of the transport and reactionatguns a refined time step is needed. Numerical
experiments were conducted to choose an appropinagestep. A summary of the results and some
discussion is presented in Section 3.1.4, but Weranticipate that we found the best results uging

constant time step of about 45 s.

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

cillation-free and with small numerical dispersi@neng and Bennett, 2002).

According to Taylor and Jaffé (1990a), methanoloamtrations were selected to avoid oxygen be-
ing completely depleted. Consequently, the Mongektgquation introduced above was used (EqQ-

uation 3) to model substrate consumption, but kbet®n-acceptor limitation was removed.

3.1.2 Modd calibration

Various parameters are unknown and were adjustéid ttee experimental data. Model calibration
is complex because the different biological andsjdal processes are highly non-linear. Depending
on the porosity-hydraulic conductivity relationshiped, the number of parameters that it is possi-
ble to tune is between 8 and 11. An initial sewigjtianalysis involving sequential parameter varia-
tion identified three key variables, viz., the nmayim growth rate for biomass, and the coefficients
controlling the attachment and detachment ratesrdier to reduce the complexity of the inverse

problem, only these parameters were initially ojted.

Automated model calibration was performed using PH3oherty, 1998), a general-purpose pro-
gram for gradient-based calibration and optimizatibhe main limitation of the method is that,

while it is very efficient for linear and quasi-iar models, it is easily trapped in local minima,
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which is the case for reactive transport modelsvéier, the same algorithm implemented in PEST
has been often used to calibrate reactive transpadels, and proved effective in a number of cases
(Dai and Samper, 2004; Shawn Matott and Rabide@d8)2 In order to partially overcome these
difficulties, we coupled the model calibration perhed with PEST with a Latin-Hypercube multi-
restart technique (e.g., Bajracharya and Barry519Bhe parameter space was subdivided into reg-
ular intervals (the range of each parameter wasletivinto three sub-intervals), and within each
interval a value was randomly selected and usdtie@itial guess for the Levenberg-Marquardt
algorithm. Because of the computational cost, #pgroach 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 42desthe beginning of the experiment were used to
validate the numerical model, although the expemninveas run for 283 d. We decided not to con-
sider the experimental results at later times bee#loe pattern of the permeability decrease shows a
radically different behavior. It is likely that &ter times the main clogging mechanism is not di-
rectly related to further biomass growth, becaut¢ha substrate is consumed near the inlet to
maintain the existing biomass. As suggested byrosloeks (Seki et al., 1998; Bielefeldt et al.
2002), possible alternative causes for the obsenyedaulic conductivity reduction are the filtra-
tion of colloids and fine particles suspended ia pore fluid (e.g., dead cells and detached poly-
mers) or the presence of gas bubbles, factorswibe not included in the model. This difference
was reflected in the difficulty in the model’s atyilto fit the data, e.g., unreasonably large paam
ter changes. As described below, the early-timeahaodlibration did not make reasonable predic-

tions for data collected at later times.

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

on water flow and solute transport.

Simulated results at 42 d, not used during modibregion, show good agreement up to 0.15 m
from the inlet. Instead, while in the experimerdgrthis a transition zone where the relative conduc-
tivity gradually changes from about i@ unity over a distance of 0.2 m, the same tti@msin the
simulated results is sharper and requires only @13 his happens at later times, with an even
more pronounced difference. While in the simulatiba clogging front moves gradually towards
the outlet without a significant change in the shapd slope, in the experiment the front become

broader and more stretched.

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

served sharp decline of concentration near the. iGely 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 siafidn. However, the observed concentration is
very close to the initial concentration (about 7 Ifg It is likely that the measurements are strongly
affected by the influent solution composition. Wimulated value is instead an average of the con-
centration in the first cell, where the concentmatof biomass is higher, and thus the transformatio

rate for methanol is also high.

FIGURE 2 NEAR HERE
3.1.4 Model accuracy

As already mentioned, incorporating the additideablback due to clogging in a numerical simula-
tion may require more stringent constraints thamab on the grid and time discretization to main-
tain the accuracy of the numerical results. Fos teiason, we carefully investigated the effect of
discretization using a set of numerical experimenés considered different grid and time step siz-
es. The effect of both grid refinement and dispéission the accuracy of the results was investi-

gated by means of the grid Péclet and Courant ntsnbke Péclet numb@e is:

Pe:VAL: VAL :&' (12)
D d+va, a,

wherev is the pore water velocitl) the hydrodynamic dispersion coefficient akidthe grid spac-
ing. If Eulerian schemes are used to solve the citheeterm of the transport equation, a common
constraint for this criterion iBe < 5 (Zheng and Bennett, 2002). Indeed, for theetursimulations

Pe not only affects stability and accuracy of the muical scheme, but also the correct development
of the porosity and hydraulic conductivity changemce within each cell the concentration of each
component is constant, an excessively coarse gadirsg is not able to capture the correct develop-
ment of the clogging front, and in turn the watewf is not updated correctly. This is similar to

what is observed in variable density flow simulaipwhere a coarse grid does not properly capture
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instabilities at the interface between fresh anasdevater. In such cases, it is appropriate tcause
more stringent constraint to achieve a better aoyire.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 considetabt Figures 3 and 4 compare, respectively, the
porosity and hydraulic conductivity profiles foretisame four cases. The figures are divided in two
panels with results obtained setting the longitabdispersivity to the same value. The left pariel o
both Figures 2 and 3 shows that elRen= 2 may not be appropriate to capture correctly thg-c
ging front. Comparing the results of the four siatigns in Figures 3 and 4, it is clear that the dif
ference is significantly larger in the hydrauliondaictivity profile than in the porosity profile. €h
reason for this different behavior is related te @xponential relationship between the two quanti-
ties. The relative error was also computed, bottpéoosity and hydraulic conductivity (Figure 5).
The larger error is found in the area near the,iméh values as high as 45% for Cases A-B, and
8% for Cases C-D. This is not surprising as thithies zone with the larger biomass growth and
higher flow velocity. Moreover, for Cases A-B arsficant error is visible in the area around the

clogging front, indicating tha®e = 2 is not suitable to properly capture the patef clogging.

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

transport is dominated by advection this effech@e pronounced. Following this analysis, we take
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Pe=1, as it provides a good balance between acgwfabe solution and CPU time needed.

FIGURE 5 NEAR HERE

FIGURE 6 NEAR HERE

FIGURE 7 NEAR HERE

Apart from the grid spacing, numerical results gmeatly affected by the time stepping. Two differ-
ent errors can potentially be introduced (i) ameassociated with the solution of the transpou-eq
ation and (ii) the operator splitting error (OSElated to the sequential solution of water floot, s
lute transport and biogeochemical processes. Téiediiror is automatically controlled by the trans-
port module of PHWAT, which selects the more appedp time step size on order to obtain an ac-
curate solution (Zheng and Wang, 1999). Insteatiina step size suitable to minimize the OSE
must be decided case-by-case. For this reasonpmgucted a set of numerical experiments using
different time steps for the coupling between tpams and biochemical reactions. We also used
these tests to ascertain whether the additionalgss®es and non-linearities introduced when ac-
counting for clogging require a reduced time s&mulated biomass profiles obtained when clog-
ging is accounted for were compared with the redolt the same model setup but with the clog-

ging module disabled. Results are compared usiagCtburant numberCf) (Zheng and Bennett,

2002):
cr = VAt (13)
AL

whereAt is the time step size. In the simulations with giog, due to the constant flux boundary
condition at the surface, the average pore velaaiygreases as the porosity decreases, and thus the
Courant number varies in space and time. In oml@ompare results with the simulations without

clogging,Cr was computed using the initial (constant) porosity

21



466

467

468

469

470

471

472

473

474

475

476

ar7

478

479

480

481

482

483

484

485

486

487

488

489

Accepted Version

The immobile biomass profiles for three differ@ntvalues are shown in Figure 6. In the left panel
are plotted the results of the simulations withgging, while on the right panel the results with
constant porosity and conductivity. Comparing the pictures it is clear that the effect of the OSE
is a smearing of the immobile biomass concentrgtieak in the first cells, behavior that is consis-
tent with analyses that show that the splitting @amoduce numerical dispersion (Barry et al.,
1997). It is also evident that the amplitude of pleak is smaller when the clogging module is ac-
tive. This is likely to be due to the increase lmf velocity as a consequence of the porosity de-
crease, which in turn increases the shear streskeohiofilm. In the model, this phenomenon re-
sults in a larger detachment coefficient. The O$He simulations witlCr = 0.4 andCr = 2 rela-

tive to the case witler = 0.1 was computed and is reported in Figure Tpr&ingly, the error is
smaller in the simulations with clogging than imgke were the porosity is kept constant. This can
be again explained considering the increase ofcatant rate when the porosity decreases. The
main biochemical reaction considered in the mosi¢hé consumption of substrate and subsequent
biomass growth. The process of shear detachmentesdnstead the biomass growth, which is
equivalent to a reduction of the biomass growtk etd thus of the OSE. The same behavior was
observed with different growth and water flow ratéscording to these results, the feedback of the
biological growth on solute transport does not nexja 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 latnyraixperiment conducted to investigate bioc-
logging under 2D flow conditions. The experimenggistem consisted of a rectangular thin box
filled with sand. The dimensions and main propsrtéthe device and experiment are reported in

Table 3. The sand was incinerated prior to packimgporous medium. Next, a strip of sand near
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the center of the box was inoculated with biom#&sgure 8). The bacterial community was taken
from the effluent of a wastewater treatment plaite¢ the nitrification step). Background water
flow (degassed tap water) was applied at a conss@t A solution of acetate (GEOONa-3HO)
as electron donor and nitrate (Ki)Qas electron acceptor was prepared using untréaped/ater
and injected in the chamber through a needle placé#ue center of the device, upstream to the in-

oculated strip.
TABLE 3NEAR HERE
FIGURE 10 NEAR HERE

Biomass growth and subsequent changes of the fiddvwere visualized conducting tracer experi-
ments at regular intervals (1 to 3 d). BrilliantuBltracer was used, which is nontoxic and only
slowly biodegraded. It is however sorbed to thedssurface, but the equilibrium partitioning con-
stant is known and was used in the model. The @ntkspace evolution of the plume was recorded
taking camera snapshots and the actual concemtraficcolorant was recovered using image-

processing techniques. Further details can be fouKddsgaard and Engesgaard (2002).

3.2.2 Numerical model

A 2D regular grid was used to simulate the expemtalesetup of Kildsgaard and Engesgaard
(2002). The optimal grid spacing was of 30°m, resulting in finite difference grid of 2640 nagle
while the time step was Fal. With this discretization the simulation of 2@etjuired about 1.5 d of
CPU time on an Intel Xeon 2.33 GHz machine. Flunrmtary conditions were used along the top
and bottom (Figure 8) of the domain (other sidaegseero flux), as well as to simulate the injec-
tion needle. A small initial concentration of imnilebbiomass was used to reproduce the sand strip
inoculated with bacteria. The biomass concentratiotie inlet water was assumed negligible and
set to zero. Following the experiment, we simuldtader experiments for comparison with the la-

boratory data.
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A numerical model reproducing the experiment isilalsée (Kildsgaard and Engesgaard, 2001).
Therefore, instead of calibrating the missing pastems, we used the same values as Kildsgaard and
Engesgaard (2001). This provides a way to verieydbmputer code, as well as reducing the com-
putational burden by removing the calibration els&rcThe major difference between our descrip-
tion of the clogging process and the previous imgletation is in the attachment and detachment
coefficients. Whereas the two coefficients are tamtsin Kildsgaard and Engesgaard (2001), in our
model they are dependent on the flow velocity. @able to compare our simulated results with the
measured tracer concentrations using the publiphesineter set, they were initially fixed. Follow-
ing this, the dependency on flow velocity was idtroed to investigate the effect and sensitivity of
these two parameters. A few parameters were stsing, 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 simulatiortk those of Kildsgaard and Engesgaard (2001),
the numerical model was first run using the poyesitdraulic conductivity constitutive relationship
proposed by Clement et al. (1996), with the detaaitmate independent of the flow velocity. Fig-
ure 9 shows the evolution of the mobile and imn®bibmass concentration as a function of time
with this model setup. As soon as the feed solut@thes the zone where the sand is seeded with
bacteria, the immobile biomass starts growinguim treducing the porosity and hydraulic conduc-
tivity within a strip parallel to the flow directio The aqueous biomass concentration starts increas
ing as well, being related to the concentratiomohobile biomass. While at early time (5-10 d) the
shape of the suspended biomass plume is similarstoip and has constant width, when the clog-
ging becomes more intense (17-25 d) the upstreatrop¢éhe plume is larger and rounded, while
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the part close to the outlet is again a strip afstant with. This is related to the developmena of
more complex flow field around the clogged areadhwmost of the water bypassing the area with
lower hydraulic conductivity (Figure 10). The braed shape of the immobile biomass is also re-
lated to the increased complexity of the flow fielthe carbon source and nutrients injected with
water do not penetrate into the clogged zone, ppass it flowing along the edges. Only in this
area can biomass grow. Due to the lack of nutrjemithin the clogged zone, the growth rate de-
creases to zero and decay becomes predominantietiiag to a decrease in biomass and conse-

guently to an increase of the hydraulic condugtivit

The results of the simulated tracer experiment gotedtl with the numerical model were compared
with the laboratory results. The comparison is reggbin Figure 11 for results at 10 and 17 d. To-
gether with the simulated tracer concentrationsioktl using the Clement model; here also the re-
sults obtained using the biofilm and colonies matel shown. Figure 12 reports instead the evolu-
tion of the hydraulic conductivity over time, aggicted by the three relationships. The simulated
results represent reasonably well the experimeitlh mo parameter adjustments. The two-branch
shape of the plume is correctly reproduced. Howenbkile the Clement and biofilm models better

reproduce the experimental data at 10 d, the plabtained with the colonies model is a closer
match to the experiment at 17 d. The Clement anfilfi models show a very similar pattern of

hydraulic conductivity change. Indeed, a quantimttomparison of the results obtained with the
two models show that the biofilm model leads t® lefogging than Clement’s. The reason for this

is the larger hydraulic conductivity decrease aalsporosity changes in the Clement model.

FIGURE 11 NEAR HERE

FIGURE 12 NEAR HERE

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

the experimental (Figure 11). First, the downstreancentration gradient near the front of the
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plume is sharper in the experiment than in the Etians. This is surprising because other investi-
gations have reported that clogging leads to afggnt increase in dispersion coefficients (Taylor
and Jaffé, 1990c; Bielefeldt et al., 2002; Seiésrtl Engesgaard, 2007). There is no clear explana-
tion for this difference. However, two possible sms of error can be identified (i) the image
processing technigue used to measure the condgentpssibly does not resolve well the gradient,
and (ii) the tracer sorption on sand or to the dpament top of the sandbox may hide the devel-
opment of a concentration gradient. The other difiee between experiment and simulation is the
development of a broader plume in the upstreangeld@rea. The reason for such a difference may
be found in the partial clogging of the area sumding the injection nozzle, due for example to
biomass growth, formation of gas bubbles or calpitecipitation (Kildsgaard and Engesgaard,
2001). The clogging of this area decreases theaujidrconductivity and therefore leads to a more
dispersed flow. Kildsgaard and Engesgaard (200ft)atig reproduced the observed behavior as-
suming that a small amount of biomass was presetiitei tap water used to prepare the feed solu-
tion, thus inducing some partial clogging of thedmen near the inlet. We did not consider this
process in our model because it seems to produwEseive lateral spreading of the tracer plume at
later times (Kildsgaard and Engesgaard, 2001, Eigy while it has little if any impact before 15
d. A possible reason is that other clogging praeggbiogenic gas production and mineral phase

precipitation) are more important and cannot beemlly reproduced as bioclogging.

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

ficiently parameterized. Considering one more patamonly increases the flexibility of the model
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but in this case does not improve the insightsaamegain from model-based analysis of the experi-

mental data.

3.3 Discussion of model application to experiment data

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

both experimental systems and modeling.

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

clogging models used.

The detachment coefficient shows a different seityitdepending on the flow conditions. While
for the 1D column experiment of Taylor and Jaff@9Qa) the modeling results are strongly affected
by this parameter, bioclogging in a 2D flow fieklslightly sensitive to the flow-dependent detach-

ment coefficient. The same conclusion was alsortegaon other works (Kildsgaard and Enges-
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gaard, 2001; Thullner et al., 2004). While in tH2 dase the clogging is rather uniform in a given
cross-section of the column, leading to a unifonerease of the pore-velocity, in the 2D flow field
alternative, non-clogged flow paths remain. Consetly, the increase of pore velocity is moderate,

and biomass is less influenced by shear stress.

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

(2002) case.
4. Sensitivity to initial conditions

The above model validation showed that a numbewegfproperties of the domain play a crucial
role in determining the evolution of the porositydaconductivity profile along the flow direction,
and consequently in determining the bulk, effectyelraulic conductivity of the system. While
some parameters can be measured or reliably estimathers are not accessible, at least at the be-
ginning of the experiment. A possible way to inigste the impact of unknown parameters in
complex environmental models is perform a sensjti@nalysis (Campolongo et al., 2007; Checchi
et al., 2007; Refsgaard et al., 2007; Zoras e2@Dy, Norton 2008). In modeling bio-clogging, one
difficult-to-measure property is the initial bionsadistribution. In most of the experiments reported
in the literature, the porous medium used is fresited to remove all the organic carbon and subse-
guently seeded with some selected bacterial contresniWhile no experimental data are available,
it is reasonable to assume that the initial coreéioh of biomass is not homogeneous, but varies
both across the longitudinal and transverse floredtions. This is evident from the experimental

results of Kildsgaard and Engesgaard (2002, Figdde For a homogeneous initial concentration,
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one would expect the tracer plume to be symmetrang time, while it is not. In the simulations
reported above, as in the literature, we assunmsah@geneous small initial concentration of bio-
mass. In this section we investigate the impadhsf condition on the final results, as well as the
additional uncertainty introduced. Also, severgb@xments reported a medium to large increase in
dispersivity together with the reduction in porgsiind permeability (Taylor and Jaffé, 1990c; Bi-
elefeldt et al., 2002; Seifert and Engesgaard, RA0viong the possible reasons to explain such be-
havior is the increased tortuosity of the flow ga#is a consequence of the inhomogeneous biomass
growth. We will use numerical experiments to inigete the extent to which such process can con-

tribute to an increase of dispersivity.

4.1 Procedure

Two basic domains have been used to investigateahsitivity of clogging development to the ini-
tial biomass distribution. The first setup is e@l@nt to that used to simulate the Taylor and Jaffé
(1990a) experiment in Section 3.2 above. Since D, only the inhomogeneity along the flow di-
rection can be studied. The underlying assumpsaiat concentrations are homogeneous normal
to flow, and remain so. The second setup consis2®oregular grid with cell size of 0.005 m and
physical dimensions of 0.08 by 0.25m. The same initial hydraulic properties of the d@main
were used. The flow and degradation rates werhtbligecreased 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 sumno@ the main properties of the simulated
domains is reported in Table 4. The first groupsusd. D domain similar to that of Taylor and Jaffé
(1990a). The initial biomass concentration decréagiéh distance from the inlet. Linear, exponen-
tial and quadratic decreases were considered,htegetith a simulation were biomass was kept

constant. In order to be able to compare the esifithe different test cases, the same immobile
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biomass concentration at the inlet and outlet vezsipuwith a different but comparable total immo-
bile initial biomass. As an alternative, it wouldve been possible to use the same total biomass but
different values at the inlet for each case. Inwaw, this would have made the comparison of the
different simulations more difficult. In fact, awenumerical experiments demonstrated that the
clogging rate is more sensitive to the biomass epntration near the inlet than the cumulative val-
ue. In the simulation with constant biomass insteazlselected a value so that the total biomass in
the domain was comparable to the other three casessecond group of numerical experiments

made use of the 2D domain.

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

parameters.

In order to study possible changes in dispersifitiyeach realization at the end of the clogging si

mulation we simulated tracer experiments at seleiitee 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 numatiexperiments are reported in Figure 15. Li-
near, quadratic and exponential decreases of tmadsis concentrations were considered, together
with constant concentration. At the end of the $atnon, the four cases exhibit a hydraulic conduc-
tivity profile with significantly different shapesyith different slopes of the clogging front. Never
theless, in all cases the conductivity decrease theainlet is very similar. This is not completely
surprising since the growth rate of biomass and tine clogging rate are directly dependent on
concentration itself. The three cases with initi@hcentration decreasing towards the outlet show
that both the distribution and the absolute valfibiomass affect the rate and pattern of clogging
development. This behavior is transient, and ttierginces reduce as the hydraulic conductivity
decrease becomes more pronounced. This is reaspbaichuse biomass growth becomes progres-
sively slower as the mobile porosity becomes thmtiing factor and the detachment rate becomes
larger. Due to the smaller initial biomass in tledlscnear the inlet, the constant concentratior cas

underestimates the development of clogging. Thésergations lead to the conclusion that clog-
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ging models are sensitive to initial conditionslesst for the cases where the immobile biomass
concentration is not homogeneous along the floweation. Although there are no direct mea-

surements, it is reasonable to assume that thisvesys the case for sandy columns inoculated from
the inlet, as was the case for the Taylor and J4880a) experiment. Due to filtration, most of the

bacterial cells remain near the inlet of the colu@md only a small fraction can penetrate deeply
into it. Assuming a constant concentration can lead different pattern and rate of biomass and
clogging development which could, at least pastjaikplain some of the observed differences be-

tween experimental measurements and simulations.

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

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

to a small, negligible value.

The large variability is clearly related to the mdstructured’ pattern of initial biomass distrilmu,
when compared to the random, log-uniform case (E€idi8). The spatial correlation introduced in
the log-normal distribution allows the creationpoéferential water flow paths. Instead, the lack of
structuring in the random log-uniform field resuitsan almost homogeneous distribution at the
macro-scale. A further confirmation is given by tiyraulic conductivity profile along the length
of the column (Figures 18 and 19). The two gramport the average and standard deviation hy-
draulic conductivity along a cross-section of tib&umn for one of the five realizations. By looking
at the standard deviation, it is evident that ithbmases the hydraulic conductivity in the transger
direction shows a variable degree of heterogeneitych however disappears when looking at the

bulk behavior for the random log-uniform case.

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

the experiment.

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

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

in increasing the dispersivity.

5. Summary and conclusions

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

process plays an important role and cannot be ciegle

We found however a number of open issues that palignlimit the model reliability. Among the
most important is the lack of robust, physicallyséa constitutive relationships to translate poyosit
changes into hydraulic conductivity modificatiofi$iree relationships, with qualitatively different
physical interpretations in how the bioclogging gnesses at pore level, were unable to correctly
reproduce the development of clogging during lagrgat experiments. Furthermore, each of the eq-
uations we used contains one or more tunable paeasneith limited physical significance. Al-
though our model validation investigation indicatbdt the small pores do not clog first, a lack of
experimental information on the initial biomasstudimition means that a definitive conclusion can-
not be reached. In addition, the detailed poreessahulations of Kapellos et al. (2007, Fig. 6)
show biofilm development to be irregular, and nonforming to any simplified view of bioclog-
ging development. Despite this, we suggest thairibdels used here provide a reasonable bracket-
ing of the range of clogging possibilities, givitige possibility of providing bounds on overall be-

havior of porous media underling clogging.

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

results are extremely difficult to obtain, and ewveth very small grid Péclet numbeBg(< 1) po-
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rosity and hydraulic conductivity still depend dretsize of the grid cells. This suggests that poten
tially under some conditions mesh convergence dabeoachieved. Further research however

needs to be conducted to investigate this issue.

From a different perspective, another limitatioentfied by our numerical model applications is
the large number of parameters that need caliloraiidhile this fact on one hand may appear as an
advantage, because it increases the flexibilithhefmodel, on the other hand the non-uniqueness of
the inverse problem may largely reduce the effectss of the model as a predictive tool. This is
an important limitation shared with most of the qess-based reactive transport models. While
some techniques exist to partially overcome igemeral it represents one of the major difficulties
in the practical use of this type of modeling agmtm The code we developed was subsequently
applied to investigate the effect of the initiahddions on the rate and extent of hydraulic corduc
tivity changes. A common assumption is that th#ahconcentration of biomass is homogeneous.
This is certainly a simplification, because it ilkely that even under well-controlled laboratory
conditions the distribution of biomass shows sormegrele of heterogeneity. We tested the effect of
this assumption by comparing the evolution of tigdraulic conductivity with time starting from
different initial conditions, and found that thesuéts are sensitive to this factor. In particulae
observed the largest degree of variability in tineutations where the initial biomass concentration
was a log-normal spatially correlated random distion. This finding has important consequences
for modeling because it shows that quantitativedigteon of the extent and rate of bioclogging is

possible only when the initial conditions are wabracterized.
Acknowledgements
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1 Tables

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

Parameter Value
Column length 0.52m
Column diameter 0.0508 m
Mean grain diameter 7x10%*m
Grain diameter range 5.9x 10*-8.4x10% m
Porosity 0.347
Specific surface 4851
Initial hydraulic conductivity 217 md
Influent substrate concentration 7.2 rifg |
Flow rate 1.915 rhd*
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5 Table 2. Summary of the numerical experiments cotedlto investigate the effects of resolution and

6 dispersivity on the accuracy.

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

A 107 5x10° 2

13% 45%
B 5x10° 5x10° 1

C 102 5 x 1072 0.5

3% 8%
D 5x10° 5x 102 0.1
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8 Table 3. Summary of the properties of the sandlxpeement (Kildsgaard and Engesgaard, 2002).

Parameter Value

Box length 0.44m
Box width 0.3m

Box thickness 0.01m
Porosity 0.39

Grain size @) 3.2x10%m
Initial hydraulic conductivity 84.7 mt
Longitudinal dispersivity ¢) 7.7x10%m
Transversal dispersivityf) 6x10°m
Concentration, CECOONa-3H0 90mg Tt
Concentration, KN@ 90 mg I*
Background flow rate 9.6 I'd
Solution flow rate 0.72 18
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10 Table 4. Main properties of the simulated domamthe experiments conducted to investigate the sen-

11

12

sitivity of clogging to initial conditions.

Properties

Domain length

Domain width

Domain thickness

Grid resolution

Starting porosity

Starting hydraulic conductivity

Maximum growth rate

Half-saturation constant

Yield factor

1D simulations

25x10tm

5x103m

5x10°m

5x10°m

0.35

215 nmitd

9x10'd?

8 x 10*mol I'*

0.2

2D simulations

2.5x 10t m

5x 10%m

5x10°m

5% 10°m

0.35

215 m d

9x10'd*?

8 x 10%mol I'*

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

14 tive to the total size of the domain.

Property Log-normal distribution Log-uniform didtution

Biomass concentration, mean

value (logarithm base 10) 28

Biomass concentration, standard

deviation (logarithm base 10) 00

Biomass concentration, range 10°- 10" mg I*
Correlation length, longitudinal 0.4

Correlation length, transversal 0.4

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

The experimental data at time 14 and 28 d were fagechlibration, while the results at 42 d areduse

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

26 the cases described in Table 2. Even for very shealalues some small discrepancies are observed.
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Figure 4. Effect oPe on the simulated hydraulic conductivity. Time @ The capital letters A, B, C,
D refer to the cases described in Table 2. Dubdcekponential relationship between porosity and hy
draulic conductivity, the errors are larger tharrigure 4. This indicates that a smiadl value is neces-

sary to capture correctly the evolution of the giog process.
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32 Figure 5. Relative error between the simulationth wifferentPe values.
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34 Figure 6. Immobile biomass distribution inside twéumn for the 1D simulation. Results of the simu-
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38

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

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

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

41 tained withCr = 0.1. The error is less pronounced when the sitin includes clogging.
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42  Figure 8. Schematic representation of the experiahset-up of Kildsgaard and Engesgaard (2001).
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44  Figure 9. Mobile (left panel) and immobile (righainel) biomass concentrations using the constitutive

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

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

tal data when clogging is more pronounced.
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Figure 12. Evolution of the hydraulic conductivityth time (5, 10, 17 and 25 d) for the three cduosti

tive relationships used in this work. The shapé¢hefclogged zone for the biofilm and Clement rela-

tionship is similar, while it significantly differor the colonies model.



61

62

63

64

Porosity

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

distribution of biomass. Porosity and hydraulic doctivity 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 hauic conductivity using a log-normal, spatiallyr€o

related distribution of biomass. Porosity and hutlcaconductivity values are normalized with redpec

to the original (i.e., clean sand) values.
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Figure 15. Hydraulic conductivity variations alotige length of the column (after 28 d). Three inhitia
biomass distributions are used. The initial conegitn of biomass is homogeneous across the trans-
verse direction, and decreases from the inleteaotitlet of the column. Different initial conditisme-

sult in a different hydraulic conductivity profieend thus in a different bulk value.
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Figure 16. Evolution of the hydraulic conductivityth time using a random, uncorrelated initial dist
bution of biomass. Porosity and hydraulic condutstivalues are normalized with respect to the erigi

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

original (i.e., clean sand) values. Mean value staddard deviation of five realizations are shown.
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81 Figure 18. Spatial profile of the hydraulic conduty along the length of the column. For each sros
82 section, the mean value and the standard deviat®meported. Initial biomass distribution is lag-u

83 form, uncorrelated.
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84  Figure 19. Spatial profile of the hydraulic conduty along the length of the column. For each sros
85 section, the mean value and the standard deviatmeported. Initial biomass distribution is logrn

86 mal, spatially correlated.
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