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ABSTRACT

Experimental and Numerical Investigations into Fundament al
Mechanisms Controlling Particle Transport in Saturated Po rous Media
Po-Chieh Liu

This dissertation presents the results of a series of experimenthd numerical
studies designed to advance knowledge of the fundamental meuksans controlling
colloidal particle transport in saturated porous media. That colloidaparticles fa-
cilitate contaminant transport in porous media, or act as contaminat sources, is
well known, and also widely recognized as important to environmentand health
issues around the world. Many prior and ongoing studies are aimed @derstand-
ing particle transport and deposition behavior in saturated poroumedia, and these
studies have generated a broad range of knowledge regardingtiocse fate and trans-
port mechanisms. However, the prediction of particle transportéhavior still remains
challenging, not least because the particle transport procességmselves still include
many unknown factors. The goal of the work reported in this diss&ation, was to
advance understanding of the in uence of varying ow velocity coditions, ow di-
rection, particle size and mixed particle populations on particle tragsort processes.
In order to meet this goal, a new numerical model for particle trap®ort was devel-
oped, and standard laboratory column test protocols were modiceto enable the
imposition of varying ow conditions during a test, as well as visualizabn of particle
concentrations within the interior of a column. In addition, and in coll®oration with
other researchers, numerical modeling work was also undertakienprovide insight
into the processes governing particle transport at an instrumeatl eld site.

Numerical models have been used extensively to investigate a wideaiety of



engineering and applied science problems, including those involving cioléd particle
transport in saturated porous media. For the research preset in this dissertation,
a new numerical model, termed the Kinetic Colloid Transport Model (KTM), was
developed and implemented using the Matlab platform. The KCTM is ba&sl on a
one-dimensional (1-D) advection-dispersion-sorption equatiomwupled with di erent
kinetic sub-models for simulating particle interactions with the solid pase of a porous
medium, including irreversible and reversible attachment mechanismes well as two-
attachment site and two-particle population behaviors. The KCTM iscapable of
directly simulating particle transport behavior for a given set of initid and boundary
conditions, and also inversely solving for the sub-model kinetic pareters based on
particle concentrations observed during column or eld experimest To validate the
KCTM, KCTM results were compared with analytical solutions generied by the
STANMOD program and numerical solutions generated by HYDRUSEL Simulation
of particle breakthrough concentrations during a hypothetical @dumn experiment
with fourteen di erent case studies, involving a range of particle dpersion coe cients
as well as attachment and detachment rates, was used for thelidation. Agreement
between the KCTM results and those generated by STANMOD and HYRUS-1D, as
de ned by correspondingR? values (all above 0.999), was considered acceptable across
all ten case studies. The KCTM has the advantage of modeling a ram@f particle
transport mechanisms, many of which are not accounted for in a@nt open-source
or commercially available codes.

Fluctuating or varying velocity conditions are common under many wd-world
scenarios involving colloidal particle transport, yet are often negieed in laboratory
column experiments designed to investigate particle transport bawior. To under-
stand the in uence of varying velocity conditions on particle transprt, a series of
traditional and modi ed laboratory column experiments was condued. For the
modi ed column experiments, a protocol was developed to enableettsimulation of

both increasing and decreasing velocity conditions during a test, agll as condi-



tions involving an increase followed by a decrease in velocity. Labooay column
experiments were performed to examine the downward transpasf 2 micron diame-
ter microspheres through a saturated bed of 100 micron diametglass beads under
both constant and varying velocity conditions. The KCTM was simultaeously t
to observed patrticle concentration breakthrough curves, as lvas measured patrticle
concentrations retained in the column at the end of each constavlocity experiment,
to obtain a relationship between a dimensionless irreversible kinetictathment co-
e cient K,; and transport velocity. This relationship was then used to model #
results of the varying velocity tests, with limited success. A compison of the K;
values obtained from direct tting of the varying velocity tests usirg the KCTM, with
the K, values derived from the results of the constant velocity experimes) revealed
a potential dependence oK, on the rate of change of transport velocity, which is
currently not accounted for in any particle transport model. Ovaeall, the results of
this experimental and numerical investigation pointed to the needf better under-
standing of how varying velocity conditions impact fundamental pdicle transport
mechanisms.

A visualization technique was used to examine the e ects of particléze and ow
direction on particle transport in a saturated porous medium comysed of 500 m
diameter glass beads. Packed column experiments with uniform (20 m or 100%
6 m) and mixed (90% 1 m with 10% 6 m and 90% 6 m with 10% 1 m) polystyrene
latex microspheres were performed in one-dimensional upward rizontal and down-
ward ow elds at a constant velocity of 1.7m/day. Particle concentations were
recorded over time in the interior of a column and at the column exit. ¥perimental
results showed that upward ow conditions generally gave rise to Higr retained par-
ticle concentrations and lower particle breakthrough concentratns than horizontal
and downward ow conditions, indicating that gravitational settling decreases parti-
cle transport distances and enhances particle deposition mechamss Consistent with

prior studies, results also showed increasing particle retention withcreasing parti-



cle size. The 1 m particle tests results were successfully modeled using a rst orde
irreversible particle attachment model, indicating little ltration of th is particle size
within the glass bead columns. Modeling of the 6n particle tests required a two-site
kinetic modeling approach, that accounted for particle interactios with the surfaces
of the glass beads as well as straining of particles at bead-beadtaochpoints. The
presence of a second particle population had little impact on the traport of the
1 m particles. For the 6 m particles, the presence of the second particle population
had the most impact during downward ow conditions. Overall, the reults of this
study con rm that gravity, particle size and ow direction impact particle transport
processes. The study also reveals that particle size heterogeneibuld also impact
particle transport under certain conditions. Both of these nding have implications
for eld-scale modeling of particle transport.

The up-scaling of results obtained from laboratory column experimes to predict
particle transport at the eld scale is generally reported to undeestimate particle
transport distances observed in the eld. The over-simpli cation &column experi-
mental conditions, in comparison to eld conditions, or the use of inmpper kinetic
models are two possible reasons leading to such inaccurate preditdio In order to
explore the possible hurdles to current up-scaling methods, the K® was used to
analyze a series dEscherichia colibased column experiments using aquifer sand ob-
tained from a eld site in Bangladesh, which are described in the collakative work
presented in Appendix A. FourE. coli breakthrough curves (BTCs) and two pro les
of spatially retainedE. coli concentrations at the end of an experiment were generated
by the column test series. The KCTM successfully modeled the BTC swelts using
a two-population kinetic sub-model. Both one-site and two-site p#cle attachment
sub-models failed to reproduce the observed BTCs. None of the ddic sub-models
could reproduce the observed particle retention pro les, althougthe two-population
sub-model generated similar hyper log-linear pro les to those seemthe experiment

results. Low mass recovery rates in the column experiments areeopossible reason



why the KCTM failed to t the retained pro les. The kinetic paramete rs obtained
from the KCTM ts to the column experimental results were incorpeated into a two-
dimensional transport model, HYDRUS-2D, to predictE. coli transport observed at
an instrumented eld in Bangladesh. Predictions obtained using only ieversible at-
tachments kinetics, reversible attachment kinetics and both rev&ble and irreversible
attachment kinetics performed with RMSE values of 1158, 826, aré®, respectively.
The dramatic decrease in RMSE with the application of the two-site kigtic model
indicates that E. coli transport at the eld site likely involves both reversible and
irreversible attachment. An important conclusion of this work washe signi cance
of designing laboratory column experiments that can enable the eattion of kinetic
parameters relevant to eld scale transport processes.

The numerical and experimental studies presented in this dissetitan examined
some factors that in uence particle fate and transport in saturted porous media,
which are commonly overlooked in many conceptual and numerical dels of parti-
cle behavior. The results of these studies point to a need to bettenderstand how
varying velocity conditions, ow direction, particle size and mixed paticle popula-
tions in uence particle fate and transport. The results of thesetsdies also prompt
out several recommended future works. For the developed numneal model, current
kinetic sub-models imperfectly reproduced experiment results, alsnadequately de-
scribed the particle transport in micro-scale observations, indiciaig the simpli ed
rst-order kinetics are inaccurate for describing actual particledransport behaviors.
A non-log-linear kinetic sub-model and corresponding micro-scal&periments are
needed for better predictions. Moreover, the e ects of particlparticle interaction
were proven signi cant in certain conditions, however, the procsss is still unclear.
Visualization technique introduced in this research is capable to expéthe control-
ling mechanisms in micro-scale and further provides the foundatiosr developing
non-log-linear kinetic model, quantifying the e ects of particle-paicle interactions,

acceleration, and other uncovered physical/chemical factors guarticle transport in



porous media. Advancing understanding of these factors has patial for improving
the prediction of colloidal particle transport under real-world, eldconditions, which
can bene t many programs aimed at reducing the environmental @health impacts

of colloid facilitated contaminant transport.
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Chapter 1

Introduction

1.1 Background and motivation of this research

Untreated groundwater is often considered to be a safe watersoairce [Leber et
al.,, 2011. An estimated 2 billion people worldwide rely on untreated groundwa-
ter for their drinking water supplies. In addition, a signi cant portion of industrial
and agricultural activities also rely on untreated groundwate{Morris et al., 2003;
Zektser and Everett, 2001 Over the past several decades, multiple activities asso-
ciated with human development, including industrialization, urbanizabn and popu-
lation growth, have increased groundwater usage, leading to aagriidegradation and
contamination[Foster and Chilton, 2003.

The spread of groundwater contamination via the mechanisms of \attion, dis-
persion and di usion has been the subject of a very large number stfudies. More
recently, however, the role of colloid transport in spreading aquifecontamination
has received increased attention because of links with associatelth risks [Feigh-
ery et al., 2013. For example, colloid transport mechanisms are responsible for the
subsurface spread of fecal bacteria, which cause diarrheal dses that kill an esti-
mated 1.8 million people per yeafWHO, 2004. Colloid-facilitated transport also

enhances the subsurface transport of dissolved radionuclid€vetkovic et al., 2004;
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Kurosawa et al., 2004, and pesticides[McGechan and Lewis, 2002; Ngueleet al.,
2014, both of which also pose signi cant human health risks. In addition, ane
emerging contaminants of concern, including nanomaterials, arelieged to spread
via colloid transport mechanisms.

Colloids are micron to sub-micron sized particles that can be generalbate-
gorized as abiotic or biotic particles, both of which are widespread @rfound in
aquifers around the world[McCarthy and Zachara, 1989 Examples of colloidal
particles include silicate clays, iron/aluminum oxides, mineral precipites, humic
materials, viruses and bacteridAuset and Keller, 2004; Kanti Sen and Khilar, 2006;
Sen, 2011 Although colloid-facilitated contaminant transport in aquifers andother
porous media systems has been recognized as important to manyiemmental is-
suegSen, 2011the actual mechanisms governing colloidal particle transport in pous
media still remain unclear. As a result, there continues to be a needrfadvancing
understanding in this area. The work in this thesis contributes to tis need through a
combination of experimental and modeling approaches that seekftother knowledge
on how colloidal particle size, groundwater ow direction and grounsater velocity

uctuations in uence colloidal particle transport.

1.2 Mechanisms of colloid particle transport in sat-
urated porous media

Colloid particle transport, often simply referred to as particle trasport, in saturated
porous media is generally agreed to be governed by di usion, dispers advection
and sorption processefSen, 2011

Di usion is a process via which a particle moves from a higher conceation
area to a lower concentration area in accordance to Fick's rst andecond laws
[Logan, 200]. Particle transport rates due to di usion in groundwater systemsare

usually much lower than rates associated with advection and dispas [Fetter, 2001.
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Dispersion is a mixing mechanisms arising from a combination of molecutiirusion
and hydrodynamic dispersion. Advection describes particle transpt at an advective
velocity, whose magnitude is governed by the distributions of hyduic gradient and
hydraulic conductivity within the subsurface[Logan, 2001; Auset and Keller, 2004

The particle sorption or " Itration” process in porous media is curretly thought
to be governed by three primary mechanisms: (1) mechanical Itteon (2) straining
ltration, and (3) physicochemical Itration [McDowell-Boyer et al., 1984.

Mechanical Itration occurs when the particles moving in a medium's ligid phase
are larger than the pore channels they encounter within the mediuand, as a result,
the particles are blocked from further transport. Straining is a fion of mechanical |-
tration that occurs at grain-to-grain contacts within a medium, am involves physical
blocking of particle transport at the grain-to-grain contact poins [Yavuz Corapcioglu
and Haridas, 1984; Ginret al., 2002; Steviket al., 2004. The ratio of diameter of
particle (dp) to the diameter to the grain media @m) is used to indicate whether the
straining e ect is signi cant or not. Bradford et al. suggested tha when the dp=dm
ratio is greater than 0.0017 straining should be accounted for, amehen the dp=dm
ratio becomes greater than 0.005 straining becomes signi cant. r&ning also has
been put forward as one reason for why particle Itration behaviohas been observed
to vary with particle transport distance [Bradford et al., 20064. Although numerous
studies have investigated factors that might a ect the straining Itration of particles,
including medium grain size, particle size, shape, and particle cloggingchanisms,
the characteristics of the straining mechanism and the relative ctribution of strain-
ing to the total particle ltration process remain unclear[Sen, 2011

The traditional approach used to describe the physiochemical lation process
assumes that particles deposit from the medium's liquid phase onto aligl surface in
the medium at constant rate that is irreversible (i.e., once depositazh a solid surface,
the particles do not re-enter the liquid phase). The particle Itration coe cient, or

rate, is assumed to be related to several forces, which can be peledently quanti ed
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as force coe cients, and include uid drag, di usion, gravity and cdloidal particle-
solid surface interaction forces. The particle-solid surface intert@on forces, which
include the Van der Waals and electric double layer interactions, andrea usually
described by DLVO theory [Verwey and Overbeek, 1947; Derjaguin and Landau,
1993.

The irreversible attachment approach to physiochemical Itrationhas been shown
to successfully describe spheroidal colloid transport behavior infogeneous porous
media systems under favorable electrostatic conditions. Howeyéavorable electro-
static conditions are unusual in the natural environment. Specially, in the natural
environment both the abiotic particle and grain media surfaces aresually negatively
charged [Molnar et al., 2011. In addition, common biotic colloids such as bacte-
ria [McClaine and Ford, 2002; Bradford and Bettahar, 2006; Foppemd Schijven,
2004, virus [Ryan et al., 1999; Schijven and Hassanizadeh, 2000; Jin and Flury, 2002;
Schijven and Simnek, 20d2and engineered nanoparticleetosaet al., 2010; Tianet
al., 2010; Liet al., 2011; Xiao and Wiesner, 201&lso exhibit negatively charged sur-
faces. When both the colloidal particles and the solid phase within a pous medium
are negatively charged, electric double layer repulsion occurs bewen the particles and
solid phase, and this is normally referred to as unfavorable conditi®nNonetheless,
particle ltration is still observed under unfavorable electrostaticconditions. Some re-
searchers attribute this to particle deposition in secondary engrgninimum, particle
straining at grain-to-grain contact points (described above), atior particle ltra-
tion as a result of surface charge heterogeneifjufenkji, 2007; Redmanet al., 2004;
Tufenkji and Elimelech, 200% Under unfavorable electrostatic conditions particles
can be released from the medium's solid phase and reenter the liquidaph, leading
to reversible particle ltration behavior.

Heterogeneities among a particle population and also within a porousedium it-
self can also induced complex particle transport behavior. For exate, the irregular

shape of a granular medium might generate low or high uid velocity zas, which
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may further enhance particle Itration or create preferential pahways for enhanced
particle transport. Particle populations with mixed sizes and/or suiace charge will
also behave in a di erent manner than homogenous particle populatis. In addition,
heterogeneities associated with solid phase grains within a porousdien, includ-
ing grain shape, size, and surface roughness may also impact p#titansport and
Itration mechanisms. For example, Yoon and colleagues found that in porous me-
dia comprised of smooth glass beads, the dominant particle Itratiomechanism was
straining at grain-to-grain contact points. However for rough gles bead packs, parti-
cle ltration was also observed on the surface of the glass beadsaa®sult of physical
immobilization of particle in the vicinity of surface asperities[Yoon et al., 2006;
Basha and Culligan, 201D Although some mechanistic models have been adapted to
address these complex scenarifida et al., 2009; Longet al., 201Q., further research
is still needed to fully understand all of the processes in uencing péle transport

in saturated porous media.

1.3 Mathematical models of particle transport in
saturated porous media

The mathematical modeling of particle transport in saturated poros media usually
incorporates the following aspects of particle behavior: (1) trapsrt in the liquid
phase due to advection and hydrodynamic dispersion, (2) exchanigetween the liquid
phase and the solid phase (due to attachment and detachment arficles on the solid
phase, where the inclusion of detachment is often necessary todabunfavorable
electrostatic conditions), and (in the case of biotic particles) (3) ictivation, grazing
or death [Tufenkiji, 2007]. The attachment of particles to the solid phase of a medium
encompasses all aspects of particle Itration, with irreversible asichment termed
irreversible Itration and reversible attachment termed reversibleltration.

Various forms of advection-dispersion-sorption equations areaasto describe par-
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ticle transport in saturated porous media. A simplied form for onedimensional

transport in a homogeneous porous medium is:

@c @s _ @ @c
@t+ b@t_ D@—% V@X w s bS

wherec [M=L3] is the mass concentration of particles in the liquid phase at a dista@c

(1.1)

x [L] and time t [T], s [M=M] is the solid phase mass concentratiol) [L?T 1] is

the hydrodynamic dispersion coe cient,v [L=T] is the interstitial velocity, [ ]is

the porosity, [ ] is the dry bulk density of the porous media, and ,, [T ] and

s [T 1] are the inactivation or decay rates for biotic particles in the liquid ad solid
phase, respectively.

Particle Itration from the liquid phase to solid phase is often describe as:
@s_
b@t_

where k, and ky are the rst order kinetic attachment and detachment rates, re

kac kgs (1.2)

spectively, and s is the solid phase mass concentration. Note, thathough particle
Itration processes occur at a microscopic scale, the attachmeahd detachment rates
are described at the macroscopic level.

Various mathematical approaches have been developed to evakiagguation 1.1

and 1.2. Some of these approaches are discussed in the followingaec

1.3.1 Colloid ltration theory

The classical colloid Itration theory (CFT) is the most commonly usedapproach to
estimate particle ltration in saturated porous media. Yao et al were the rst to de-
velop a "collector e ciency equation”, which describes how particlemteract with a
single, solid grain "collector” within a porous medium, where the colleot is described
by an isolated spherdYao et al., 1971. CFT estimates the colloid removal e ciency
via the superposition of three analytical solutions for particle degsition on the collec-

tor surface, including deposition due to interception (particles folle streamlines that
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Figure 1.1: Basic transport mechanisms in water lItration (from Yaoet al., 1971)

bring then in contact with the collector surface), deposition due t@edimentation or
gravitation forces (particles diverge from the streamline they arf®llowing due to grav-
itational forces, and this divergence brings them in contact with té collector surface),
and deposition by di usion (i.e., as a result of random Brownian motion)Figurel.1l
graphically illustrates basic processes via which CFT assumes thatrpeles interact
with a solid. The assumptions of CFT were validated byPrieve and Ruckenstein
[Prieve and Ruckenstein, 1974 Later on, Rajagopalan and Tienimproved the model
via the use of a numerical trajectory analysis for particle depositioinvolving inter-
ception and gravitational forces, which considered the London wader Waals force
and hydrodynamic retardation. However, the di usion mechanism ifRajagopalan and
Tien's model was adopted fronYao et al In addition, Rajagopalan and Tienreplaced
the CFT isolated sphere assumption witiHappel'ssphere-in-cell porous media model,
in order to incorporate medium porosity and Stokes ow eld e ects[Happel, 1958;
Rajagopalan and Tien, 197b

CFT assumes that the removal of particles from the uid ow eld is irreversible.
Upon this assumption,k, equationl.2 is referred to ag&;, the irreversible attachment
co-e cient, and kg is zero. For steady-state conditions with a constant in uent patit

cle concentration co atx = 0, the analytical solutions of equation 1.1 and 1.2 at time
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t for a uniform, porous medium initially free of particles are:
8

< c(x) — ki
o = OXp(S)X

. (1.3)
©s(x) = Hifexp(—x)

The irreversible attachment rate,k;, can be derived from mass balance considerations
within the porous media[Logan et al., 1993 viz:

3(1 )v

ki = 205 0

(1.4)

where dsg is the average grain size of the porous mediumg is the single collector
removal e ciency, which can be calculated using CFT, and is the collision e ciency,
which is an experimentally determined coe cient that takes into accant the fact that
removal e ciencies estimated using CFT are often higher than thasexperimentally
observed. The value of, is sometimes referred to as the " Itration” e ciency and it
describes the fraction of particles in the liquid ow eld that are actuwally irreversibly
removed via interaction with the medium's solid phase.

Tufenkji and Elimelechimproved Rajagopalan and Tien'smodel by considering all
particle deposition mechanisms simultaneously, in particular they ingoorated the ef-
fect of hydrodynamic retardation on the di usion coe cient [Tufenkji and Elimelech,
20044. However, Tufenkji and Elimelech's model neglects particle rotation, which is
considered inRajagopalan and Tien'smodel, in their calculations of hydrodynamic
retardation. In addition, Tufenkji and Elimelech used an isolated sphere model in-
stead ofHappel's sphere-in-cell porous mediaTufenkji and Elimelech'sequations for

the di usion, interception, and gravitational removal e ciencies of particles are:

8
% b = 2 :4Aé:3N R 0:081N PgﬂlSNvd(\)/i/OSZ
§ = 0 :55A8Né:55NPg1125N\%2\L/65 (15)

—N- 0:24p 1:11 0:715p] 0:053

where As is a porosity-dependent parameter obtained frorilappel's sphere-in-shell

model, Ny is the ratio of particle diameter to collector diameter,Np. is the Peclet
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number characterizing ratio of advective transport to di usive tansport, N,qw is the
Van der Waalsnumber characterizing ratio of Van der Waals interaction energy tthe
particle's thermal energy, andNg is the gravitational number represented the ratio
of the Stokes settling velocity to the approach velocity. The valuefo in equation
1.4 is the sum of the p, |, and ¢ values described by equations 1.5.

Long and Hilpert Ma et al. and Nelson and Ginn have also worked separately
on improving the CFT model. Long and Hilpert improved the Brownian di usion
expression by estimating the di usion removal e ciency for a randon packing of uni-
form spheres, but kept the interception and gravitation removag¢ ciency estimation
from Tufenkji and Elimelech [Long and Hilpert, 2009. Ma et al. and Nelson and
Ginn improved prior CFT models by incorporating hydrodynamic retardaibn caused
particle rotation [Ma et al., 2009; Nelson and Ginn, 2011 Nelson and Ginn kept
the Happel's sphere-in-cell model. In contrastMa et al. used a hemispheres-in-cell
model for estimating particle removal e ciency via straining at grainto-grain contact

points.

1.3.2 Alternative models and approaches

Numerous studies have reported that the classical lItration thexy (CFT) fell short

of predicting colloid transport in both laboratory column experimerg and eld tests
under unfavorable condition[Tufenkji and Elimelech, 2004h In many cases this
is attributed to particle and/or collector surface heterogeneitiesincluding surface
charge heterogeneities, that give rise to both "fast" and "slow" alloid deposition
rates within a medium. An alternative approach commonly used to oweome the
numerous variations of surface properties of both particles analtectors is the use
of macro-scale coe cients, generally obtained from direct obseations, instead of
micro-scale collision e ciencies. In addition, some researchers hgwoposed the use
of a statistical distribution function to replace the common assuntn of constant

attachment rates. For example, power-law, bimodal, and lognorrhattachment coef-
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cient distributions have been proposed to describe the measurguao les of retained
colloids [Baygentset al., 1998; Redmaret al., 2001; Tufenkiji et al., 2003.

Another, alternative approach is the use of a "two-site" approdcto describe
"fast” and "slow" colloid deposition activities. Two-site models are fomulated in
terms of two di erent collector sites or two di erent particle populations, each of
which has its own deposition rate. This approach has successfullysdebed colloid
transport in some studies[Schijven and Hassanizadeh, 2000; Schijvext al., 2002;
Tufenkji and Elimelech, 2005; Basha and Culligan, 2010

Various alternative approaches to CFT have been used to modelrgiale lItration
via straining mechanisms. For exampleBradford et al. assumed that straining can be
described by a rst-order, irreversible attachment rate that is pth-length dependent,
and mostly leads to particle Itration at the column inlet during laboratory column
experiments[Bradford et al., 20034. In contrast, Foppen et al.reported that, for their
column experiments, particle straining occurred throughout theatumn and exhibited
a linear decrease in the particle ltration process with column lengtiiFoppenet al.,
2007. Recently, many studies have reported that straining is not only acted by the
particle and collector sizes, it is also a ected by the ow velocity, theparticle inlet
concentration, solution ionic strength and that shape of the paitles [Bradford and
Bettahar, 2006; Bradfordet al., 2006b; Sheret al., 2008; Xuet al., 2004.

Blocking and ripening e ects are caused by particle-particle interéions. Block-
ing is when the particle deposition rate rapidly decreases becauséaahment sites
on the collector surface are covered by particles, which preveritee attachment of
further particles. Ripening is an alternate process whereby atthed particles act as
additional collectors for other particles, which increases the owdl particle deposi-
tion rate [Camesanoet al., 1999. Blocking and ripening e ects have been proposed
by some researchers as one reason why CFT predictions deviatrfrobservations
made during column experiment§Nascimentoet al., 2004. Recently, several studies

have applied a random sequential adsorption function to investigatblocking e ects

10
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[Ko and Elimelech, 2000; Lovelancet al., 2003; de Kerchove and Elimelech, 2008;
Adamczyk et al., 2013, and the results of these studies have all indicated that ap-
proach velocity, ionic strength and deposition particle sizes are imgtaparticle Itra-
tion by blocking. O'Melia and Ali rst reported ripening in their tests, and stated
the head-loss caused ripening in their system. Their work inspireddltdevelopment of
a "ripening model" [Tare and Venkobachar, 1985; Vigneswaran and Tulachan, 1988;

Tobiason and Vigneswaran, 1994

1.4 Experimental methods of particle transport in
saturated porous media

Particle transport in saturated porous media has traditionally beerstudied by re-
searchers using bench-scale column experiments. In generalj @dl groundwa-
ter containing either engineered patrticles or cultured biotic colloids istroduced
into packed columns of glass beads, quartz sand, or natural sedints to simulate
particle transport within a saturated porous medium. Typically, moitoring of the
suspended e uent particle concentration exiting the column proviés data that are
then used to evaluate particle transport and Iltration mechanismdTufenkiji, 2007).
Findings from laboratory such column studies have been used ovéetyears to ver-
ify theoretical models and further elucidate the factors controllig particle trans-
port in saturated porous media. Recent investigations indicate ttiaonly monitor-
ing the particle e uent concentration can be inadequate for identifing the parti-
cle transport mechanisms. Instead, combining e uent data with d&a on the spa-
tial distribution of particles retained within a column at the end of an &periment
provides a more accurate picture of particle transport behaviolLi et al., 2004;
Li and Johnson, 2005

In general, well-controlled laboratory studies provide important inght into the

fundamental mechanisms controlling particle transport and depii®n activities. Sev-

11
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eral physical and chemical conditions have been evaluated usingstapproach, includ-
ing investigations into the in uence of collector size and shagd8rown and Jae, 2001;
Sandler, 2011; Syngouna and Chrysikopoulos, 2011; Chatkal., 2014, collector types
or surface propertiedBolster et al., 2001; Foppen and Schijven, 2005uid velocity
[Gannonet al., 1991; Tanet al., 1994; Camesano and Logan, 1998; Hendktal., 1999;
Beckeret al., 2004, solution ionic strength composition and pHRyan and Gschwend,
1994; Li and Logan, 1999; Walkeet al., 2005b; Choiet al., 2007; Torkzabanet al.,
2008; Walsheet al., 2010; Liet al., 2011, and particle concentration[Tan et al., 1994;
Camesano and Logan, 1998; Camesanb al., 1999; Bradford and Bettahar, 200b
In addition, several abiotic and biotic particle factors have also baeexamined, such
as particle surface macromolecule length and compositidRijnaarts et al., 1996a;
Williams and Fletcher, 1996; Abu-Lail and Camesano, 2003; Walket al., 2004, cell
motility [Camperet al., 1993; Beckeret al., 2004; de Kerchove and Elimelech, 2008;
Hidalgo et al., 2011; Liuet al., 2011; O'May and Tufenkji, 201}, particle size and
shapelElimelech, 1991; Mitropoulouet al., 2013; Ngueletet al., 2013; Yuet al., 2013;
Chrysikopoulos and Syngouna, 20},4organism type [Hornberger, 1992; Rijnaarts
et al., 1996b; Hendryet al., 1999, and the in uence of growth phase on bacte-
rial transport and deposition kinetics [Clement et al.,, 1997; Walkeret al., 2005a;
Walker et al., 2005b; Sgountzogt al., 2006; Tufenkiji, 200T.

Since the inherent physical, chemical and biological heterogeneitiesthe real
world are too complex to simulate during a laboratory scale te¢Ginn et al., 2004,
eld-scale observations and experiments are also needed to fugththe development
of predictive tools and analyses. In most cases, the results ofgasch conducted at
the eld scale con rm the dominant in uence of inherent heterogerity on particle
transport processes. Examples include observations made at #i& Geological Sur-
vey's Cape Code site, MAHarvey et al., 1993, and the Narrow Channel area of the
South Oyster Site, VA[Hubbard et al., 2001; Johnsoret al., 2001; Donget al., 2002;
Fuller et al., 2001; Scheibeet al., 2011; Scheibe and Chien, 20D3

12
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Figure 1.2: Location map of the South Oyster SiteScheibe and Chien, 2003
1.5 Organization of the dissertation

This dissertation is organized into ve chapters and one appendix. his rst chapter
provides an over-view of the problem domain the research work wdssigned to ad-
dress, and a literature review of prior work relevant to the topic. Gapter 2 presents
the details of the one-dimensional particle transport model that as developed for
the numerical investigations of the research. Based on a nite dirence scheme, the
numerical model, which contains multiple sub-models for describing pi&le interac-
tions with the solid phase of a porous medium, was devised to analyZeetresults
of the column experiments that were conducted as part of the march work. Chap-
ter 3 describes a series of laboratory column experiments undekea to investigate
the in uence of varying velocity conditions on patrticle transport mehanisms, while
Chapter 4 describes an investigation into the in uence of particle @z ow direc-
tion, and particle-particle interactions. Chapter 5 presents a sumary of the key
ndings of the dissertation and a discussion of future work that is @eded to further
advance understanding of the fundamental mechanisms govemiparticle transport

in porous media. Appendix A of the thesis presents collaborative wothat sought to

13
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understand the relationship between laboratory investigations iotparticle transport
behavior and eld-scale behavior. Referenced sources are avdiaat the end of the

manuscript.
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Chapter 2

Particle Transport Modeling

2.1 Introduction

Mathematical models are used extensively by researchers to dése and predict
many scienti ¢ and engineering processes, including those assoetatvith particle/
colloid transport in saturated porous media. In the case of particleansport, the
most common mathematical models consist of mass balance equadidimat consider
the fate and transport of particles in a representative elementablume of a uniform,
saturated medium. The analytical solution of such models usually reges several
assumptions to be made to simplify the complexity of most real-worlditsations.
For example, many analytical solutions are derived for an in nite or emi- nite do-
main containing a homogeneous and isotropic medium subjected teatly state ow
conditions [Genuchtenet al., 1984. In order to analyze more realistic problems, in-
cluding the transient ow conditions considered by the research psented in Chapter
3 of this thesis, the mathematic models are approximately solved ugimumerical
modeling techniqguedSwanton, 1994

This chapter presents the modeling work underpinning the researdescribed
in Chapters 3 and 4 of this thesis, as well as Appendix A. A numericalrgggram,

termed the Kinetic Colloid Transport Model (KCTM), was developed b simulate
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one-dimensional particle transport through a saturated porousmedium. Modeling

of particle deposition on, and release from, solid surfaces in the paos medium, is
included for both steady and non-steady velocity conditions. Di eent sub-models
describing the kinetics of particle deposition onto, and/or releaseoim, solid surfaces
are embedded in the KCTM, including irreversible, reversible and twsite models.
Model validation was undertaken via the comparison of KCTM resultsvith results

from analytical solutions and HYDRUS-1D, a well-known, open-soce numerical

model for predicting contamination fate and transport.

2.2 Mathematical model and numerical methods

2.2.1 Particle transport equations

Particle transport in saturated porous media is usually described byodi ed advection-
dispersion-sorption (ADS) equationdTan et al., 1994; Lovelandet al., 2003; Mas-
soudiehet al., 2010; Liet al., 2011; Rezaeét al., 2013. The ADS equation describes
particle (or colloid) behavior within the liquid phase of a porous mediumi.g., the
advective-dispersive transport), as well as particle interactionwith the medium's
solid phase (sorptive behavior). Particles deposition onto and reka from a solid
surface in a porous medium are usually referred to as attachmenidadetachment
activities, respectively. Such activities are expressed by kinetictathment or de-
tachment coe cients in the ADS equation. Classical lItration theory (CFT) was the
rst approach developed to estimate particle attachment coe ciats [Yao et al., 1971.
CFT considers particle attachment (or sorption) to be describedyba rst order kinetic
attachment model, with zero particle detachment. The CFT attaciment coe cient is
based on the surface properties of both the particles and the pois medium. How-
ever, as noted in Chapter 1 of this thesis, numerous studies hawported that CFT
can only describe particle transport under very limited condition§Tan et al., 1994;

Tufenkji et al., 2004; Tong and Johnson, 209.7 Following the introduction of CFT,
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other theories or hypothesis, including DLVO theory, blocking, ripging, and strain-
ing activities, have been put forward to explain CFT deviations from laoratory
and eld observations [Tobiason and Vigneswaran, 1994; Rijnaartgt al., 1996b;
Camesanoet al., 1999; Bhattacharjeeet al., 2000; Bradford and Bettahar, 2006;
Bradford et al., 2006d. These theories were also described in Chapter 1.

For the research presented in this thesis, the following general, eedimensional
ADS was adopted[Johnsonet al., 20074:

8
< _
G oB= 0 8 v o1
b%f: f(c)

wherec is the liquid phase particle concentration§IL 2], s is the solid phase patrticle
concentration MM 1], , is the bulk density of the solid matrix ML 3], D is the
hydrodynamic dispersion coe cient L2T 1], v is the pore velocity [T 1], is the
porosity [-].

The exchange functionf (c) describes the particle exchange between the liquid
phase and solid phase. Based on di erent mechanisms, the exchaifignction can be
expressed in di erent forms [Tufenkji, 2007]. For rst-order, ireversible attachment

kinetics, the exchange function becomes:
f(c)= kic (2.2)

wherek; is the irreversible attachment coe cient [T 1].

For rst-order, reversible attachment kinetics, the exchangeunction becomes:
f(c)= kaCc pkgs (2.3)

where k, and kq are the reversible attachment and detachment coe cientsT 1],
respectively.

For particle straining at grain-grain contact points, the KCTM assumes reversible
attachment kinetics with depth-dependent parameters, and usethe following ex-
change function[Bradford et al., 20034):
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f(c)= Kasr aC  bKasr oS (2.4)

wherek,s;y andkg.s are the reversible attachment and detachment coe cientsT 1],

respectively, and , and 4 are depth-dependent power functions de ned as:

8
< —_ (L+x) &)
a~ L
_ (L+x) P (2.5)
b= "—7T

wherelL is the column length L], x is the distance from the column inletl[], aand b
are dimensionless tting parameters that control the shape of #hkinetic coe cients
as a function of transport distance.

For a two-site model, the collector (i.e., solid surface) is considered have two
types of interaction sites, so the exchange function becomes:
@s, @s
@t @t

For a dual mode or two-population model, it is assumed that there artwo particle

f(c) = (2.6)

species, or populations, each of which has di erent kinetic charamststics. For this
model, an ADS is written for each population and the following mass balae equation

is employed to link the two ADS equations:
C= Wg + (1 W)Cz (27)

wherec is the total liquid phase particle concentrationw is the portion of rst popu-
lation, and c; and ¢, are the rst and second population concentrations, respectively
For dual mode modeling, the rst and second populations are usualtgpresented

by a two-site and irreversible kinetic approach, respectively. Theogerning equations
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are thus expressed as:

8
@¢ @s:1 @s;2 @cy @¢
@t+b@t+b@t_D Vax
@s1 _
b C;tl = kaCi  bKaS1a
@32 _
@ @s ., — @8 @s '
@t vat= Dar Vo
b% = Ki2G

wherec; and ¢, are the liquid phase concentrationNIL 4] of rst and second popula-
tion, s;.; and s, are the solid phase concentratio’MM 1] of rst and second site of
rst population, s, is the solid phase concentrationf|M 1] of the second population,
ka and kg are the reversible attachment and detachment coe cientsT 1], k.1 and

ki» are the irreversible attachment coe cients [ 1] of rst and second population,

respectively.

2.2.2 Numerical methods

In order to numerically solve the KCTM, the governing equations werimplemented
in a Matlab programing environment using nite-di erence schemesa discretize the
time and space derivatives. For the time derivatives, the implicit Euleand Crank-
Nicolson schemes were employed. For the space derivatives, bgdvard and central
di erence approximations were employedHo mann and Chiang, 2000a; Ho mann

and Chiang, 2000bh The discretized forms of the particle transport equations are:

S @c_ ot o
1 |
h @t t i
n+1 2 i+1 n+1 n 2 i n
D g}(@: — D C|+1 CnX2+C + (1 )C|+1 (;n2+cl 1 I
vac— y cli+@ 2)d @ e 1 )< N1 o2)d @ ), (2.9)
@x X X )
s‘n+l sn
§ poe= p—

KaC  bkeS= ka cMt+(1 )" bka s +(1 )sP
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where n is the discretized time step index,i is the discretized space node index,
= 0:5 for the Crank-Nicolson scheme and = 1 for the implicit Euler scheme,
= 0:5 for the central di erence scheme and =1 for the upwind scheme.

The KTCM can directly simulate particle transport, or inversely calclate the
kinetic parameters and particle population proportions from obseed data by mini-
mizing the error function. For the inverse calculation, the model eptoyed a modi-
ed version of the Matlab optimization tool, the fminsearch fuction,which uses the
Nelder-Meadsimplex algorithm as described iagarias et al. [Lagariaset al., 1999.
The inverse calculation used the optimization tool to minimize the obg@ive function,
which was the error function. The error function is the weighted su of the squared
error (i.e. the di erence between the measured data and the mddd values) and was

de ned by Simunek et al.as[Simuneket al., 2014:
8 p

SR=wi(f (1) f(xt))?

. 1

mj 12

(2.10)

Wj:

wheref andf are observed data and modeled values, respectively, while the weigh
ing coe cient w; minimizes di erences in weighting between di erent data types,
which is necessary because of the di erent absolute values and aatoints involved
in some cases. For example, particle breakthrough concentrat®onollected during
laboratory column tests usually comprise more data points than oéssations of re-
tained particle concentration at the end of the test. The weightingcoe cient is

normalized by the measured data variance?, and number of datam.

2.3 Model validation

There are no available analytical solutions to describe dual mode awd population
particle transport. Thus, in order to verify the KCTM, the model outputs were com-
pared to some well-de ned analytical solutions as well as simulationg@ts obtained

from HYDRUS-1D, a well-known numerical model for groundwaterow and contam-
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inant transport. The numerical simulation cases were adopted fmo previous study

[Tosco and Sethi, 2000

2.3.1 STANMOD and HYDRUS-1D

Several well-known computer programs have been developed t@laate contami-
nant transport in porous media using analytical solutions of the ag¢ction-dispersion-
sorption equation[Simuneket al., 2014. STANMOD (Studio of Analytical Models)
is a public domain software package that integrates some of the magidely used
transport models into a single software package. The rst versioof STANDMOD in-
tegrated the following one-dimensional transport models: CFITMCFITIM, CHAIN,
and CXTFIT. The second version included two more models, 3DADE aiN3DADE,
for analyzing multidimensional transport problems.

STANMOD was employed for validation of following simpli ed advection-gspersion-

sorption (ADS) equation [Leij et al., 2014:

8
< @c, @s- p @ ,@c
et vei- Pax Ve (2.11)

b2°= KaC  pKaS

The CXTFIT code was used to provide an analytical solution of nonegiilibrium
solute transport under uniform ow conditions in a homogeneousaturated porous
medium. The CXTFIT model solves the following non-equilibrium soluteransport

model [Toride et al., 1995:

8
< — (b
%f— D% v%ﬁ LKy s]  <C (2.12)
%f: [Kqc s] S

where is a rst order kinetic rate coe cient [ T 1], Kd is an empirical distribution
constant LM 1], .and s are the rst order decay coe cients for liquid and solid
phase, respectively.

For the KCTM model validation, it was assumed that there were no eqlibrium

exchanges and solute decay associated with either the liquid or solidage. The
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coe cients and K4 can be expressed in term of the attachment and detachment
coe cients of the particle transport groblem, Viz:
< — kd
: — Ka
Ka= bKd

For the CXTFIT, the "Deterministic Non-equilibrium CDE" model was used with

(2.13)

the corresponding dimensionlesg model parameters:

5 1 (2.14)
-1 = kg(R 1)VL—d
wherelL is the column length [], v4 is the Darcy velocity.

HYDRUS-1D is a nite-element model able to simulate 1-D water, heathemical
solute and particle transport in saturated or unsaturated mediaHYDRUS-1D can
be applied for both equilibrium and non-equilibrium conditiongSimneket al., 2009.
For the particle transport simulation, the "Two Kinetic Site Model" of HYDRUS-
1D, which is designed for simulating particle transport, was used fohe validation
exercise. In order to compare all three validation approaches (8NNMOD-ADS,
CXTFIT and HYDRUS-1D), the particle generation and inactivation rates, which are
used for modeling biological particle behavior, were not consideredtire HYDRUS-

1D simulations. In addition, the second patrticle interaction site of tb "Two Kinetic

Site model" and the blocking function were also disabled.

2.3.2 \Validation results

A hypothetical column experiment was used for model validation, witfourteen di er-
ent case studies involving a range of dispersion coe cients as well particle attach-
ment and detachment rates. The following physical parameter vads were adopted:
column length L = 0:1m, Darcy velocity v = 8 10 ®msec ! and bulk density
b=1:5 10 8gm 3. Figure 2.1 illustrates the experimental setting of the hypothet-

ical column experiment.
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In,ow concentration Cf
Darcy velocity 8*10e, m sece...

Column length 10cm
medium Porosity 0.4
medium bulk density 1.5¢€ g mee

A

Out,ow
BTC observation point

Figure 2.1: lllustration the experimental settings of the hypothetal column experi-

ment. The e uent concentration is observed at the column's out av point.

Numerical modeling parameters, including the spatial and tempordiscretization,

were chosen to be consistent across all numerical runs. In pauiar, the time step
t = 2secand discretized distance x = 10 3m were used. For the hypothetical

experiment, the total simulated experimental time was 6,000 seatsand included 2
stages. The rst stage started with a stepwise particle solution iegction period at a
constant concentrationcy at x = Om (the column inlet) for 3,600 seconds. This was
followed by a " ushing period" for 2,400 seconds the second stage wherebyc=0
atx =0m.

Table 2.1 reports the transport parameters and normalized ermrfor a set of
simulation runs with KCTM, STANMOD, and HYDRUS-1D that involved 5 case
studies. The normalized errors were calculated according to thdléeving equation:

P
SSE_, iu(G )

R2=1 =——= P
SST iN=1(Ci )2

(2.15)

whereR? is the residual, SSE is the sum of squared errors of predictiorSST is the

total sum of squaresN is the time step index,¢ is the breakthrough concentration at
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thei th time step using KCTM, ¢ is the breakthrough concentration at  th time
step using STANMOD or HYDRUS-1D, andc is the mean value of the breakthrough
concentration using KCTM.

Figures 2.2 and 2.3 showed the simulated, normalized breakthrouginees (BTCs)
for the four case studies described in Table 2.1. For the results in big 2.2, the
dispersion coe cient remains constant while the particle attachmenand detachment
rates vary between the two case studies (case 1 and case 2). #w results in
Figure 2.3, the patrticle attachment and detachment rates remairoastant, while the
dispersion coe cient varies between the three case studies (casg 3 and 4).

Referring to Figure 2.2; the higher particle detachment than attdanent rate in
case 1 resulted in a BTC with a sharp rising and falling limb, and a plateawalue of
unity. For case 2, where the particle attachment rate was greate¢han the particle
detachment rate, the rising and falling limbs of he BTC are less steepan in case 1,
and a plateau of unity is only reached at the end of the particle injetn phase of the
simulation. In both cases, the HYDRUS and KCTM predictions slightly ver-predict
particle concentrations during the rising limb of the BTC, and then uder predict
concentrations during the falling limb. Nonetheless, the agreemebetween the two
numerical models and the analytical solutions are considered vergayl. In addition,
the results of the KCTM developed for the research presented imis thesis agree
with the results of the popular HYDRUS-1D model.

Referring to Figure 2.3; the changes in the value of the dispersioneccient lead
to very small di erences in the simulated BTCs. Again, in general thélYDRUS and
KCTM predictions slightly over-predict particle concentrations duimg the rising limb
of the BTC, and then under predict concentrations during most othe falling limb.
For case 4, which had the lowest vale dd, the HYDRUS and KCTM predictions
slightly over-predict particle concentrations during start of the &lling limb. The
di erences between the numerical simulations and the STANMOD amgical solutions

increases adP increases. This is attributed to numerical dispersion errors. Again

24



CHAPTER 2.
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Figure 2.2: Simulated normalized, column breakthrough curves geated by STAN-
MOD, HYDRUS-1D and KCTM for case 1 and case 2 (see Table 2.1 for silation

parameters). The right-hand gures show a zoom of the latter ption of the simula-

tion.
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Validation case 2
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Figure 2.3: Simulated normalized, column breakthrough curves geated by STAN-
MOD, HYDRUS-1D and KCTM for case 2, 3 and 4 (see Table 2.1 for simuian

parameters). The right-hand gures show a zoom of the latter ption of the simula-

tion.
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Figure 2.4: Simulated, normalized column breakthrough curves geated by KCTM

for case 5, 6, 7 and 8 (see Table 2.2 for simulation parameters).

the agreement between the numerical simulations and the analyticeimulations are
considered very good, as is the agreement between KCTM and HYDR-1D results.
It worth to note the ratio of kinetic attachment and detachment rates, termed the
retardation factor (Ry), represents the time delay caused by particle sorption activities
during particle transport. Figure 2.4 shows a series of simulated, moalized BTCs
using the KCTM for four case studies described in Table 2.2. For thesults in Figure
2.4, the detachment rate remains constant, while the attachmemate increases.Rqy
varies from 0.5 to 3. As theRy value increases, the rising and falling limbs of the BTCs
change from sharp to mild slopes. The duration time during which theammalized

concentration is unity and the peak concentration also reduce whdR, increases.

2.3.3 Two-site colloid transport comparison

Hydrus-1D was used for validation of the two-site kinetic model sintations. The
"Two Site Kinetic Model" of HYDRUS-1D model was applied in order to dahis. A
total of 6 di erent sets of two-site kinetic coe cients were used b compare KCTM

predictions with those of HYDRUS-ID, as listed in Table 2.3. The value fok,=Kkq
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for both particle interaction sites (site 1 and site 2) increases fromase 9 to case 14,
while the value ofk,,=ks, decreases. Table 2.3 also provides tR& values associated
with each case study comparison. Note, the KCTM two-site kinetic idescribed by
equations 2.1, 2.3 and 2.5.

Figures 2.5 and 2.6 show the two-site kinetic modeling BTCs generateg HYDRUS-
1D and the KCTM. Figure 2.5 highlights the results of cases 9 to 11, v Figure 2.6
highlights the results of cases 12 to 14. As seen, the maximum valdele particle
breakthrough concentration decreases &s=ky increases from case 9 to case 14. In
addition, the increase in BTC values over the time period from 500 to,@00 seconds
also decreases dg,=ky increases.

The two-site kinetic model was rst constructed bySchijven et al.in order to solve
the signi cant discrepancy between one-site kinetic modeling ressland experiment
BTCs at both the end of the of rising limb and the start of the falling limbof the
BTC [Schijvenet al., 2004. The shape of the falling limb of the predicted BTC, as
well as the tail of the BTC, de ne some of the major di erences beteen predictions
obtained from a two-site versus a one-site kinetic modeling apprdacThe two-site
approach provides two separate solid-phase concentration sjtemach with di erent
detachment rates. This, generates BTC falling limbs and tails that @& not log-linear.
Schijven and Simunekeported that the sum of the two-site kinetic attachment rates
were close to a one-site kinetic attachment rate for all of their expiments [Schijven
and Simnek, 200 This is because the BTC plateau concentration is governed by
the total Itration e ciency of the system itself, which would repre sent the sum of
the two-site kinetic attachment rates.

In general, the KCTM results are in very good agreement with the seilts of
HYDRUS-1D. The R? values decreased slightly from case 9 to case 14. However, all

values were basically close to 1.
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Simulated normalized, column breakthrough curves geated by,

HYDRUS-1D and KCTM for case 9, 10 and 11 (see Table 2.3 for simulatiparame-

ters). The right-hand gures show a zoom in of the latter portion 6the simulation.
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Simulated normalized, column breakthrough curves geated by

HYDRUS-1D and KCTM for case 12, 13 and 14 (see Table 2.3 for simutat pa-

rameters). The right-hand gures show a zoom of the latter poron of the simulation

for case 12, and the BTC for cases 13 and 14 with a scaled verticalsa
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2.4 Summary

This chapter presented the development and validation of a numeakc model for
colloid/ particle transport in saturated porous media, termed the KCMT, which is
based on a nite-di erence scheme implemented using Matlab. In adtn to being
able to simulate two-site particle attachment and detachment kinéts, the KCMT
can also simulate dual-mode or two-population particle transport bevior, which
cannot be simulated using current open software or commercial fflaams. KCMT
allows both forward prediction of particle transport problems as Weas parameter
tting for a given set of observations. The KCMT was validated agaist analytical
solutions generated by the STANMOD program and numerical simuletns obtained
using the popular software, HYDRUS-1D. Comparisons between KO, STANMOD
and HYDRUS-1D were undertaken for one-site particle attachmemand detachment
kinetics, and between KCMT and HYDRUS-1D for two-site particle aachment and
detachment kinetics. Good agreement between the results of KOMSTANMOD
and HYDRUS-1D were obtained over a range of modeling conditionsh@ following
chapters of this thesis present the use of KCMT in the prediction a@hinterpretation
of complex particle transport behavior. In addition, Appendix A preents collabo-
rative work that used the KCTM to analyze E.coli transport behavio in saturated
sand columns of aquifer material obtained from a Bangladesh eld sit The kinetic
parameters obtained from the KCTM were further used in a modelingxercise to
evaluate the impacts of anisotropic hydraulic conductivity on bacta transport at

an instrumented Bangladeshi eld site.
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2.5 Tables

Table 2.1: List of model parameters used for analytical solution paestions (STAN-
MOD) and numerical modeling predictions (HYDRUS-1D and KCTM). Thre R? values
represent the relative error between KCTM and STANMOD/ HYDRUS1D.

Model Parameter | Case 1 | Case2 | Case 3 | Case 4
KCTM, D (m?s ') | 1.00E-07| 1.00E-07| 2.00E-07| 5.00E-08
STANMOD, | ka(s 1) 4.00E-03| 8.00E-03| 8.00E-03| 8.00E-03
HYDRUS ka(s 1) 8.00E-03| 4.00E-03| 4.00E-03| 4.00E-03
R (-) 1.50 3.00 3.00 3.00
STANMOD -) 0.67 0.33 0.33 0.33
() 2.00 4.00 4.00 4.00
HYDRUS R? 0.999990 0.999995| 0.999995| 0.999995
STANMOD | R? 0.999682 0.999451| 0.999765| 0.999671

Table 2.2: List of the model parameters used for reversible modéhalations. The

Ry values represent the retardation factorK,=ky).
Case 5

2.00E-3
4.00E-3
0.5

Case 8

1.2E-2

4.00E-3
3.0

Case 7

8.00E-3

4.00E-3
2.0

Case 6

4.00E-3

4.00E-3
1.0

Parameter
ka (sec?)
kg (sec 1)

Rq
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Table 2.3: List of model parameters used for two-site kinetic modptedictions. The

R? values represent the relative error between KCTM and Hydrus-1D

Parameter

Case 9

Case 10

Case 11

Case 12

Case 13

Case 14

D(m?s 1)

1.00E-07

1.00E-07

1.00E-07

1.00E-07

1.00E-07

1.00E-07

Site 1

Ka(s 1)

4.95E-04

1.04E-03

2.29E-03

4.46E-03

8.34E-03

1.29E-02

ka(s 1)

4.48E-04

2.00E-04

2.44E-05

2.50E-06

1.98E-07

1.95E-08

Site 2

Ka(s 1)

1.17E-05

4.35E-05

1.83E-04

6.69E-04

2.58E-03

7.22E-03

ka(s 1)

1.06E-03

1.00E-03

7.53E-04

3.49E-04

8.50E-05

1.88E-05

RZ

0.999968

0.999965

0.999963

0.999954

0.999908

0.999094
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Chapter 3

Can Varying Velocity Conditions
be One Possible Explanation for
Di erences between Laboratory
and Field Observations of Bacterial

Transport in Porous Media?

3.1 Abstract

Laboratory column experimental results are frequently used tosemate eld-scale,
fecal bacterial transport distances. However, it is not uncommofor fecal bacteria
to be observed at greater distances than predicted by up-scaliteporatory results.
Fluctuating or varying velocity conditions is one complex in-situ condibn that might

account for such inaccurate prediction, yet it is often neglected iaboratory column
experiments. In this study, one-dimensional, laboratory column geriments were per-
formed under both constant and varying velocity conditions using & microspheres

and 100m glass beads to simulate bacterial transport in saturated porousedia.
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Particle breakthrough curves and particle concentrations retagd in the column at
the end of an experiment were obtained for ve constant and theevarying veloc-
ity conditions. The range of constant velocities investigated was tveeen 3.17m/day
and 27.65m/day. For varying velocity conditions, the velocity was s@adily increased
and/or decreased over the period of the experiment within the sanrange. Results
from the constant velocity experiments were successfully modelading rst order,
irreversible particle attachment kinetics. The irreversible attachmant coe cients ob-
tained from the constant velocity experiments were used to deriva power function
relationship between a dimensionless irreversible attachment coeent, K, and ve-
locity, v. This relationship was then used to model the varying velocity expienents,
with limited success (NRMSE> 10% for all model ts). A comparison ofK; values
obtained from direct tting of the varying velocity tests, with the K, values derived
from the results of the constant velocity experiments, revealed potential depen-
dence ofK,; on the rate of change of velocity. Observed particle breakthrobgeurves
(BTCs) for the varying velocity experiments were also modeled usirsggconstant value
of K; based on the average velocity of each experiment. The results bist model-
ing under-estimated observed maximum breakthrough concentians for the column
experiments where velocity increased, and especially under condisovhere velocity
increased then decreased. Overall, the results of this study poitd the need for
better understanding of how varying velocity conditions impact baerial transport
in the eld.

3.2 Introduction

Diarrheal diseases cause illness and death globally, killing an estimate® million
people every yeafWHO, 2004. Fecal bacteria, a major source of diarrheal disease
[Prass-Ustun et al., 2004, are widespread in shallow aquifers and detected even when

fate and transport predictions would indicate otherwisdGosset al., 1998; Schijven
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and Hassanizadeh, 2000 Laboratory column tests and eld scale investigations are
the two main experimental approaches for investigating subsuda bacterial fate and
transport and advancing predictive theory.

Bacteria are micron-sized particles, often classi ed as colloid parss, whose at-
tachment and detachment to the solid phase of a porous medium agentrolled by
physical, chemical, and biological interactions between a particle arile grains of
the medium. Over the past several decades, a large number of ledtory column
experiments have been used to investigate the e ects of ow velbcmagnitude, ow
direction, particle size, grain size, grain surface roughness, liquiehtperature, liquid
pH, liquid ionic strength (IS), and bacterial characteristics on pdicle column break-
through concentrations and retained concentration pro le§Kanti Sen and Khilar,
2004. For example, Hendry et al. investigated Klebsiella oxytocaand Burkholde-
ria cepaciatransport in laboratory columns at four di erent, constant ow velocities
and observed that the peak breakthrough concentrations of bi@ria increased as the
velocity increased[Hendry et al., 1999. Through modeling, they also demonstrated
that particle attachment and detachment behavior are bacteriapeci ¢ and related to
surface chemistry. Based on their results, these researche@sammended that the re-
lationship between velocity and particle behavior be determined be®using column
results to predict eld behavior. Keller et al., conducted laboratory column experi-
ments under constant velocity conditions with bacteriophage MS2nd two di erent
size microspheres to quantify the e ect of velocity magnitude andapticle size on the
early breakthrough of particles[Keller et al., 2004. They found that both particle
size and velocity magnitude in uence early breakthrough behaviognd thus, poten-
tially, rapid transport phenomena in aquifer systemsVasiliadou and Chrysikopoulos
conducted laboratory column experiments withPseudomonas Putidabacteria and
kaolinite clay particles, both separately and together, in order toxamine their co-
transport e ects on particle behavior[Vasiliadou and Chrysikopoulos, 2011 For tests

examining the individual transport characteristics of the bacteriband kaolinite, these
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authors reported a decrease in mass recovery for both partickges with decreasing
velocity. More recently, Shang et al. halted ow for di erent time intervals during
laboratory column experiments in order to examine how dynamic gradwater con-
ditions might impact the transport of engineered nano-porous pacles in saturated
porous media[Shanget al.,, 2013. Although Shang et al. found that nanoparticle
detachment was in uenced by the duration of the no- ow period, hey were able to
model observed particle transport using theory developed for mstant ow condi-
tions. Nonetheless, despite the fact that dynamic groundwateronditions are the
norm in aquifer systems contaminated with fecal bacteria, very vie column stud-
ies have systematically investigated how varying velocity conditions pact colloid
transportation in saturated media.

Complementing column experiments, numerous eld scale experimsrtave also
been undertaken to study bacteria transport in shallow aquiferBaleset al., 1997;
Kersting et al., 1999; Cvetkovicet al., 2004; Knappettet al., 2014. Compared with
laboratory testing, eld scale experiments occur in a more complexiagronment and
are subject to many uncontrollable factors, including subsurfageysical and chemical
heterogeneity, as well as often ill-de ned three dimensional ow calitions. Previ-
ous research reported that up-scaling column experiment resutts predict bacterial
transport at the eld scale always fall short of observed transpbdistances in the eld
[Dong et al., 2006; Foppen and Schijven, 2006; Pang, 2Q0&nappett et al. specu-
lated that one reason for this at their Bangladeshi experimentaleld site, might be the
rapidly increasing and decreasing advective transport velocities sdrved during the
monsoon season, which are not accounted for in laboratory exipeents conducted at
constant ow velocity [Knappett et al., 2014. Anders and Chrysikopoulosonducted
eld tests with bacterial viruses in order to speci cally examine recarge source ef-
fects [Anders and Chrysikopoulos, 2045 Their results showed time-dependence of
particle collision e ciencies, which they concluded was mainly due to utuations of

the interstitial uid velocity.
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This study investigated the e ects of varying velocity on particle tansport in
saturated porous media by modifying traditional column test protools to enable
simulation of increasing and decreasing ow velocities during an exp@ent. Results
from varying velocity experiments were compared with results fromxperiments con-
ducted under constant velocity conditions. In addition, models dered from the
constant velocity experiments were used to predict the varying hxcity experiments,
in order to explore whether relationships derived under constantonditions could

predict transport in transient systems.

3.3 Material and methods

3.3.1 Particles

Spherical, mono-dispersed, uorescent, carboxylate-modi eqqolystyrene latex mi-
crospheres were used as the micron sized particles in the experitagiMolecular
Probes, Inc., Eugene, OR). The microsphere diameter wasr2, and the excitation
and emission wavelengths of the particles were 366 and 415 1m, respectively. The
solids concentration of the manufacturer-supplied stock solutionmas Q02g=mL. The
experimental solutions were prepared by diluting the stock solutionsing arti cial

groundwater (AGW) at the desired ionic strength (IS) and pH value

3.3.2 Porous media

Glass beads of 10 diameter (USA Scienti ¢, Inc., Ocala, FL) were used to simulate
sediment in the experiments. The glass beads were washed with deded water and

dried in an oven at 60C prior to the preparation of each column experiment.
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3.3.3 Solution chemistry

The AGW was made with KCI at an IS of 100nM . The solution pH value was ad-
justed to 6:8 0:05 by using 01M NaOH and 3% HCI solution. Column inlet solutions
contained the 2m diameter microspheres at a concentration of @ 10 3mg-=L, re-
ferred to asCy. Inlet solutions were stirred throughout each experiment to helpnsure

a uniform particle inlet concentration.

3.3.4 Experimental set-up and protocol

In order to simulate both constant and uctuating velocity conditions, the experi-
mental protocol designed oFeighery et al. was modi ed (Figure 3.1)[Feigheryet al.,
201d. Eight ex columns (Kimble Chase Life Science and Research ProdsctLC,
Rockwood, TN) of 2.5cm inner diameter and 8cm length were used inetlexperimen-
tal series. The columns were equipped with stainless steel screem$oth the top and
bottom to retain the glass beads. The glass beads were wet-patleto the columns
at an average porosity of 3. Columns were alphabetically labeled from A to H,
with each letter referring to a di erent velocity condition. Prior to an experiment,
each column was attached to a ring stand and each column inlet wasd&d to the
same elevation. Before particle injection, clean AGW was upwardly egted for 10
pore volumes at the base of each column to saturate the glass beamd ush out
impurities.

To simulate di erent velocity conditions, eight velocity protocols wee designed.
A multi-channel peristaltic pump (Minipuls 3, Gilson, Inc., Middleton, WI) was used
to introduce test solutions directly into the columns or the Varying ¥élocity Simula-
tor (VVS), which comprised of a 2.54cm inner diameter and 100cm lethgPVC pipe
(Schedule 40, Georg Fisher Harvel LLC, Easton, PA). Columns A t involved exper-
iments with constant advective velocities of 3.17, 3.54, 11.8, 21.28da27.65m/day,
respectively. For column F to H, the VVS was used to imitate transignvelocity sce-

narios that included increasing (F), decreasing (G), and increasirthen decreasing
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Figure 3.1: Set-up of column experiments for varying velocity condins. The particle
solution was introduced into the Varying Velocity Simulator (VVS) via aperistaltic
pump. The ow velocity into the top of the column at any one point in time was
determined by the height of the particle solution in the VVS, which chaged over
the course of each experiment. The solution exiting the base of tlelumn was
collected in aliquots using a fraction collector. For the constant vebity experiments,
the Varying Velocity Simulator was removed and the peristaltic pump itmoduced the

particle solution into the top of the column at a constant, predetanined rate.
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(H) ow velocities over ranges that had been observed at a fecabaminated, eld
site in Bangladesh[Knappett et al., 20114. Column F was connected to an empty
VVS, which was then pumped full of AGW, causing the packed glassdmcolumn to
experience increasing velocity conditions. Column G was connecteda VVS that
began full of solution and was then drained, causing the column to marience de-
creasing velocity conditions. With column H, the VVS started emptywas pumped
full of AGW, and was then left to drain. Thus, column H experienced iereasing and
then decreasing velocity conditions.

Column e uent samples were collected every 1@@cin 15ml polypropylene tubes
(Thermo Fisher Scientic, Inc., Pittsburgh, PA) using a fraction cdlector (LKB
Bromma 2211, SuperRac, Sweden). All collected samples were wedjlto support
velocity calculations. The orescent intensity of each sample was @emined using
an excitation wavelength of 365nm and monitored at 415nm using aanimeter (PC1
Photon Counting Spectro uorimeter, ISS, Inc., Champaign, IL).The intensity of u-
orescence in each sample was used to estimate the concentrationof particles in
the sample. The ratio of this concentration to the column inlet conegration yielded
C=G, values for each fraction.

At the end of each experiment, the columns were dissected into efual sections
of length to measure the retained particle concentration pro le. e glass beads from
each section were deposited into 50ml polypropylene tubes (ThesrRisher Scienti c,
Inc., Pittsburgh, PA). Twenty ml of deionized water was added to &ch tube to detach
the microspheres from the glass beads. After 2 hours of shaking an incubator
shaker (New Brunswick Classic C25KC, Eppendorf AG, Hamburg, @eany), the
supernatants were extracted and their uorescence intensity a8 measured by the
aforementioned uorimeter. This measurement was used to estiteathe retained
particle concentration in each column section.

The normalized mass recovery of microspheres for each experitngas obtained

by summing the measured light intensities of the e uent samples andhe retained
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particle samples, and dividing by the total light intensity of introducel microspheres.

3.3.5 Modeling constant velocity experiments

The advection-dispersion equation, which is commonly used to deber the particle
concentrations associated with the liquid phase and solid phases &fadurated porous

medium during transport was adopted for modelingdohnsonet al., 200714:

@C+ _b@S: D@ V@C
@t @t @X% @x

where ¢ is the particle concentration in the pore uid M=L%], s is the attached

(3.1)

particle concentration associated with solid phaseMEM], x is the distance from
the particle inlet boundary [L], t is the time [T], D is the hydrodynamic dispersion
coe cient [ L?=T], v is the average steady state pore uid velocityl=T],  is the
bulk density of the solid phase M1=L%], and is the porous medium porosity [].
Note, Particle growth and decay were neglected in this study becsei of the use of
latex microspheres.

Particle attachment/detachment processes, which govern pacte uxes between
the liquid and solid phases of a porous medium, are usually describedabyst order
kinetic expression. In this study, only irreversible attachment wasonsidered because
of the high IS conditions of the experiments and the fact that expienents did not
involve a particle ushing stage, which might have led to particle detdument. The

rst-order irreversible kinetic expression used was:

—b%fz iC (3.2)

wherek; is the rst-order particle irreversible attachment coe cient [T 1].

To enable the numerical solution of Equations 3.1 and 3.2, a MATLAB jpgram
based on a nite di erence scheme was developed. The program dettzed the time
derivative using a Crank-Nicolson approximation and the space derivative using a

central di erence approximation. To simulate the column experimes, a Dirichlet
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boundary condition and Neumann boundary condition were applied at the column
inlet and outlet points of the modeled domain, respectively. For thexperimental

conditions of the study, the appropriate initial and boundary conidions were:

G(0;x)=0 (3.3)
Ot<ty
c(t;0)=f (3.4)
Coit  tp
@a; L) _
ax 0 (3.5)

where t,[T] is the particle injection start time, which was equal to O in this study
ci[M=L3] is the initial particle concentration in the liquid phase, also equal to @n
this study, and L[L] is the column length. Note, theDirichlet boundary condition
equation 3.4 implies that the inlet particle concentration is constant\er time, while
the Neumann boundary condition equation 3.5 preserves particle concentratiaon-
tinuity at the outlet of the column. The discretized grid size and time &p were
automatically checked against numerical stability criteria and adjusd accordingly.
To obtain a relationship betweenk; and v, Equations 3.1 and 3.2 were tted to
the observed data taking , = 1:675g=cn? (the bulk density of the glass beads),
= 0:33 (the porosity of the columns) andD = | v [Yoon et al., 2004, where
the longitudinal dispersivity, |, of the packed columns was taken as 200 (twice
the diameter of the glass beads). To estimatk; for each of the constant velocity
experiments, an iterative process of tting observed data, usink; as the only tting
parameter, was used. Speci cally, for each experimekt was obtained by minimizing
the sum of squared residuals (i.e., the di erence between the meeesdi and modeled
concentrations) at the column outlet location and within the columndr the retained
concentration pro le at the end of an experiment. For minimizing theresiduals,
the numerical model used a modi ed version of the MATLAB fminseah function,

which is based on the Nelder-Mead simplex algorithm. Residuals weremputed in
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log space to avoid biasing the model t to the highest concentratioportions of the

breakthrough curve.

3.3.6 Modeling varying velocity experiments

In order to predict microsphere breakthrough under the varyingelocity conditions,
it was necessary to estimate rst-order kinetic irreversible attdament rates as a
function of velocity. First a dimensionless attachment coe cient wa de ned [Keller
et al., 2004, namely:

Lk;

K==t (3.6)

whereK; is dimensionless irreversible attachment coe cient andl is a characteristic
length of the system under consideratiorL] (e.g., column length).

Next, a regression was performed between the response varigkleand the pre-
dictor variable K, . The regression yielded an empirical formula to estimat€; from
v, from which k; was obtained for each time-step in the numerical solution of Equa-
tions 3.1 and 3.2. Note, for the varying velocity experiments the vaduofv(t) needed
at each time step in Equation 3.1 was calculated from measurementistioe weight
of uid exiting the column, which were taken over two-minute intervds. Because
the modeling time step was less than two-minutes, a linear interpolatiovas used to

provide a continuous function ofv versust.

3.4 Results

3.4.1 Constant velocity experiments

Five columns were tested with di erent constant velocity conditiongTable 3.1 and
Figure 3.2). Column A and B had the two lowest velocities at 3.17 and 3.5vday,
respectively, with averaged, normalized plateau concentrationsrfthe breakthrough

curves (BTC) of 0.0018 and 0.002, respectively. Column C had mediwmalocity at
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11.8m/day with an average, normalized BTC plateau concentrationfd.019. Col-
umn D and E had the highest velocities at 21.28 and 27.65m/day, respieely. The
averaged, normalized BTC plateau concentration for Column D was1®, while for
Column E itwas 0.11. The mass recovery was 79% for Column A, 88% Byrand was
lower for Columns C to E (74%, 76% and 66%, respectively). All parte retention
pro les (RPs) exhibited a peak concentration in the column sectionlasest to the

inlet, which decreased in a log linear fashion toward the column outlet.

Constant velocity experiment BTCs Constant velocity experiment RPs
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Figure 3.2: Constant velocity experimental results: (a) breaktlmugh concentrations

and (b) retention pro les

3.4.2 Varying velocity experiments

Three columns were tested with varying velocity conditions (Table 34dnd Figure 3.3).
In Column F, velocities increased in a log-linear fashion from 10.38 to.28m/day,

mimicking velocity increases observed at a Bangladeshi eld site dugrmonsoonal
rains [Knappett et al.,, 2014. The normalized breakthrough concentrations for this
test followed a similar trend to the velocity increase, rising rapidly to @8 at 17.5

minutes following particle injection, then more slowly to 0.12 at 29.2 minas. In
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Column G velocities decreased in a log-linear fashion from 18.78 to 2.9day, mim-
icking velocity decreases observed at the aforementioned Bangdali site following
monsoonal rains. Column G exhibited essentially no particle breaktbwmgh during
the test period, with an observed, averaged normalized breakthugh concentration
of 0.011. In column H, the velocity increased log linearly from:34 to 17.04m/day,
then decreased to 3.76m/day, mimicking rising, followed by falling, ader veloci-
ties. During the initial portion of this test, normalized breakthroudh concentrations
increased to 0.07 during the rst 22.5 minutes of particle injection, ten increased
more slowly to 0.1 over the next 57 minutes. After switching to a deeasing velocity
condition, the normalized concentrations decreased from 0.1 to 02Dover about 20
minutes, then remained low with an average value of 0.001. All end+eafst particle
retention pro les had a peak concentration in the top section of th column, which
decreased in a log-linear manner from the column inlet to outlet. Theapticle mass
recovery rates were 67%, 82%, 66% for column F, G, and H, redpety.

3.4.3 Model ts of constant velocity experiments

The kinetic irreversible attachment model (Equations 3.1 and 3.2) vgasu cient to
t observations from all constant velocity experiments (Figure 3.1 As de ned by
the calculated RMSE values (Table 3.1), ts to the experimental BTG were always
superior to those for the retained particle concentrations. In geral, RMSE values
decreased with the column advective velocity. For the BTCs, ColumA had an
RMSE of 0.002, Column B an RMSE of 0.001, and Column C, D and E had RES
of 0.003, 0.013 and 0.018, respectively. For the retained pro lesMSEs for columns
A and B were 0.024, and for Columns C, D and E, 0.051, 0.071 and 0.0@%pectively.
Values ofk; obtained from the ts were converted to dimensionless attachmén
coe cient values with Equation 3.6. Column A and B, which had the lowesadvective
velocities, had the highestK,; values of 33.9 and 33.1, respectively. Column C had

a mediumK; of 18.5. Column D and E, which had the highest advective velocities,
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Column F Breakthrough Curve Column G Breakthrough Curve
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Figure 3.3: Varied velocity experimental results and correspondimgeasured velocity
pro les (dash lines): (a) Column F increasing velocity breakthrouglurve,(b) Column
G decreasing velocity breakthrough curve, (c) Column H increasirtgen decreasing

velocity breakthrough curve and (d) retention pro les for all tess.
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had the lowestK; values of 8.5 and 8.7, respectively.

3.4.4 Relationships between K; and v

The K; values obtained from the constant velocity experiments were pl@tl against
velocity, and a regression using a power function distributiory(= ax®) was performed
with advective velocity, v, as the response variable and; as the predictor variable
(Figure 3.5). The choice of a power-function regression was basedexploration of
linear, exponential and power function regressions &f; versusv for the results of
the constant velocity experiments reported here as well as thossported in previous
study [Yoon et al., 2004. Overall, a power function distribution provided the best

t for all sets of experimental data. For the constant velocity eperiments reported
here, the power function regression has coe cienta = 68:34 andb=  0:595. The
correspondingSSE (sum of square error) andR? values of the regression were 16.13
and 0.97, respectively, while theAkaike information criterion (AIC) and Bayesian
information criterion (BIC) were 23.66 and 22.49, respectively. Based on these
values, the regression was considered statistically signi caf@urnham, 2004; Kadane
and Lazar, 2004; Cohen, 1988

3.4.5 Model ts of varying velocity experiments

Prediction of the experimental results obtained for Columns F, G ahH was un-
dertaken using Equations 3.1 3.2 and 3.6, in conjunction with the powdunction
regression betweelK; and v shown in Figure 3.5, referred to as the regression power
function. To enable comparison between the model ts of each wang velocity ex-
periment, the Normalized Root-Mean-Square Error (NRMSE) wasatculated for each
t (see Table 3.1).

For Column F, the modeling results under-estimated measured noatized parti-
cle concentrations in the BTC during the initial stages of the test, @d over-estimated

concentrations during the latter stages of the test (Figure 3.631A similar trend was

48



CHAPTER 3.

Figure 3.4: Comparison of model ts to experimental data using Eq43.1) and (3.2)
for Columns A to E. Left side (al to el) BTCs. Right side (a2 to e2) tention pro les.
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Regression analysis result
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Figure 3.5: Regression analysis of the relationship betwekin and advective velocity
based onK; values obtained from the 5 constant velocity experiments and a pew

function relationship.
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seen for the particle retention pro le, with an under-estimation oparticle concentra-
tions in the initial portion of the column closest to the inlet, and an oveestimation
of particle concentrations in the latter portion of the column closeésto the outlet
(Figure 3.6a2). For Column F, the NRMSE values for the BTC and retdion pro le
model ts were 0.11 and 0.25, respectively. For Column G, the modedjresults over-
estimated BTC concentrations over most of the experiment, butnder-estimated
concentrations toward the end of the experiment (Figure 3.6b1)As per Column
F, retained particle concentrations were underestimated in the indl portion of the
column and over-estimated in the latter potion of the column (Figure3.6b2). The
NRMSE values for the model ts of the Column G BTC and retained prde were
0.74 and 0.19, respectively. For Column H, the modeling results undstimated BTC
concentrations over most of the experiment, excepting the initidl0 minutes (Figure
3.6cl), and once again retained particle concentrations were unelgtimated in the
initial portion of the column and over-estimated in the latter potion Figure 3.6c2).
The NMRSE model t values for the BTC and retention pro le of Column H were
both 0.19. According toJean et al. an NRMSE of 10% or less represents an ade-
quate model calibration[Jean et al., 2013. Using this criterion, none of the model

predictions illustrated by Figure 3.6 performed adequately.

3.5 Discussion

3.5.1 Constant velocity experiments

There were signi cant di erences in the magnitude of normalized bekthrough con-
centrations and retention proles between the ve constant veloity experiments
(Figure 3.2a). Increasing velocity increased e uent concentratioss and attened
particle retention proles. For example, the approximate order-bmagnitude dif-
ference between advective velocities in column A/ (= 3:17m=day) and column E

(v = 27:65m=day) led to almost two orders of magnitude di erence in the correspond
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Figure 3.6: Comparison of observed and predicted data for the v@al velocity tests
using the power function regression shown on Figure 3.5 to describe relationship
betweenK; and advective velocity. (al) to (c1) show ts for BTCs for ColumnsF
to G, respectively. (a2) to (c2) show ts for retained particle prdes for Columns F
to G, respectively. Note, the BTC experimental data are preseatl as a three-point
moving average to clarify trends
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ing averaged BTC plateau concentration (A= 00018 and E= Q11). Peak retention
pro le concentrations also decreased from 70% (A) to 37% (E) (Rige 3.2b), while the
average retention concentration in the bottom three sections d¢fie column increased
from 0.04% (A) to 0.12% (E). Finally, estimatedK; values decreased from 33.9 to 8.7
(column A and E), demonstrating higher velocity reduces kinetic attchment rates and
leads to longer transport distances. These ndings are consistemith those reported
from other experimental investigations exploring the role of advéee velocity on par-
ticle transport behavior [Hendry et al., 1999; Vasiliadou and Chrysikopoulos, 2011;
Gannonet al., 1991; Marlowet al., 1991; Tanet al., 1994; Chrysikopoulos and Sim,
1996; Camesano and Logan, 1998; Becket al., 2004; Tong and Johnson, 2006;
Choi et al., 2007.

Particle mass recovery rates decreased with increasing velocitedsTable 3.1),
with recovery rates ranging from 88%\ = 3:54m=day) to 66% (v = 27:65m=day).
At the low ows, recovery rates are similar to those reported by dter researchers. For
example, Tong and Johnsonreported recovery rates ranging from 80.4% to 105.3%
for column experiments examining microsphere transport in glassdus at a velocity
of 4m/day [Tong and Johnson, 2006 A reduction in mass recovery with increasing
velocity was also reported byLi et al. during column experiments involving the
transport of 36m spheres in quartz sand, with recovery rates dropping from 96%
to 67% when the column velocity increased from 86.4m/day to 216mdg [Li et al.,
2004. As velocity increases so does the mass ux of particles, which ledao increase
in retained particle mass with velocity for the Columns A to E (see Figer 3.4).
It is speculated that detachment of microspheres from the glassdds using the
protocol described in Section 3.3.4 becomes less e cient as the madsattached
particles increases, thus mass recovery rates drop as with ingieg velocity. Similar
issues were also reported by Kim et al. and Sinton et al., who condudteolumn
experiments using bacteria, aquifer sand and gravi{im et al., 2009; Sintonet al.,

2011. Exploration of di erent detachment protocols might improve recwery rates in
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future tests.

The model t RMSE values for the two columns with the lowest velocitis, A
and B, were lower than for columns C, D and E. This might be related tthe de-
crease in particle recovery rates with increasing velocity, as dissed above. Another
possible explanation is that high velocities, while decreasing irreverghbattachment
rates, increase reversible attachment and detachment ratBéon et al., 2004, which
will in uence the shape of the patrticle retention curve. Thus, modets based only
on irreversible attachment processes might be expected to incsean error as veloc-
ity increases. Nonetheless, all ts based on Equations (1) and (2)ere considered

acceptable for the constant velocity experiments.

3.5.2 Varying velocity experiments

Normalized BTCs for Column F and H had a similar pattern of increasing grticle
breakthrough with velocity. For Column H, breakthrough concemitions were also
observed to decrease as the velocity decreased. For Column G daene trend was
seen, although it was less apparent than for Column H as breakthugh concentrations
were low throughout this experiment. Retained particle mass at thend of each
column experiment were higher for Columns F and H, than Column G, witthe mass
recovery rates for Columns F and H being comparable to those fooldmns D and E,
and the mass recovery rate for Column G being comparable to thok® Column A
and B. As per the constant velocity experiments, the lower massa@very rates for the
experiments with higher retained particle mass is attributed to incr@sed di culty in
recovering all attached microspheres in the column sections, withcieased retained
mass.

Although Equations 3.1 and 3.2 were considered su cient to model & ve con-
stant velocity experiments, the NRMSE values reported in Table 3.bf the model ts
based on Equations 3.1 and 3.2 and the relationship betwekn and v derived from

the constant velocity experiments (see Figure 3.5), all exceede@. Thus, for the
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conditions of the experiments reported here, it was not possible &zcurately predict
particle transport under a varying advective velocity using a relatioship between
particle attachment rate and velocity inferred from constant veloity conditions. It is
conceivable that velocity changes induce more complex particle attanent behavior,
including blocking, ripening, and reversible attachment and detachemt [Nascimento
et al., 2006; Basha and Culligan, 2030than is not accounted for in Equations 3.1 and
3.2. Another explanation is that velocity changes themselves in uee the relation-
ship betweenK; and v, which is not something quanti able via a series of constant
velocity experiments.

To examine why the modeling results based on a relationship betwekn and v
derived from the constant velocity experiments, did not capturehte behavior of the
varying velocity experiments, the varying velocity experiments wer t assuming a
power function relationships betweelk; andv (K; = a v®) with aandbas the tting
parameters. As per the constant velocity experiments (see Sect 3.3.5), tting was
carried out by minimizing the sum of squared residuals between the petimental
and model data using a modi ed version of the MATLAB fminsearch faction. In
addition, residuals were computed in log space to avoid biasing the nebdt to the
highest concentration portions of the breakthrough curve. Fo€olumns F and G,
one power function relationship was used to t the entire experiméal data set (i.e.,
the BTC and retained pro le data). for Column H, the experimentaldata were t
with two power function relationships; one for the increasing velogitportion of the
experiment (0 to 79 minutes) and another for the decreasing veltycportion of the
experiment (79 to 115 minutes). For tting the increasing velocity prtition, the
entire experimental data set was used and residuals were minimized the BTC
data from O to 79 minutes. For tting the decreasing velocity portim, the initial
conditions of the liquid and solid phase particle concentrations werdtained from
the increasing velocity simulation results at 79 minutes, and residualgere minimized

for the BTC data from 79 to 115 minutes and the nal retained prole. The results
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of the tting are reported in Table 3.1 under "Fitted Power Function”, and in Figure
3.7. As seen, use of the tted power function, versus the regsisn power function,
reduced the NMRSE for all three BTCs, as well as the RP of Column G.

Figure 3.8a is a plot ofK; versus experimental time based on the regression and
tted power function relationships, respectively. As seen, theres a general trend for
the regression power function to over-estimat€; under increasing velocity conditions
(Column F and the initial 79 minutes of Column H) and under-estimate<; during
decreasing velocity conditions (Column G and the latter 36 minutes @olumn H).
To examine this trend further, values of Kjegression  Kiied ) Were plotted for seven
di erent ranges ofdv=dt Figure 3.8b. Of note, is that the mean value ofK ;¢qression
Kifiteq ) 1S lowest (0.09) whendv=dtis closest to zero; i.e. when velocity conditions
are almost constant. Additionally, for negative values oflv=dt, the mean value of
(Kiregression ~ Kifitea ) 1S @lways less than zero, while for positive values afv=dt,
it is always above zero. While there is scatter in the value oK(egression  Kifitted )
within each range ofdv=dt, the results presented in Figure 3.8b point to the possibility
that macroscopic pore uid accelerations might in uence particle ltration processes,
with accelerating uid conditions decreasing the lItration e ciency and decelerating
conditions increasing it. Nonetheless, further experimentation ev a wider ranges of

conditions than investigated here is needed to con rm this trend.

3.5.3 Implications for eld observations

To understand how varying velocity conditions might explain the obseation of fecal
bacteria at greater distances in the eld than forecasted via upealing from labo-
ratory column tests, the BTC data from Column F, G and H were comgred with
predictions generated using a constar,; associated with the average velocity of
each experiment. TheK; values were estimated using the regression power function.
Although not reported here, trends based oK, values obtained from the tted power

functions were found to be similar. The results are shown in Table 3.ha Figure
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Figure 3.7: Comparison of observed and predicted data for the v@al velocity tests
using the tted power function regressions provided in Table 3.1 to ebcribe the
relationship betweenK; and advective velocity. (al) to (c1l) show ts for BTCs for
Columns F to G, respectively. (a2) to (c2) show ts for retained pdicle pro les for

Columns F to G, respectively. Note, the BTC experimental data arpresented as a

three-point moving average to clarify trends
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Figure 3.8: Comparison oK; values obtained from regression and tted power func-
tions. (a) Variation of K; values with experimental time for Columns F, G and H, (b)
Boxplots of (Kjegression ~ Kifiea  fOr SEVEN di erent ranges oflv=dt circles represent

mean values.
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3.9.

Figure 3.9: Comparison of observed and predicted data for the v@al velocity tests
using the constant average velocity of each test and the regress power function
provided in Figure 3.5 to describe the relationship betwedf; and advective velocity.
Note, the BTC experimental data are presented as a three-poinhioving average to

clarify trends.

Modeling results based on the average velocitys; led to under-prediction of
the maximum patrticle breakthrough concentration for both of theexperiments with
increasing velocities (Figure 3.9a and 3.9c). This under-estimation svanost pro-
nounced for Column H, where predicted peak BTC concentrationseve less than half
of those observed. For Column G, the modeling results over-estited observed BTC
concentrations over most of the experiment (Figure 3.9b).

Comparing Figure 3.9 with Figure 3.6, the most notable under-estimiain of max-
imum BTC concentrations occurred for Column H, with the greatesti erence be-
tween model results and observed concentrations associatedhwiise of the average
velocity K, (Table 3.1, NRMSE values). Nonetheless, the predictions based dret
relationship betweenK; and v derived from the constant velocity experiments still
lead to underestimated of BTC concentrations. Thus, for the sparios investigated
in this study, conditions involving rising and falling velocities consistety lead to

greater particle breakthrough than predicted using models derigefrom standard
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laboratory column procedures. Rising and falling groundwater velities occur natu-
rally in the eld under monsoonal rain conditions, for example. Suchanditions are
also commonly introduced via groundwater pumping for crop irrigatio or drinking
water supply. In many cases, the temporal velocity uctuations @ unknown, and
therefore unaccounted for by modeling. Nonetheless, even if @ty uctuations are
known and accounted for, as per this work, the results of this siy indicate that ac-
curate predictions of particle transport distances might not be ®sible using model
parameters derived from traditional laboratory column experimés. Furthermore,
the work reveals a possible relationship between the rate of changje uid velocity
and particle ltration e ciencies, which is not accounted for in conventional modeling

approaches.

3.6 Conclusion

One-dimensional, laboratory column experiments were performechder both con-
stant and varying velocity conditions using 2m microspheres and 100m glass beads
to simulate bacterial transport in saturated porous media. Partie breakthrough
curves and particle concentrations retained in the column at the dnof an experi-
ment were obtained for ve constant and three varying velocity aaditions. The range
of constant velocities investigated lay between 3.17m/day and 27r@Hlay. For vary-
ing velocity conditions, the velocity was steadily increased and/or deeased over the
period of the experiment within the same range.

Consistent with prior studies, increasing velocity increased particle uent con-
centrations for the constant velocity experiments. Furthermae, results from the
constant velocity experiments were successfully modeled using sieal colloid Itra-
tion theory assuming a rst order, irreversible particle attachmencoe cient. The
irreversible attachment coe cients obtained from the constant elocity experiments

were used to derive a power function relationship between a dimensab irreversible
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attachment coe cient, K, , and velocity, v, which was then used to model particle
transport in the three varying velocity experiments. These predions over-estimated
breakthrough concentrations for the experiment where velocityitially increased then
decreased, and under-estimated breakthrough concentratitor the experiment where
velocity steadily decreased. For the experiment where velocity atdily increased, con-
centrations were initially over-estimated and then, generally, undestimated. The
NRMSE values of the model ts for all three varying velocity experirants were above
10%, leading to the conclusion that relationships betweel; and velocity derived
under constant velocity conditions might not be applicable for varyig velocity con-
ditions. To explore this further, the K, values derived from the constant velocity
experiments were compared with those obtained from directly ttig the results of
the varying velocity experiments. Results of the comparison reved that tted K,
values were higher than those derived from the constant velocitxgeriments when
velocities decrease, and lower than those derived from the congtaelocity experi-
ments when velocities increase, indicating a potential in uence of id acceleration
on particle attachment rates.

Breakthrough curve concentrations from the varying velocity eperiments were
also compared with predictions assuming a constaHt, based on the average velocity
of each experiment. These predictions under-estimated peak &kéhrough concen-
trations for the two experiments where velocity was increased, énn particular for
the experiment where velocity was initially increased then decreaseébr the column
where velocity was decreased, the predictions generally overiesited the observed
break-though concentrations.

Overall, the results of this study point to the need for better undestanding of how
varying velocity conditions impact particle transport processes inasurated porous
media. The work also provides some initial indication that rising then thng velocity
conditions lead to greater particle breakthrough than predictedsing models derived

from traditional laboratory column testing protocols, even whenleanges in particle
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attachment rate with velocity are accounted for. Given that segences of rising and
falling velocity conditions are not uncommon at many eld sites, their ocurrence
might be one factor contributing to the observation of fecal baetia at greater dis-
tances in the eld than predicted by current up-scaling techniquesFinally, the work

also highlights a need to further quantify how the rate of change afdvective velocity

in uences particle Itration processes.
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3.8 Tables

Table 3.1: Column tests conditions and tted parameters. Columns Ao E involved constant velocity tests. Columns

F to H involved varying velocity tests. Mass recovery rates and thRMSE or NRMSE of each modeling result are also

provided.
Column A B C D E F G H
Velocity [m/day] 3.17 3.54 11.8 21.28 | 27.65 | increased from | decreased from | increased from 8.24
10.38 to 27.78 | 18.78 to 291 | to 17.04 then de-
(average 22.52) (average 8.89) creased to 3.76 (av-
erage 12.67)
Ki* 33.9 33.1 18.5 8.5 8.7
Recovery 79% | 88% | 74% | 76% | 66% | 67% 82% 66%
BTC RMSE 0.002 | 0.001 | 0.003 | 0.013 | 0.018
RP RMSE 0.024 | 0.024 | 0.051 | 0.071 | 0.034
Ki* based on Regres- | BTC NRMSE 0.11 0.74 0.19
sion power function RP NRMSE 0.25 0.19 0.19
Ki* based on Fitted Function K, =50:14y 052 K, =36:03v 018 K, =139:84y 0:92
power function Ki =136:71v O
BTC NRMSE 0.10 0.20 0.07
RP NRMSE 0.25 0.14 0.2
Ki* based on Average BTC NRMSE 0.23 0.72 0.38
velocity RP NRMSE 0.25 0.18 0.18

'€ 431dVHO
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Chapter 4

Particle Transport in Saturated
Porous Media: E ects of Flow
Direction on Uniform and Mixed
Particle Populations for Two

Di erent Particle Sizes

4.1 Abstract

A visualization technique was used to examine the e ects of particlaze and ow
direction on particle transport in a saturated porous medium comjsed of 500 m
diameter glass beads. Packed column experiments with uniform (20@ m or 100%
6 m) and mixed (90% 1 m with 10% 6 m and 90% 6 m with 10% 1 m) polystyrene
latex microspheres were performed in one-dimensional upwardfizontal and down-
ward ow elds at a constant velocity of 1.7m/day. Particle concentations were
recorded over time in the interior of a column and at the column exit. ¥perimental

results showed that upward ow conditions generally gave rise to Higr retained par-
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ticle concentrations and lower particle breakthrough concentratns than horizontal
and downward ow conditions, indicating that gravitational settling decreases parti-
cle transport distances and enhances particle deposition mechamss Consistent with
prior studies, results also showed increasing particle retention withcreasing parti-
cle size. The 1 m particle tests results were successfully modeled using a rst orde
irreversible particle attachment model, indicating little ltration of th is particle size
within the glass bead columns during transport. Modeling of the én patrticle tests
required a two-site kinetic modeling approach that accounted forgpticle interactions
with the surfaces of the glass beads as well as straining of particlesbead-bead
contact points. The presence of a second particle population hadtlé impact on the
transport of the 1 m particles. For the 6 m particles, the presence of the second
particle population increased particle attachment rates, with the igatest impact ob-
served during downward ow conditions. Overall, the results of thistudy conrm
that particle size and ow direction impact particle transport processes. The study
also reveals that particle size heterogeneity could also impact patddransport under
certain conditions. Both of these ndings have implications for eldscale modeling

of particle transport.

4.2 Introduction

Advancing understanding of the mechanisms in uencing the fate drtransport of col-
loid particles in saturated porous media is important to many environental applica-
tions, including the operation of deep-bed lItration systems for wir and wastewater
treatment, the quanti cation of transport distances for pathagens and non-biological
pollutants in groundwater, and the design of engineered nano-piafte solutions for
aquifer remediation[Torkzaban et al., 2007; Molnaret al., 2011.

Over the past several decades, numerous research groupsehaerformed column

studies using latex microspheres to investigate particle fate andamsport in satu-
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rated media. These studies, coupled with complimentary numericalviestigations,
have revealed multiple factors e ecting particle behavior including; article size[Ma
et al., 2009; James and Chrysikopoulos, 2011; Nelson and Ginn, 201Indgéyina and
Chrysikopoulos, 201}, grain/ collector size[Bolster et al., 2001; Pazmincet al., 2011;
Syngouna and Chrysikopoulos, 20],1matrix porosity [Ma and Johnson, 201]) col-
lector surface roughnes$Tong and Johnson, 2006; Yooret al., 2006; Shenet al.,
2014, ow velocity [Marlow et al., 1991; Camesano and Logan, 1998; Beckairal.,
2004; Tong and Johnson, 2006; Chait al., 2007, and water chemistry [Ryan and
Gschwend, 1994; Grolimund and Borkovec, 2006; Tormg al., 2008; Kim et al., 2009;
Tosco et al., 2009; Bradfordet al., 2014. Less studied is the in uence of ow di-
rection on particle fate and transport, despite variability in ow direction across a
number of natural and engineered systems. Nonetheless, sal/etudies have demon-
strated that ow direction can in uence particle deposition rates. For example, in
column tests performed using a polydisperse population of microgvhs ranging from
1 to 26 m in diameter, Yoon et al., and Basha and Culliganreported greater over-
all particle retention for upward versus downward ow conditionfroon et al., 2006;
Basha and Culligan, 201D In addition, in parallel plate chamber tests undertaken
using microspheres of 0.5, 1.1, and 1.8 in diameter, Chen et al., found greater
particle deposition on the bottom, than the top, chamber surfacéor particles larger
than 1 m in diameter [Chen et al., 2014. Finally, in column tests performed us-
ing micron-sized sized clay particlesChrysikopoulos and Syngouneeported greater
particle retention during upward than downward ow tests, as wellas greater parti-
cle retention during diagonal, than horizontal, ow [Chrysikopoulos and Syngouna,
2014. In all cases, the researchers conducting these studies conetlidhat gravity
had a signi cant impact on observed particle behavior during their tsts.

The primary objective of this study was to shed further light on thein uence of
ow direction on particle fate and transport, by examining the behsior of 1 m and

6 m diameter latex micro-spheres in saturated columns of glass beamsler vertical,
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horizontal and upward ow conditions. Because it is not uncommorof particle trans-
port problems to involve particle populations of di erent sizes, a sendary objective
was to understand if the presence of a small fraction (10%) of 6n microspheres
in uenced the behavior of the 1 m particles, and vice-versa. The experimental com-
ponent of the study made use of a visualization technique that alloddor real-time
observations of particle concentrations within the interior of the lgass bead pack, as
well as observations of particle concentrations at the column outleln the sections
that follow, the materials and methods used in the investigation areescribed, the
experimental and modeling work are presented and discussed, ahé conclusions

that can be drawn from the work are presented.

4.3 Material and methods

4.3.1 Particles

Spherical, mono-dispersed, uorescent, carboxylate-modi eqqolystyrene latex mi-
crospheres were used as the micron sized particles in the experite¢Bangs Labora-
tories, Inc., Fishers, IN). The microspheres diameters wererh and 6 m ( ow cytom-

etry results con rmed that the microsphere population was unifan), while the exci-
tation and emission wavelengths were 480/520nm for fn particles and 660/690nm
for 6 m particles. The solids concentration of the manufacturer-supptiestock solu-
tion was 10 mg/mL. The experimental solutions were prepared by diimg the stock
solution using arti cial groundwater (AGW) at the desired ionic strength (IS) and

pH value.

4.3.2 Porous media

Glass beads of 500m diameter (USA Scienti c, Inc., Ocala, FL) were used to simulate

sediment in the experiments. The glass beads were washed with deded water,
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ultra-sonicated and dried in an oven at 60 prior the preparation of each column
experiment. Microscope images of the glass beads indicated thapegpximately 20%
of a bead surface was covered with microscopic asperities that hldoughness height

of about of about 0.65m.

4.3.3 Solution chemistry

The AGW was made with KCI at an IS of 3.5 mM. The solution pH value was
adjusted to 7.5 0.05 by using 0.1M NaOH and 3% HCI solution. The inlet particle
solution contained 1 m or 6 m carboxylate polystyrene beads at a nal concentration
of 22mg/L, referred to asCy, in uniform particle size transport tests. For the mixed
particle transport experiments, the inlet solutions were made by atbining 10% 6 m
particles and 90% 1m particles for the mixed 1 m particle solution, or 10% 1m
particles and 90% 6 m particles for the mixed 6 m solution. In both cases, the mixed
solutions had a concentration of 22mg/L. All inlet solutions were stied throughout

each experiment to help ensure a uniform particle inlet concentratio

4.3.4 Visualization technique, experiment set-up and prot o-

col

The visualization technique developed byroon et al., and modi ed by Pei et al.,
was adopted for this study with some enhancements that were mssary for the
experimental protocol[Yoon et al., 2006; Peiet al., 2004. The visualization technique
makes use of two sub-systems: (1) the particle transport syste and (2) the optical
system.

In the particle transport system (Figure 4.1), pretreated glass dads were wet
packed into a rectangular column at a porosity of 0.39 to form the pous media.
Two custom-designed and manufactured rectangular columns (lGmbia University
Carleton Laboratory, New York, NY) with interior dimensions 15(h) 3.5(w) 1(d)
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cm (vertical column) and 3.5(h) 14(w) 1(d) cm (horizontal column) were used in
the study. Void spaces created at the top and bottom of the vadal column, and at
the left and right hand sides of the horizontal column, provided ages for monitoring
particle inlet and outlet concentrations during experiments. In ordr to reduce light
scattering e ects from the uorescent particles, separated an-lines for measurement
(Figure 4.2) were made by using black masking tape (ThorLab, Inc.,éwtown, NJ)
to cover the areas of the columns between the scan lines. The stiaes themselves
were 1 cm high by 3 cm wide and spaced 1cm apart from each other. rdtighout
each experiment, the distribution of uorescent particles at the derent distances

from the column inlet was monitored by the optical system.
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Figure 4.1: Schematic diagram of set-up for column experiments.

In the optical system (Figure 4.3), a 300W/12V halogen light bulb wagstalled
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Figure 4.2: Both vertical (up) and horizontal (down) columns incluéd separated scan

lines in order to avoid light scattering e ects.
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in a Kodak 750H Carousel slide projector coupled with a specic bapdss Iter
(ThorLabs, Inc., Newton, NJ) corresponding to the relevant pdicle's excitation
wavelength. The light source and coupled lIter were used to excith¢ uorescent
particles within the scan lines. Images were captured at set time p&snusing the
MagnaFire digital camera (OPTRONICS, Muskogee, OK) equipped wita specic
bandpass Iter (ThorLabs, Inc., Newtown, NJ). The bandpass ler enabled the cam-
era to only capture the emitted wavelength of the particles. A bladut fabric (Black
Rubberized Fabric, ThorLab, Inc., Newtown, NJ) covered both th particle transport
system and the optical system during each experiment in order teduce interference

from other local light sources.

Digital Camera

l

Halogen Light Source

Emission Filter

Excitation Filter

(a) top view
lcm

15cm

Halogen Light Source Excitation light

Excitation Filter

(b) side view

e
2cm

Figure 4.3: The optical system included a halogen light source and a itid) camera.
The digital camera was set up in front of the column and the light soge was set up

next to the digital camera with an angle. (a) top view and (b) side view

To prevent experimental error associated with the microscopic mement of any
component of the above sub-systems, all components were ggton an optically level
breadboard (Thorlabs. Inc., Newton, NJ).
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The combination of the two above systems enabled the uorescelght intensity
from all scan lines to be captured in one single image. For convertinghigntensity
to particle concentration, a calibration curve was needed. Becauthe excitation light
intensity from the halogen light varied for each of the scan-lines, duto di erences
in their positions relative to the halogen bulb, the calibration curve oéach scan-line
was constructed separately. The calibration curve was obtained hveraging the light
intensity of each scan-line area for a series of di erent interior pacle concentrations
(Figure 4.4). Then, a linear regression was performed using partidencentration as

the response variable and light intensity as the predictor variable.

Calibration Standard
250

-@-scan-line
-&-scan-line 1

200 |&scan-line 2
-O-scan-line 3
{Fscan-line 4
-e-scan-line §
-~scan-line 6

ity
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Light Intens|

50

1 2 3 4 5 6 7
Exposed time (second)

Figure 4.4: Example calibration curves (sample of uniform In particle calibrations)
were constructed via linear regression analysis of measured lighensities of di erent

concentration solutions at a speci ¢ exposure time.

Prior to each experiment, the 500m diameter glass beads were wet-packed into
the appropriate column. For the vertical column, the washed glagseads were uni-

formly deposited in 2 cm high layers to a nal height of approximately @ cm. For the
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horizontal column, the washed glass beads were uniformly depodiie@ 0.5 cm high
layers to a nal height of 3.5 cm. All column experiments involved ondimensional,
steady-state ow at velocity 1.7 m/day. This was achieved by using aulti-channel
peristaltic pump (Gilson Minipuls 3) with 0.8 mm interior diameter inert tubes (Mas-
ter ex BioPharm platinuim-cured L/S 13, Fisher Scienti c) to regulate column outlet
ow. Column e uent samples were collected in 15 ml polypropylene tubs (Thero
Fisher Scienti c, Inc., Pittsburgh, PA) using a fraction collector (LKB Bromma 2211,
SuperRac, Sweden).

Before the start of each experiment, columns were purged with @ volumes
(PVs) of particle-free AGW in order to eliminate air bubbles and cleanwd impurities.
All column tests involved two stages. The rst stage was the partle introduction
stage, which involved the introduction of 10 PVs of speci ¢ particledutions at the
column inlet. The second stage was the particle ushing stage, whiawolved intro-
ducing 10PVs of particle-free (clean) AGW at the column inlet. Partile transport
tests were conducted with 3 di erent ow directions (downward, ypward, and hori-
zontal ow) and 4 di erent types of particle solutions (uniform/mixed 1 m and 6 m
particle solutions). For the mixed experiments, the optical systemvas set up to
capture the concentration of the particles representing 90% ole population. All
experimental settings are summarized in Table 4.1. A total of twentexperiments
were conducted and can be categorized into the three di erent v directions Uni-
form 1 m or 6 m particle solutions were applied to all three ow directions, while
mixed 1 m or 6 m particle solutions were only applied to downward and upward
ow conditions. The standard deviations of duplicate experiment gults were used

to generate error bands for the interior scan lines and the BTCs.

4.3.5 Modeling uniform particle transport

The advection-dispersion equation, which is commonly used to deber particle con-

centrations associated with the liquid and solid phases of a saturdtporous medium
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during transport [Johnsonet al., 20074, was adopted for modeling:

@C+ _b@S: D@ V@C
@t @t @x% @x

wherec is the particle concentration in the pore uid M=L23], sis the attached particle

(4.1)

concentration associated with solid phasé&/[=M ], x is the distance from the particle
inlet boundary [L], t is the time [T], D is the hydrodynamic dispersion coe cient
[L2=T], v is the average steady state pore uid velocityl|=T],  is the bulk density
of the solid phase1=L%], and is the porous medium's porosity [-].

Particle attachment/detachment processes, which govern pacte uxes between
the liquid and solid phases of a porous medium, are usually describedabyst order
kinetic expression. Based on di erent assumptions of particle atthment dynam-
ics, there are three common models for particle attachment/detament that can be

expressed by di erent combinations of the following equations:

@s
o X (4.2)
b%f: KaC kg 55 (4.3)
b%f: kc+ koc Ky pS (4.4)

wherek; is the rst-order particle irreversible attachment coe cient [T 1], andk,
and ky are the rst-order particle reversible attachment and detachma coe cients
[T 1], respectively.

The rst common model is the irreversible attachment model, whichssumes that
attached particles cannot detach from the solid phase of the par® medium once they
are attached. The model can be mathematically expressed by etjoas 4.1 and 4.2.
The second model is the reversible attachment model, which asswankat attached
particles can always detach from a medium's solid phase. The corresding math-

ematical expression for this model is a combination of equations 4.4da4.3. The
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third type of model is the two-site model, which assumes that both neversible and
reversible attachment mechanisms exist for particles as a resulttbe particle prop-
erties themselves and/ or properties of the attachment surfaceThe corresponding
mathematical expression for this model combines equations 4.1,,428d 4.3.

For the column experiments conducted with the 6m particles, the ratio of the
particle diameter to the collector diameter ¢,=d.) is 0.012, which is within the range
where patrticle straining at grain-grain contact points is consideret be an important
contributor to overall particle attachment/ detachment proceses (Bradford et. al.,
2003). Following the distance dependent straining model proposégt Bradford et
al., (2003), the following equation was adopted to simulate particle retining for the
6 m particles:

@s_

b@t_ ka;str aC bkd;str dS (4-5)

whereka.sr andkqs are the reversible attachment and detachment coe cientsT 1],

respectively, and , and 4 are depth-dependent power functions de ned as:

8
< —_ (L+x) )
a~— L
_ (L+x) ) (4.6)
b= —1 —

where L is the column length [[], x is the distance from the column inlet L[],
and are dimensionless tting parameters that control the shape of #h kinetic
coe cients as a function of transport distance.

To enable the numerical solution of the dierent particle transportmodels, a
MATLAB program based on a nite di erence scheme was developed.The pro-
gram discretized the time derivative using a Crank-Nicolson approxiamion and the
space derivative using a central di erence approximation. To simula the column
experiments, a Dirichlet boundary condition and Neumann boundargondition were
applied at the column inlet and the outlet points of the modeled domairrgspectively.
The discretized grid size and time step were automatically checkedaagst numerical

stability criteria and adjusted accordingly.
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To estimate the rst-order attachment and detachment coe cients for each column
experiment, for both single site and two-site modeling approachesach model was t
to the observed data taking , = 1.525 g/cm? (the bulk density of the glass beads),
= 0.39 (the porosity of the columns) andD = | v [Yoon et al., 2004, where the
longitudinal dispersivity, , of the packed columns was taken as 1,00® (twice the
diameter of the glass beads). To estimate, k, and ky values for each experiment, an
iterative process of tting observed data was used. Speci callyhe kinetic coe cients
were obtained by minimizing the sum of the squared residu@d (i.e., the di erence
between the measured and modeled normalized concentrationsgothe duration of
an experiment at the column outlet and interior locations for both tle liquid and
solid phase concentrations. The squared residual was calculatesing the following

equations[Simuneket al., 2014:
8 p

SR= w(f (xt) f(x1)?

. 1

mj 12

(4.7)

Wj:

wheref andf were measured data and model estimated values, respectively,leh
the weighting coe cient w; minimizes di erences in weighting between di erent data
types, which is necessary because of the di erent absolute valuasd data points
involved in some cases, e.g., breakthrough concentration data vesuversus retained
particle concentration data. The weight coe cient is normalized by he measured
data variance 2, and number of data m. For the tting conducted for this resears,
the breakthrough concentration data were actually not used in ting exercises, due
to the fact that scan line measurements were considered more @ate because of the
sensitivity of the measurement system.

For minimizing the residuals, the numerical model used a modi ed vamn of the

MATLAB fminsearch function, which is based on the Nelder-Mead sinigx algorithm.
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4.4 Results

A summary of all experiments conducted during the course of thiesearch was pro-
vided in Table 4.1. Note, that all experimental conditions were invesgfated in du-
plicate. In the following sections, the results for each experimeiteondition are the

averaged results of the duplicate experiments.

4.4.1 1 m particle experiment

Uniform 1 m particle solution tests with three di erent ow directions (Downward,
Upward and Horizontal) and mixed 1 m particle solution tests with two di erent ow
directions (Downward and Upward) were conducted. Averagedaut-line concentra-
tions and breakthrough curves (BTCs) are presented in Figures54and 4.6. Note,
the vertical axis of each graph is sum of the particle solid phase centration and
liquid phase concentration, C + S) normalized by the inlet concentrationCy

For all 1 m particle tests, the column interior concentrations exhibited a rap
increase in particle concentration soon after particle injection, lowed by a sta-
ble plateau that was close to unity, indicating little particle attachmen within the
medium during transport. During particle ushing a rapid decrease imparticle con-
centration was observed, which ended in a very low to zero residual. Generally,
the normalized scan-line concentration decreased from the upsam scan-line 1 (cen-
tered 1 cm from the column inlet), to the downstream scan-line 5 (o&ered 9cm
from column inlet). For example, the uniform 1 m downward test had averaged
plateau concentrations of 1.05, 1.04, 1.02, 1, and 0.@8¢ S)=C, for scan-lines 1 to
5, respectively. Comparing the di erent ow directions: The upwad tests had the
highest interior plateau concentrations and the downward testsdd the lowest inte-
rior plateau concentrations. The BTC of the downward tests hadimilar features to
those of the scan lines. For the horizontal and upward tests, thesing limb of the

BTC was less steep than that of the scan lines, especially for the ugna test with a
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Figure 4.5: Uniform 1 m particle transport experiment results under upward, hori-

zontal and downward ow directions.
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uniform particle solution. Overall, there was very little observable dierence between

the results of the uniform and mixed particle tests. .

4.4.2 6 m particle experiment

Uniform 6 m particle solution tests with three di erent ow directions (Downward,
Upward and Horizontal) and mixed 6 m particle solution tests with two di erent
ow directions (Downward and Upward) were also conducted. Avaged normalized
scan-lines concentrations and BTCs are presented in Figures 4. dah8. Both uni-
form and mixed 6 m particle tests exhibited interior concentrations pro les similar
to those reported byYoon et al., for experiments involving a poly-disperse particle
population (Figure 4.9) [Yoon et al., 2004. During the particle introduction stage,
the interior concentration rst increased nonlinearly due to the incease in local lig-
uid phase particle concentrations (phase A). Once the liquid phasencentration
reached steady state, the scan-line concentration increasectiauously in a linear
fashion due to particle attachment processes (phase B). Duringé particle ushing
stage, the local particle concentration in the liquid phase decreasand reversibly
attached particles re-entrained into the moving liquid, leading to a fa@id decrease in
scan-line concentration (phase C). During the nal phase (phad®), the liquid phase
concentration was negligible. Thus, concentrations remained ctast as a result of
irreversible attachment to the medium's solid phase.

Peak interior concentrations decreased from upstream to dowiream for all ex-
periments. For example, the uniform 6m particle experiment under upward ow
conditions had peak concentrations of 8.4, 5, 3.4, 2.6 and 'K S)=C, for scan-lines
1 to 5, respectively. Comparing results for the di erent ow directons, the highest
and lowest peak concentrations were observed in upward and devamd ow tests,
respectively. The upward ow tests also exhibited higher retainedoncentrations at
the end of each test than the horizontal and downward ow testsFor the BTCs, the

downward experiment's peak concentration occurred after a stparise in concentra-
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Figure 4.9: Typical interior concentration pro le [Yoon et al., 2004.

tion around 6 PV, while the upward and horizontal experiments' pdaconcentrations
occurred after a slow rise in concentration around 12 PV. During ¢ ushing process,
all BTC concentrations decreased rapidly until 15 PV, after which a&lower decline
in concentration was observed until the end of each experimenth& presence of the
mixed particle population in uenced observed behavior for both thelownward and
upward ow conditions, with a greater in uence observable for thedownward ow

conditions.

4.4.3 Model ts of column experiments
4431 1 m Model tting results

The irreversible kinetic model (equation 4.1 and 4.2) was used to t #nuniform 1 m
experimental observations because these observations indicatieat the 1 m particles
barely attached or detached from the glass beads comprising therpus medium.
The estimated kinetic parameters and calculated squared residuals listed in Table

4.2. Graphical results are presented in Figures 4.10 to 4.14, with tkeeror band
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representing the standard deviation of the two duplicated experiemtal observations
(see Table 4.1). The tting results demonstrate that an irreversite attachment model
is su cient to t the experimental scan-lines, and also provides a rasonable t for

the BTCs, even though these data were not used in the tting exerse.

4.4.3.2 6 m Model tting results

A kinetic model that adopted equation 4.4 to model patrticle interagons with the
surfaces of the glass beads and equation 4.5 to model particle stirag at bead-bead
contact points was used to t the 6 m experimental observations. The estimated
kinetic parameters and calculated squared residuals are listed in Tal.3. Graphical
results are presented in Figures 4.15 to 4.19, with the error bandpresenting the
standard deviation of the two duplicated experimental observatits (see Table 4.1).
The kinetic model was su cient to capture, broadly, the observedscan-line con-
centrations of both the uniform and mixed 6 m experiments. However, some features
of both the rising and falling limbs of the scan-line concentration prdes were not
well modeled, including the slope of the falling limb during the particle uking stage
of the experiments. In addition, the observed BTC data, which wer not used in
the tting exercises, were overestimated by the modeling result®if all 6 m tests.
One possible reason for this overestimation was observation systerror. In order to
measure the higher retained particle concentrations obtained dng the 6 m exper-
iments without exceeding the maximum digital range of the measuremnt system, a
reduction in the measurement exposure time was necessary. Thesluction caused a
reduction in the sensitivity of the system within the data range of te BTC measure-
ments, where normalized particle concentrations were below unitit. is thus possible
that the BTC particle concentrations estimated from the light intersity data are not
an accurate representation of actual particle concentrationd the column outlet.
Figure 4.20 compares observed and predicted pro les of irreveigitand reversible

attached particle concentrations at the end of each experimenin general, the com-
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Figure 4.16: Modeling result of uniform 6m particle test under horizontal ow con-

dition.
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bined surface and straining model does capture well the retainedrficle concentra-
tion proles. Nonetheless, with the exception of the downward tésesults for the
uniform particle population, the reversible attached particle conegrations are gen-
erally over-estimated at the column inlet, while the irreversible partie populations

are slightly under-estimated.

4.5 Discussion

45.1 E ect of Gravity

Previous studies have reported that Gravity could a ect particle tansport in sat-
urated porous media, and have stated that such e ects can betabuted to the
following reasons: particle size, particle density, and ow directionThe in uence of
particle density was not covered in this study since the density of in and 6 m parti-
cles used were all around 1.06 (Bangs Laboratories, Inc., Fishdl). Comparing the
di erent results from the experiments conducted with di erent paticle sizes (Figure
4.5 and Figure 4.7), the interior concentration pro les changed fra pro les exhibit-
ing a stable plateau with low retained particle concentrations, to pries exhibiting
no plateau and high-retained particle concentrations when the piggle size increased
from 1 m to 6 m. In tandem, the breakthrough curve concentrations reducefdom
0.98C=C, to 0.6C=C,. In addition, all 1 m experimental results were well tted us-
ing a model assuming a very low irreversible attachment rates - ofeamd 10 ®sec *.
Conversely, the 6 m experimental results required tting using a model that involved
di erent kinetic parameters for surface particle interactions andgarticle straining at
grain-grain contact points. Both the experimental and numericamodeling results
agree with previous studies that reported that an increase in pacte size enhances
particle deposition activities, and thus particle Itration within a porous medium.
Flow direction is another mechanism via which gravitation e ects can imence

particle transport in a saturated porous medium. The results of ils study demon-
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strated the greatest particle attachment rate for upward ow ad the least particle
attachment rate for downward ow, for both the 1 m and 6 m experimental and
modeling results. Given the highly unfavorable electrostatic conditis present in all
experiments as a result of both the particles and glass beads camg/negative surface
charges, which will have prevented particle attachment to solid siaces via attrac-
tive van der Waals forces, it is hypothesized that all particle interamns with the
medium's solid phase were the result of physical processes, includgagticles being
held temporarily or more permanently by asperities on the surface$the glass beads,
as proposed byyoon et al., particles being physically immobilized at bead-bead con-
tact points, and particles being immobilized in the low ow regions genated in the
downstream wake of a glass bead, Figure 4.Poon et al., 2004. As seen in Figure
4.21, gravitational forces will act to favor the surface attachnmmé of particles in the
downstream wake of a glass bead for upward ow, but not for doward ow. For
the straining mechanism, gravity will favor forcing particles throug narrow channels
between beads for downward ow but not upward ow. In both cases, horizontal
ow conditions lie between the downward and upward ow conditions.The condi-
tions illustrated conceptually in Figure 4.21 do explain the trends in thexperimental

observations with respect to ow direction.

4.5.2 E ect of particle interactions

Column tests with mixed 1 m and 6 m particle solutions were conducted in order to
study the e ects of interactions between di erent particle sizesKigure 4.6 and Figure
4.8). For the mixed 1 m particle experiments, the interior scan-line pro les showed
similar trends to the experimental results for the uniform particle ppulation, and
the tted particle attachment rates were also very similar (Table 4.2 Thus, it would
appear that the presence of a small fraction of &n particle did not in uence, in any
measurable way, the transport behavior of the Im particles. This is likely because

the 1 m particles basically transported through the saturated packedotumns having
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Figure 4.21: (a) Surface roughness and microscopic ow conditioretain particles on

bead surfaces - illustration of capture zones for di erent ow diretions (b) Straining

mechanisms retain particles at grain-grain contact points

98



CHAPTER 4.

little interaction with the medium's solid phase, and the presence of &6 m patrticles
did not impact any liquid phase transport.

For the 6 m particle experiments, the presence of the In particles increased
both the irreversible and reversible attachment rates of the @n particles, as well
as the detachment rate of the 6m particles at the straining sites (Table 4.3). This
phenomenon was observed to be greater during downward ow abtions than up-
ward ow conditions. It is hypothesized that the 1 m particles act as facilitators for
6 m particle attachment, by interacting with attached 6 m particles in ways that
retard their detachment from surface sites or straining sites. In particles approach-
ing some straining sites might also perturb ow elds in ways that enhace particle

detachment at the straining sites.

4.6 Conclusion

One-dimensional, laboratory column experiments were performedder upward, down-
ward, and horizontal ow directions using 1 m and 6 m microspheres and 500m
glass beads to simulate particle transport in saturated porous mied Via use of a
novel visualization system, particle interior scan-lines and breaktbugh curves were
obtained for both uniform and mixed particle transport tests. Bol the uniform and
mixed particle concentrations were conducted at a particle injectioconcentration of
22mg/L: the di erence between experimental protocols was thathe mixed particle
solutions were a combination of 90% of the major particle size and 1@¥the minor
particle size.

Consistent with prior studies, gravitational e ects introduced byparticle size and
ow direction conditions in uenced patrticle transport behavior. Increasing particle
size decreased particle e uent concentrations and increased ini@ retained par-
ticle concentrations for all experiments. Changing ow direction sm downward

to horizontal then upward also increased interior retained conceations and de-
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creased e uent concentrations. For all experimental conditionsthe 1 m particles
basically transported through the saturated bead columns with lite interaction with
the medium's solid phase. In contrast, the 6m particles attached on bead surfaces
and at bead-bead contact points. The presence of & particles had little impact
on the transport behavior of the 1 m particles, while the presence of In particles
increased attachment rates for the 6m patrticles.

Overall, the results of this study con rm that gravity, particle size and ow di-
rection impact particle transport processes. The study also reais that particle size
heterogeneity could also impact particle transport under certainanditions. Both of

these ndings have implications for eld-scale modeling of particle tnasport.
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4.8 Tables

Table 4.1: List of column experiment conditions including particle solutio composi-

tion and ow direction

Particle Flow Particle Flow
Column Solution direction | Column Solution direction
Composition Composition

D1-1 100% 1 m Downward | D6-1 100% 6 m Downward

D1-2 100% 1 m Downward | D6-2 100% 6 m Downward
D1.1-1 | 90% 1 m; 10% 6 m | Downward | D6.1-1 | 90% 6 m; 10% 1 m | Downward
D1.1-2 | 90% 1 m; 10% 6 m | Downward | D6.1-2 | 90% 6 m; 10% 1 m | Downward

ul-1 100% 1 m Upward u6-1 100% 6 m Upward

ul-2 100% 1 m Upward u6-2 100% 6 m Upward
Ul.1-1 | 90% 1 m; 10% 6 m | Upward U6.1-1 | 90% 6 m; 10% 1 m Upward
Ul.1-2 | 90% 1 m; 10% 6 m | Upward U6.1-2 | 90% 6 m; 10% 1 m Upward

H1-1 100% 1 m Horizontal | H6-1 100% 6 m Horizaontal

H1-2 100% 1 m Horizontal | H6-2 100% 6 m Horizaontal

Table 4.2: Irreversible kinetic model tting results of 1 m column experiments

Column Solution type Flow direction | Kir (sec-1) | Residual
D1 100% 1 m Downward 1.80E-06 0.12
D1.1 |90% 1 m; 10% 6 m Downward 2.09E-06 0.08
Ul 100% 1 m Upward 2.55E-06 0.09
Ul.l [ 90% 1 m; 10% 6 m Upward 1.83E-06 0.33
H1 100% 1 m Horizontal 2.49E-06 0.56
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Table 4.3: Fitting results of 6 m column experiments involving kinetic modeling of both surface (Eqtian 4.4) and

straining (Str) (Equation 4.5) processes.

v 431dVHO

Column Solution type Flow direction | K, (sec 1) | Kq (sec ) | K; (sec 1) | Kqsr (sec ?) Kasr (sec )
D6 100% 6 m Downward 1.63E-06 4.03E-06 1.22E-06 4.53E-04 3.51E+00 1.31E-05 6.01E-01
H6 100% 6 m Horizontal 2.65E-06 3.68E-06 3.90E-06 5.43E-04 3.37E+00 1.59E-05 5.34E-01
U6 100% 6 m Upward 2.98E-06 3.38E-06 1.27E-05 6.67E-04 2.99E+00 3.78E-05 4.19E-01
D6.1 90% 6 m; 10% Imum Downward 2.53E-06 3.51E-06 1.23E-05 5.88E-04 3.75E+00 3.17E-05 6.79E-01
U6.1 90% 6 m; 10% Imum Upward 6.60E-06 3.65E-06 1.28E-05 7.11E-04 3.28E+00 3.96E-05 3.49E-01
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Chapter 5

Contributions and

Recommendations for Future Work

The prevention of health risks and environmental hazards relatéd groundwater con-
taminated with harmful particulates requires accurate predictiorof particle transport
mechanisms. In order to increase the accuracy and suitability of pele transport

modeling for real world applications, increased understanding therfdamental mech-
anisms governing particle transport is needed. The research cainied in Chapters 2
to 4 of this dissertation aimed to |l certain knowledge gaps in currdrparticle trans-

port research, which led to several novel contributions. Amondése contributions
was the development of a numerical modeling program, termed thartetic Colloid
Transport Model (KCTM), that can be used for predicting particletransport, or for
back- tting the results of laboratory column experiments in orderto shed light on
particle attachment and detachment behaviors under di erent tansport conditions.
The research also identi ed impacts of velocity e ects on particle bevior, which
to date have been ignored in conceptual models for particle transp. In addition,

explorations into the impacts of particle size, mixed particle populatits and ow
direction on particle transport revealed the signi cance of ow diretion for larger

sized (6 micron) particles, as well the importance of depth, or patlength, depen-

103



CHAPTER 5.

dent straining in explaining particle behaviors observed during labotary column

experiments. A summary of the contributions of this work is provide below.

5.1 Chapter 2: Particle Transport Modeling

Currently, there is no publicly or commercially available particle transprt models
that provide dual mode kinetic sub-models, or depth-dependeninetic sub-models,
for predicting particle transport through saturated porous mem, or for analyzing
laboratory or eld scale experiment data. Yet, several researels have employed
such kinetic sub-models to explore observed discrepancies betweerrent predictive
methods for particle transport and experimental results. The delopment of the
Kinetic Colloid Transport Model (KCTM) presented in Chapter 2 respnds to the
need for a customizable particle transport model capable of empiiog di erent kinetic
sub-models and analyzing data obtained from di erent experimentrptocols.

Introduced in section 2.2, the KCTM was derived from the one-dimaional advection-
dispersion-sorption equation. The KCTM incorporates not only comon one-site and
two-site kinetic sub-models for particle interactions with the solid pase of a porous
medium, it also includes dual mode kinetic modeling capacity and a depttependent
straining model. In section 2.3, the KCTM was validated against analital solutions
generated by the STANMOD program and numerical simulations obiaed using the
popular open software, HYDRUS-1D. For all case studies considdrin the valida-
tion process, the KCTM results were in very good agreement with ¢hresults of
STANMOD and HYDRUS-1D.

The most bene cial feature of the new KCTM is that it is capable of nbonly
directly simulating particle transport in a saturated porous mediumjt can also in-
versely solve for various kinetic particle attachment and detachmeparameters using
di erent data types/ sources. For example, the di erent column &periment protocols

described in Chapter 3 and 4 of this thesis generated a range offide concentration

104



CHAPTER 5.

measurements, all of which were successfully analyzed using theTWC In addition,
the collaborative work described in Appendix A successfully applied ¢hKCTM to
analyzeE.coli transport behaviors in sand lled columns of aquifer material obtaied

from a eld site in Bangladesh.

5.2 Chapter 3: Can varying velocity conditions
be one possible explanation for di erences be-
tween laboratory and eld observations of bac-
terial transport in porous media?

Chapter 3 0 ers a signi cant contribution that uncovers the impad of varying velocity
conditions on particle transport in a saturated porous medium. Magrior research
into particle transport behaviors has either neglected, or regaed as insigni cant, the
potential of varying velocity e ects. The ability of varying velocity to a ect particle
transport therefore has not been well investigated.

Introduced in section 3.3, a new modi ed column experiment prototwas devel-
oped to simulate natural groundwater ow velocity variations due ¢ hydraulic head
changes. Three dierent velocity variations can be simulated with tis new proto-
col, including increasing, decreasing, and increasing followed by dssing, velocity
conditions.

Introduced in section 3.4, an empirical power function relationshipdiween veloc-
ity and a dimensionless kinetic particle attachment coe cient was deved from the
results of a series of constant velocity column experiments. The pimcal formula
was incorporated into the KCTM to predict the results of varying véocity experi-
ments, with very limited success. This outcome indicated that, evewhen predic-
tions account for how particle attachment rates change with veldg, varying velocity

conditions cannot be well modeled.
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Introduced in section 3.5, a relationship between particle attachme rates and
velocity obtained for directly tting the varying velocity experiments, and that ob-
tained from the constant velocity experiments, indicates that uidacceleration might
in uence particle Itration processes. This nding is hew, and potemially signi cant

to the eld of particle transport modeling.

5.3 Chapter 4: Particle transport in saturated porous
media: e ects of ow direction on uniform and
mixed particle populations for two dierent
particle sizes

Particle transport in saturated porous media has been con rmedotbe a ected by
multiple physical factors. Chapter 4 provides research that wasndertaken to ex-
plore the individual and/or combined e ects of the ow direction, paticle size, and
particle-particle interaction on particle transport processes. Fdhis research, a novel
visualization technique was used to obtain particle concentrations ithe interior of
column experiments whose porous medium comprised saturated kmof glass beads.

Introduced in section 3.3, an irreversible attachment model was sient to re-
produce observed 1m particle transport behavior, however, only a two-site kinetic
model coupled with a path-length dependent straining model could the observed
6 m particle transport behavior with tolerant residuals.

Introduced in section 4.1, di erences between estimated kinetic paneters for
the same sized particle tests transporting under downward, hoomtal or upward
conditions implied that di erent ow elds might trigger and/or amplify certain par-
ticle attachment or detachment activities. Conceptual models fguarticle attachment
behaviors on glass bead surfaces, as a result of surface rougbrend slow moving

microscopic ow regions, and at grain-grain contact points, as a salt of particle
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straining, were introduced and successfully used to explained theedent observed

behaviors. However, the results and models raise questions abootnmonly observed
non-log-linear attachment/detachment pro les in porous media, @d whether current

understanding of reversible particle attachment kinetics is su cienh Such questions
point out the need for increased micro-scale knowledge on particledavior in the

interior of a porous medium.

Introduced in section 4.2, a small fraction of 6m particles transporting in the
presence of 1m particles was shown to have limited impact on the transport behavio
of the 1 m particles. However, a small fraction of 1m particles transporting in the
presence of 6m particles enhanced both irreversible and reversible attachmerdites
of the 6 m patrticles. This phenomenon was observed to be greater duringndavard
ow conditions than upward ow conditions. The actual mechanismsof di erent
sizes particle-particle interaction are still unclear. It was hypoth&zed that the 1 m
particles act as facilitators for 6 m particle attachment, by interacting with attached
6 m particles in ways that retard their detachment from surface sit or straining

sites.

5.4 Appendix A (collaborative research)

The ultimate goal of particle transport research is accurately pdécting particle trans-
port for real world applications, including eld scale applications. Hoever, many
uncertain factors related to particle transport often restrict yp-scaling predictions ob-
tained from laboratory column tests to eld scale applications. Appedix A combines
multi-scale experiments and modeling work in order to identify sevdriey factors that
might improve up-scaling techniques. Speci cally, the work combinedbservations
and modeling ofE.coli transport in laboratory column experiments with observations
an modeling at an instrumented eld site.

Introduced in section A.4.1 and A.4.2, both one-dimensional and twadimensional
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modeling results showed the RMSEs obtained when modeling the labimrg column
experiments dramatically decreased while the sub-model describipgrticle attach-
ment/ detachment mechanisms with the medium's solid phase changéwm irre-
versible to reversible, two-site, and dual mode kinetics. This indicas that apply-
ing the proper particle attachment/ detachment model is crucial @ either analyzing
laboratory column experiments or to up-scaling predictions from ladyatory column
results to eld scale problems. The kinetic model sensitivity analysiof the inves-
tigated eld scale conditions was also conducted by applying two set§ dual mode
kinetic parameters in a two-dimensional model of the eld site. The aticeable dif-
ferences between estimate#t.coli transportation distances and observed transport
distances highlighted the scaling problem between laboratory scaleda eld scale.
Introduced in section A.5.1, theE.coli transport distance was shown to be e ected
by anisotropy in subsurface hydraulic conductivity due to the relave proportion of
horizontal to vertical groundwater ow velocity. However, anistropy in hydraulic
conductivity is not always a property that is measured during eld tansport studies.
The sensitivity analysis showed thatE.coli could transport deeper when hydraulic
anisotropy slightly increases. This nding points out that groundw#er ow elds

should also be considered in up-scaling predictions.

5,5 Recommendations for future work

The research presented in this dissertation utilized a new numericaodel, modi ed
column experimental protocols, and visualization techniques, to stessfully identify
important physical factors that in uence particle transport behavior. Nonetheless,
the ndings of the work presented in this thesis raise further quéisns with respect to
understanding particle transport in saturated porous medium. Té following sections
outline some potential research topics for future research thabuld help meet the

goal of accurately predicting particle transport processes.
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5.5.1 Micro-scale experiments, modeling and non-log-line ar

reversible attachment mechanisms

Current studies generally agree that particle transport in saturi@d porous media
are governed by advection-dispersion-sorption equations. Fhdr, most assume that
particle attachment/ detachment behaviors follow rst order kindics with respect to
interactions with a collector (i.e., the solid phase of a porous medium)However,
the results presented in Chapter 4 illustrated di erences betweeobservations and
model predictions for the column experiments conducted using tleum particles ,
particularly during the particle ushing stage of an experiment. Thee di erences
indicate that the rst order kinetic model assumptions of particle tansport might
be fundamentally di erent than certain, actual particle behaviors Previous studies
related to direct observations of particle transport in the interiorof a porous medium,
including those presented byroon et al., have already reported unpredictable particle
deposition behaviors, such as patrticles stacking on the top of cotlas due to ow
circulation elds, and particles falling from collector surface tops &ér stacks reach
a certain height, and then depositing on upstream collector¥oon et al., 2004.
Ignoring observation results such as these, and further expand kinetic models with
more and more assumptions, such as multiple populations of particlesnd dual
permeabilities of porous media, which might increase the reproduaticapability of
the kinetic models, but not truly model the fundamental particle tansport behavior.
itself Developing non-log-linear reversible attachment models based micro-scale
experiments and micro-scale modeling is the key to accurately pretfig particle

transport in the future.

5.5.2 Applications of the visualization technique

Results presented in Chapter 3 illustrated the use of column expemmt protocol that

only provides limited particle transport information, such as the BTCand retain par-
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ticle concentration pro le at the end of an experiment. Lack of infamation on particle
concentrations within the interior of a porous medium might lead to @r-simpli ed
experiment observations for analyzing particle transport mech&ms. Results pre-
sented in Chapter 4 proved that particle transport behavior can & monitored in real
time by applying novel visualization techniques. The modeling resultds®® demon-
strate that over-simpli ed one-site/two-site models cannot alwag accurately repro-
duce observations of particle behavior in the interior of a porous miem. Thus, to
generate su cient knowledge of some patrticle transport process, the application of
visualization techniques can be necessary. For example, in Chapsgtthe in uence of
uid acceleration on particle attachment rates was identi ed via obsrvations made at
the outlet of a column experiment and a pro le of retained particle aacentrations at
the , end of the experiment. Combing the experiment protocol in Gipter 3 with the
visualization technique in Chapter 4, could help further clarify any dationship be-
tween uid acceleration and particle attachment mechanisms, andight help uncover
approaches to modeling this phenomenon. Moreover, as noted irethbove section,
detailed understanding of the micro-mechanisms responsible forpee attachment/
detachment on collector surfaces remains uncertain. Visualizatieechnigues can be
used to observe the particle-collector reactions directly, providinthe foundation for

building accurate micro-models of particle transport in porous media

5.5.3 Mixed patrticle sizes experiment

Numerous studies have reported that particle size distribution wathe main cause
of observed high variance in particle deposition behaviors. Also, transport of
di erent particle types, particles and chemical solutes, and partles and microbial
entities were found to increase general transport distances. @hapter 4, tried to
uncover the e ects of mixed particle sizes on particle transport negeanisms via column
experiments conducted using uniform Im and 6 m particle populations, as well as

mixed 1 m and 6 m particle populations. The presence of the én particles did not
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appear to in uence the transport of the 1 m particles. However, the 6m particle
transport behavior was changed by the presence of therh particles. Further work
in this area should conduct experiments with particles of three or m@ di erent sizes,
in order to continue to investigate the in uence of di erent particle sizes on particle
transport behavior. In addition, extension of the reported visui&ation technique
to enable the simultaneous visualization of two or more particle populans during

transport would also help advance understanding in this area.
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Appendix A

Importance if Reversible
Attachment in Predicting E. coli
Transport in Saturated Aquifers

From Column Experiments

A.1 Abstract

Drinking water wells indiscriminatingly placed adjacent to fecal containated surface
water represents a signi cant but di cult to quantify health risk. H ere we seek to
understand mechanisms that limit the contamination extent by scalig up bacterial
transport results from the laboratory to the eld in a well constraned setting. Three
pulses ofEscherichia coli originating during the early monsoon from a freshly ex-
cavated pond receiving latrine e uent in Bangladesh were monitoreéh 6 wells and
modeled with a two-dimensional (2-D) ow and transport model coditioned with
measured hydraulic heads. The modeling was performed assumingeth di erent
modes of interaction ofE. coli with aquifer sands: (1) irreversible attachment only
(best-t ki = 7:6 day 1); (2) reversible attachment only ka = 10:5 and ky = 0.2
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day !); and (3) a combination of reversible and irreversible modes of attament
(ka = 60, kg = 7:6, ki =5:2 day 1). Only the third approach adequately reproduced
the observed temporal and spatial distribution oE. coli, including a 4 log 10 lateral
removal distance of 9m. In saturated column experiments, cardeout using aquifer
sand from the eld site, a combination of reversible and irreversibletachment was
also required to reproduce the observed breakthrough curvesdaE. coli retention
pro les within the laboratory columns. Applying the laboratory-measured kinetic
parameters to the 2-D calibrated ow model of the eld site understimates the ob-
served 4-log10 lateral removal distance by less than a factor it This is promising

for predicting eld scale transport from laboratory experiments.

A.2 Introduction

In rural areas throughout the world, aquifer lItration of pathogens and fecal bacteria
has long been relied on to supply drinking watefTufenkji et al., 2002; Guptaet al.,
2009. The practice has been called into question by growing evidence of asgpread
contamination of shallow sandy aquifers with fecal indicator bacter (FIB) [Goss
et al., 1998; Leberet al., 2011; van Geenret al., 2011]. In developing countries,
however, centralized water treatment or point-of-use disinfeicin of water from wells
a ected by in ltration of microbially contaminated surface water remains techni-
cally and economically unrealistic for the foreseeable futul&odfrey et al., 2003;
Gundry et al., 2004. In rural Bangladesh in particular, microbial contamination
of shallow groundwater is of concern for tens of millions of househsldelying on
shallow tubewells because of the combination of an extremely high pbgtion den-
sity and generally poor sanitation[Knappett et al., 2011b; Escamillaet al., 2013.
A recent analysis of household-level data collected over severabgs within the IC-
CDDR,B's (International Center for Diarrheal Disease ResearctBangladesh) study

area of Matlab upazilla has shown that shallow aquifers that are vulreble to mi-
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crobial contamination are, indeed, associated with a signi cant inease in diarrheal
disease in children under velWu et al., 2011. It is therefore particularly important
in such settings to distinguish wells that are likely to be contaminated ih microbial
pathogens from those that are not.

Theoretical advances and a considerable number of laboratorycareld experi-
ments conducted in recent years have contributed to an improvadhderstanding of
pore-scale microbial removal processé&inn et al., 2002; Bradfordet al., 2006b;
Choi et al., 2007 but some signi cant puzzles remain[Dong et al., 2004. For
example, microbial removal e ciencies across distanceD( ') observed in eld ex-
periments [Schijven et al., 1999; Weisset al., 2005; Schijven and Simnek, 2002;
Knappett et al., 2019 are usually lower than measured with columns in the laboratory
[Hijnen et al., 2005; Feigheryet al., 2013. This has tentatively been attributed to
preferential ow paths in the eld that are not reproduced within sediment columns
[Taylor et al., 2004. Columns, moreover, are typically run under steady-state ow
conditions whereas transient ow predominates in the eld. Furthe, irreversible bac-
terial attachment is implicitly assumed to operate when up-scaling tomn results
to eld settings [Pang, 2008 and are frequently calculated directly from steady-state
peak breakthrough concentrations (D1) rather than modeling #entire breakthrough
curve with reversible attachment and detachment rates.We hypbesize that kinetic
attachment and detachment rates T 1) may be less sensitive to scale of measurement
than irreversible attachment alone and may therefore allow more @erate predictions.

The impact of transient ow on microbial transport resulting, for exkample, from
pulses of recharge due to heavy monsoonal rains has also rarelgrbetudied sys-
tematically at the eld scale [Derx et al., 2013. This is important because microbial
removal e ciencies (D ' and T 1) are sensitive to pore velocity and more bacteria
may enter the saturated water table as the soil zone becomes m@aturated. In the
present study, we seek to understand the reason for the appatly more restricted

movement of bacteria in column experiments relative to the eld. Kingc interaction
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parameters modeled on laboratory column experiments packed wiand from the
base of a freshly excavated pond in Bangladesh are compared witilose obtained
from modeling a previously documented breakthrough dEscherichia coli through
the bottom of the pond following an induced rise in pond water level.

Previous studies reported on widespread fecal contamination iniyate tubewells
in sandy villages and identi ed ponds dug recently into the uncon ne@quifer as point
sources of fecal contamination during the early monsodkinappett et al., 2014. The
eld component of the present study was previously reported andarried out in the
village of Char Para in Araihazar upazilla where the local sandy aquifextends to
the surface and is therefore vulnerable to microbial contaminatioliKnappett et al.,
20114. The vulnerability of the shallow aquifer was locally intensi ed by arti cially
raising the water level in a recently excavated pond whose base was protected
by the ne-grained sediments that tend to accumulate on pond btdms over time.
Under these conditions, simulating a recharge pulse to the aquifeurithg monsoonal
rains, E. coli penetration into the aquifer over the course of several days wescu-
mented along a transect of 6 previously installed piezometers radiag from the pond.
Here, we combine an expandeH. coli time series, including 5 post-pulse sampling
events, and a more detailed reconstruction of the pond water rerging the aquifer
to reproduce observedE. coli concentrations and hydraulic heads using the 2-D nite
element model HYDRUS 2D. We present new column experiments witlared from
the base of the pond. From these, kinetic attachment/detachnme rates are derived
and substituted into the calibrated 2-D ow model to predictE. coli transport under

transient ow conditions.
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A.3 Setting

A.3.1 Pond in ltration eld experiment

The Bangladeshi village of Char Para lies within Araihazar upazilla, 25 kmeast of
Dhaka (see Fig. 1 in[Knappett et al., 2014). Pond 1 is a freshly excavated, sandy
bottom pond located in the northeast corner of the village. A trarect of ve shallow
monitoring wells 5.5 m deep, and one 8.5 m deep well were placed orthwgao
the edge of Pond 1 (Fig. A.1). The rst well was placed 2.5 m from thedge of
Pond 1 and they were spaced 1 m apart. The wells had a screened rivik length
of 1.5 m. The construction details of these wells are described [iKnappett et al.,
2014. Throughout this paper, the wells are named in the following way. Trasects
and the wells within them are labeled according to x;y; , where is either T or
W, referring to the transect or well, respectivelyx and y numerically reference the
pond (1-4) and the transect adjacent to pond x (1-3), respdeely, and d is a letter
referring to a well in transecty ((a)-(e) for shallow wells, and z for the single deeper
well) (Fig. A.1).

Of the four ponds studied in detail in[Knappett et al., 20174 only the bottom of
Pond 1 was not lined with silt, and consequently was the only pond whean increase
in E. coli concentrations in adjacent observation wells were measured inpesse to
arti cial lling and subsequent rainfall. Pond 1 penetrates a local 1.5m thick silt
layer and terminates in a medium sand aquifer used for drinking wateNeighboring
Pond 3, used to articially Il Pond 1, is a shallower pond that does notpenetrate

the local silt layer and receives e uent from surrounding latrines.
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Figure A.1: 2-D model set up with boundary conditions. All elevationare relative to

an established Site K datum22. Blue lines indicate minimum and maximum sérved
limit of local water table during the years 2007-2009. The solid red lirdemarcates
the dimensions of Pond 1 and the dashed red lines indicates the peatle boundaries
of the model. The shaded yellow area shows the modeled region withire tsaturated
aquifer. Model boundaries are indicated by red dashed lines. Thettmmn of wells

3.2z (W3.2z) and 2.2z (W2.22) are located at the southwestern ([gfind northeast-
ern (right) varying head boundaries, respectively. Head obsetians from well 1.1z
(W1.12) de ned the lower varying head boundary. Elevations of thdi erent surfaces

are listed in small print and are relative to a local datum (meters ab@ datum).
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A.4 Methods

A.4.1 Pond in ltration eld experiment

This study focuses on ve days between July 1 and 6 in 2009 refadr® herein as the
experimental period[Knappett et al., 2014. During this time, hydraulic head (Fig.
A.2) and E. coli concentrations (Fig. A.3) were monitored at least once every two
days in adjacent observation wells. The base of Pond 1 was percleggproximately
1.5 m above the local saturated water table on June 30 before theti @ial 1ling with
contaminated latrine water began (Fig. A.2). There were three maj inputs of water
through the base of Pond 1. The rst, and largest, of these pulsevas caused by the
arti cial lling of Pond 1 with contaminated latrine pond water from ne ighboring
Pond 3. The second pulse resulted from several natural rainfallemts spaced closely
together over 24 h, and the third resulted from a single rainfall ewe

The chemistry of the water in Pond 1 and that in the adjacent shallowwransect
wells were very similar (Fig. S2 ifKnappett et al., 2014). Speci ¢ conductance was
typically low and similar in ponds and their adjacent shallow transect wis during
the wet season (<400S/ cm). Speci c conductance in shallow transect wells tends
to increase during the end of the dry season (1,000S/cm), whereas ponds tend to
remain low year round.

The level of the water in Pond 1 was not measured immediately aftetl aainfall
events, however the level of Pond 4,200 m south of Pond 1 (Fig. 1 [iknappett
et al., 2017), was measured every 20 min using a pressure transducer (Mo@8D1
Levelogger Edge, Solinst Canada Ltd., Georgetown, Ontario, Caate during this
period and was used to determine the timing and relative magnitude ddinfall events.
In Bangladesh hourly precipitation amounts during the monsoon ch vary over short
distances[Shahid, 2010 Therefore, daily rainfall measured in Dhaka (Bangladesh
Meteorological Department, www.bmd.gov), 25 km to the west, wassed to only to

con rm the occurrence of rainfall on the days indicated by the trasducer in Pond 4

146



APPENDIX A.

Figure A.2: Hydraulic head boundary conditions input into the 2-D Hydus model.
(a) The upper boundary was simulated by combining a record of ramif events at
Site K and a record of observations on Pond 1 levels. Head loss asrts 1.5 m
space between the base of the pond and the top of the model wascalated using
Darcy's Law. Black grad symbols represent observed water tablevéd in W1.1a.
(b) Expanded view of the slowly varying head boundaries and the afrvations from

which they were calculated.
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Figure A.3: ObservedE. coli concentrations in transect 1.1 wells following arti cial
pond lling on July 1, 2009. Prior to arti cial lling of Pond 1, <20 MPN/100 ml E.
coli was found in W1.1a, and was at or below detection limit in all the other viis. At
any point E. coli was only detected at very low concentrations once in the 8.5 m deep
well (W1.1z). The error bars represent 95% con dence intervald the horizontal
dashed line represents the detection limit of 0.5 MPN/100 ml based aluplicate 100
ml water samples37. The data in the box on day 3 has been publishegkyously in
[Knappett et al. (2012)] and was used to extrapolate the sourcemcentration within

the saturated aquifer (Fig. A.6).
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within Char Para.

The porosity and bulk density of the aquifer were measured to be 0(4 and
1500 (kg/md), respectively, using the water displacement method outlined ifBrush
et al., 1999. Longitudinal and transverse dispersivities were estimated fronotbe
0.5 and 0.1 m, respectively based on broad scale-dependent dispeitees presented
in [Gelhar et al., 1994. Continuous 1.5 cm diameter direct push cores were taken in
the middle of T1.1 at 0.3 m intervals from 3 to 5.5 m below ground surfade log
the lithology in detail. With the exception of four <1 cm thick silt layers, he aquifer
is homogeneous with respect to grain size distributioliKnappett et al., 2014. Ex-
cluding the silt layers, the average values al,o, dsg and dgo, determined by log-linear
interpolation with standard deviations in parentheses are 0.13 0.03), 0.33 ( 0.01)
and 0.36 ( 0.01) mm, respectively, corresponding to a uniformity coe cient @so=010)
of 2.8. The termsd,; dsg and dg, refer to the grain sizes for which 10%, 50% and 60%
of the sample was ner by mass, respectively. Grain size distributisnwere also mea-
sured on sand taken from the base of Pond 1 for the laboratorylamn experiments,
and matched the cored sand to within the error tolerance. Baseah @isual inspection
the sand was determined to be sub-angular to sub-rounded in texe. No silt was
observed in the sand taken from the base of Pond 1. The horizohtsydraulic con-
ductivity ( K},) was assumed to be the middle of the narrow range (26.8 38.9 m/day)
of hydraulic conductivities determined by triplicate slug tests in the Gvells in T1.1

(Supplementary Table 2 in[Knappett et al., 2013).

A.4.2 2-D modeling of eld experiment
A.4.2.1 Governing transport equations

Hydrus 2D-lite version 2.01.1080Simnek and van Genuchten, 20Q8vas used to
model the transient ow and transport conditions in the saturate aquifer below Pond
1. The model solves Richard's equation for water ow and uses thackian-based

advection-dispersion model for contaminant transport in satutad porous media us-
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ing a nite element grid with 7,378 nodes. The model can t both kinetidrreversible
and reversible attachment parameters. The governing equatiof@r bacterial trans-
port in one dimension with both irreversible and reversible attachmerare [Schijven
and Simnek, 200p

@C+ _b@'sq. _b@ﬁ_ D@C V@C c (A.1)

@ @t @t @ @z
b @8 _ b
_@t_ kac —KgS Sy (A.2)
—bgs: kic s; (A.3)

@t
where ¢ is the concentration of bacteria in free suspension (cellsf), is the

e ective porosity (-), v is the advective velocity of the water (L/T), D is the hydro-
dynamic dispersion coe cient (L?/T) which is equal to v where is the dispersivity
(L), z is the distance along the ow path (L), p, is the dry bulk density of the porous
media (M/L3), s, is the concentration of bacteria at reversible sites (cells/M), and
s is the concentration of bacteria at irreversible sites (cells/M)k, is the forward
attachment rate at reversible sites T 1), kq is the reverse detachment rate at re-
versible sites T 1), and k; is the irreversible forward attachment rate T 1). is the
rst-order inactivation rate of bacteria (T 1). This model assumes there are two dif-
ferent attachment modes (reversible and irreversible) taking placat constant rates
simultaneously throughout the saturated sand. A more complex rdel than this
is employed in this study, which assumes one population of bacteria énacting as
the rst model describes, and a second equal-sized population athing at a unique

irreversible attachment rate (Egs. (S1) (S4)).

A.4.2.2 Hydraulic head modeling

The upper boundary of the 2-D model is located directly below Pond 1Steep hy-
draulic gradients observed in the adjacent T1.1 wells (Fig. A.2) locale2.5 m laterally
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from the edge of Pond 1 (Fig. A.1) led to the assumption that the lIlingof the pond
created a temporary groundwater mound resulting in a saturateew path between

the pond and the local water table. Hydraulic head for the upper nu®l boundary
was simulated using the available observations on the water level initb1, rainfall

events recorded in Pond 4, and hydraulic head measurements madeT1.1 (Fig.

A.2). Peak water levels in Pond 1 are calibrated to synoptic peak watéevels in

Pond 4 following two di erent rainfall events. Three "o -peak” (when Pond 1 had
no water in it) dry pond observation time points are used to constia the drainage
time of Pond 1, found to be approximately 8 h. O -peak groundwatelevels were
measured on 3 occasions by manual hydraulic head measurement3 il monitor-

ing wells. The pond surface is assumed to represent the pressuead of the upper
boundary subtracting head loss across the 1.5m of sediment betwethe bottom of
the pond and the top of the model. This head loss is calculated using @g's Law

assuming a Darcy ux of 1.86 m/day; consistent with the disappearae of 0.62 m of
standing water in Pond 1 in approximately 8 h.

Slowly varying, speci ed hydraulic head boundaries are imposed alottge north-
east, southwest and bottom of the model and heads at these Imolaries are set to
the observed heads in wells W2.2z, W3.2z and W1.1z, respectively (Fig1). The
model domain is 47.4 m long and 5 m thick. It extends from a depth of 8rb below
the local ground surface along T1.1, coinciding with the bottom of W1z, to 3.5 m
below ground surface, coinciding with the saturated water table ahe start of the
experimental period (Fig. A.1). The base of Pond 1 is approximately & below the

local ground surface.

A.4.2.3 Bacterial transport modeling

Pond water E. coli concentrations ranged from 100,000 to 200,000 MPN/100 ml.
Pond water E. coli concentrations were substantially higher than observed in the

aquifer and the spatial concentration trends in the saturated agfer indicated E. coli
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Figure A.4: Estimation of E. coli input concentration at upper model boundary 1.5
m below the base of Pond 1. Concentrations at distances 0 m were measured in
shallow transect 1.1 wells on day three after arti cial lling of Pond 1,when the

plume had reached the outer well. Error bars represent 95% coredce intervals

concentrations were substantially reduced across the 1.5 m of tieal ow between
the base of Pond 1 and the upper boundary of the model. The log-larerelationship
betweenE. coli concentration and lateral distance from the edge of Pond 1 in the
saturated aquifer on day 3 of the experimental period (Fig. 4(a) ifWeiss et al.,
2004) was used to determine the in uentE. coli concentration at the model's upper
boundary of 6300MPN/100 ml (Fig. A.4). Day 3 after arti cial lling w as chosen
since it represents the rst observed time that theE. coli plume penetrated the entire
T1.1 (Fig. A.3).
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A.4.3 Column experiments
A.4.3.1 Experimental measurements

Four replicate column experiments were conducted to compare labtory modeled
attachment/detachment rates to those modeled at the 2-D eldscale. The column
experiment methodology exactly followed that ifFeigheryet al., 2013 for unwashed
sands with one modication. E. coli ATCC strain 700891, which is resistant to
Streptomycin and Ampicillin, was used in the present study, wheredBeigheryet al.,
2014 used ATCC strain 700609, a nalidixic acid resistant strain dE. coli.

Plastic columns 10-cm long with an inner diameter of 1.7 cm were dry pad
with sand taken from the base of Pond 1 (see Section 3.1). All fouolamns were
packed with sand from the same homogenized 2 kg bag of sand frdra base of Pond
1. After slowly saturating the sand by upward ow, E. coli was injected in the top of
the column at a concentration of approximately 300,000 MPN/100 mtp ensure that
e uent concentrations would be well above detection limit, and a volmetric ow rate
of 0.5 ml/min using a multi-channel peristaltic pump (Gilson MiniPuls, Middleon,
WI). A fraction collector (LKB-Bromma, Sweden) was used to collécsamples in 15
ml polypropylene tubes (Fischer Scienti ¢, Pittsburg, PA). This vdumetric ow rate
resulted in an advective velocity of approximately 8 m/day. An arti dal groundwater
solution (AGW) containing 3.5 mM KCI was used throughout the entireexperiment.
Each column was ushed for approximately 15 pore volumes with AGW hile e uent
pH and speci ¢ conductivity was monitored to ensure stabilization. Whout stopping
the pump, the in uent water was switched over to contaminated grundwater solution
containing E. coli and 20 mg/L KBr (0.17 mM) and appropriately adjusted KCI
concentration to maintain the same ionic strength as the AGW. Theantaminated
water was run for 10 pore volumes before switching back to pristildGW for 30
pore volumes. Within 8 h of sampling,E. coli was analyzed by diluting samples
in 100 ml sterile bottles and adding Colilert™ reagent (IDEXX, Westbrook, ME).
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The 100 ml bottles were poured into a Quanti-Tray 200" and incubated for 24 h
after which the compartments uorescing under a UV light were ermerated and the
number converted to a Most Probable Number (MPN) of culturecE. coli [Hurley
and Roscoe, 1943

To determine the attachedE. coli pro le, the two columns used for the last two
experiments were sectioned into 8 equal lengths with a ame-ster#id knife imme-
diately upon completion of the experiments.E. coli was extracted from the sand
initially by vortexing for 5 s in 20 ml of sterile deionized water in 50 ml polgropy-
lene tubes (Fischer Scienti c, Pittsburg, PA). The tubes were the placed on an
orbital shaker at 37 C for 30 min. After this 5 Il were transferred s pipette from the
50 ml tubes to a 100 ml sterile Colilert bottle and processed exactlys @ahe e uent
samples. The sediment remaining in each 50 ml tube was dried at 80 Ginght and
weighed to obtain the bulk density of the packed sand at each inteal(g/ml).

The inactivation rate of the laboratory-grown E. coli at room temperature was
determined in[Feigheryet al., 2013 to be 0.067 In/day. This is comparable to a study
that measuredE. coli inactivation of 0.15 In/day at 20 C [Foppen et al., 2004 and
that reported in a review paper by[Foppen and Schijven, 2006of 0.5 In/day with
a range of 0.1 to 1.0 In/day. In slightly warmer groundwater in Banglagsh (26 C),
multi-day measurements made ofe. coli concentrations in shallow wells adjacent to
Ponds 1 and 2 during stagnant ow periods when no ne®. coli was introduced to
the well suggest a inactivation rate of 0.11 In/day. Thus inactivatiorrates of 0.067
and 0.11 In/day were assumed for the 1-D column and 2-D eld modelespectively.
These inactivation rates are so low that removing inactivation fromhe 2-D model

has negligible impact on the modeled kinetic interaction parameters.

A.4.3.2 1-D modeling of column experiments

Modeling of the Br breakthrough curve was performed with CXTFIT[Toride et al.,

1995; Tanget al., 201Q a 1-D numerical advection-dispersion model, to determine the
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porosity and dispersivity of the packed sandE. coli kinetic interaction parameters
were determined by inversion using a 1-D Finite Element ow and tramsort model
programmed in Matlab operating on the same governing equations e 2-D model
(Egs. A.1 A.3). The 1-D model was run at a constant 8 m/day adveite ow velocity,
which corresponds to peak advection in the saturated aquifer in@dited by the 2-D
ow model underlying Pond 1 during peak lling events.

The E. coli concentration retained in the sand was normalized according to the

equation (Eg. A.4):

S b#GCs
T (A.4)

where 4 is the bulk density of the dry sand (g/cn¥), is porosity (-), # Cs is the
cells extracted per gram of dry sand in each segment (cells/ghs is dry mass of the
sand in the each segment (g), an@, (cells/cm3) is the in uent concentration during
the pulse phase. This method of normalizing retained cell densities iseful since it
represents multiples of the injected concentration found in the pe space volume of

each segmenfFeigheryet al., 2013; Basha and Culligan, 2010

A.5 Results

A.5.1 Observations
A5.1.1 E. coli time series in the eld

Concentrations ofE. coli in all but two of the monitoring wells were at or below the
detection limit of 0.5 MPN/100 ml on the day before the level of Pond Was arti cially
raised (Fig. A.3). In the well closest to the pond (W1.1a), the conogration of E.
coli measured in duplicate samples was 60 MPN/100 ml. Within a day of lling Rad
1, E. coli increased to greater than two orders of magnitude above detaxt limit in

the 3 monitoring wells closest to the pond. In the single monitoring welit 8.5 m
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Figure A.5: Observed e uent breakthrough curves from four reficate column exper-
iments. Retention curves were only available for columns 3 and 4, wiicepresent

the lowest and highest peak breakthrough concentrations amotige four replicates.

depth, E. coli was detected only once, on day three, and barely detectable orath

single occasion (2 MPN/100 ml).

A5.1.2 E. coli breakthrough in columns

The plateau in e uent E. coli concentrations reached during column experiments
corresponds to only 10 to 25% of the in uent concentrations whiclhanged from
1:7 37 10° MPN/100 ml for the 4 replicate columns (Fig. A.5). After switching
the in uent back to AGW, e uent concentrations of E. coli remained detectable
for an additional 40 pore volumes of ushing. Retained concentrains of E. coli
decreased within the rst few cm but remained detectable througkhe length of the
two columns. Summing totalE. coli measured in the e uent with total retained E.

coli on the sand corresponds to 60 70% of the tot&l. coli injected into the column.
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A.5.2 Modeling
A.5.2.1 Hydraulic forcing in the eld

Observed hydraulic heads were used to constrain the hydraulic amiopy K=K, in
the 2-D ow model, whereK, is vertical hydraulic conductivity. With the boundary
conditions set (see above), hydraulic anisotropy is determined byamually minimiz-
ing the root mean squared error (RMSE) between the modeled antserved heads
by entering anisotropies between 1 and 20 into the numerical modekour sets of
hydraulic head observations were available immediately after lling (da0) and on
days 1, 2, and 5 of the experimental period, but only one of theseeats represent
peak lling conditions (Fig. A.2(a)). Hydraulic heads from this event fad the great-
est in uence on determining the best t for aquifer anisotropy. The best t between
observed and modeled hydraulic heads was found with an anisotroply4. This was
insensitive to varying K, across the measured range in the six monitoring wells of
T1.1 (Table A.1).

A.5.2.2 E. coli transport in the eld

A total of 21 observations (4 sampling events in ve wells plus an addanal sampling
event for well 1.1a) constrain the interactions oE. coli with aquifer sands. All

three models (Irreversible, Reversible and Two Attachment Modegan reproduce
the rapid increase inE. coli soon after the Iling of Pond 1. Irreversible attachment
only, however, predicts a sharp drop-o irE. coli towards the end of the experimental
period that was not observed (RMSE = 1,158 MPN/100 ml) (Fig. A.6(a). Reversible
attachment only does not generate the full range d&. coli concentrations maintained
throughout the experimental period along the length of the trarexct (RMSE = 826

MPN/100 ml) (Fig. A.6(b)). Applying both irreversible and irreversible attachment

to an arbitrary equal division of sites reduces the RMSE i&. coli by almost an order

of magnitude lower to 99 MPN/100 ml (Fig. A.6(c)). The RMSE value is &ble
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Figure A.6: Modeled e uent breakthrough curves (a-d) and retaied pro les (e-h) of
E. coli in saturated 10 cm duplicate columns of packed sand taken from tibase of
Pond 1. Solid and dashed lines represent results of 1-D inversion rabilg which put
equal weight on the e uent breakthrough and retained concenttion pro le. Error

bars represent 95% con dence intervals

across a broad range of parameter values and the minimum is maintathas long as
the ka=ky ratio remains close to 8 (Table A.2).

The anisotropy calibrated to hydraulic heads is consistent with the odeledE.
coli concentrations in the transect wells (Table A.1). For example, the-B model
shows thatE. coli would have been detected in abundance on day three of the eld
experiment with a hydraulic anisotropy of 1 and would have never beealetected for
an anisotropy of 10 (Fig. A.8(a)).

The distribution of hydraulic heads that constrained anisotropy dichot constrain
Kh (Table A.1). Triplicate slug tests, however, on each of the six tmasect wells
measured a narrow range of Kh from 26.8 to 38.9 m/d representingp@oximately

20% di erence of advective velocity using Darcy's Law. The midpointfahis range

was assigned to the entire modeled aquifer.
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A.5.2.3 E. coli transport in the columns

Column experiments 3 and 4 (Fig. A.5) span the full range of steadyate break-
through concentrations ofE. coli measured in all four laboratory experiments. Two
types of models were used to describe the movement of water d@dcoli through re-
packed sand columns. Bromide breakthrough was modeled with CXTIFto obtain
a dispersivity and advective velocity of 0.003 m and 8 m/day, respeetly. These
conditions represent a Peclet number of 0.11. A 1-D 101 node nite eérence trans-
port model was developed using Crank-Nicholson and central dience weighting to
obtain kinetic interaction terms betweenE. coli and the sand. Similar to the eld
modeling, the observations were tted to four di erent models of iteraction between
E. coli and aquifer sands. Irreversible attachment only cannot reprode the mea-
suredE. coli concentrations up to 40 pore volumes after the e uent has beematched
back to AGW only (Fig. A.7(a)). Reversible attachment only, on the ¢ther hand,
does not reproduce the observed build-up &. coli in the near the column inlet. As
in the eld, the combination of irreversible and reversible attachmernprovides a bet-
ter t to the observations than single attachment mode models (FigA.7(c) and (g)),
however even this model was unable to reproduce the very high dspion rates near
the column inlet. The model that t the data best assumed an equabroportion of
two populations of E. coli, one that attached irreversibly and one that attached both
irreversibly and reversibly (Fig. A.7(d) and (h)). Model ts tend to overestimateE.
coli concentrations since the experimental recovery in each column svwer than
that expected based on the mass balance calculations which includiea very low
measured inactivation rates in the in uent reservoir.

The kinetic attachment/detachment rates for the two population models from
columns 3 and 4 were applied to the calibrated 2-D ow model to obtaiexpected
transport distances in the saturated aquifer underneath Pond. 1The predicted 4-
log10 removal distance foE. coli in the saturated water table directly below Pond

1, was 3.5 m for rates obtained from column 3 and 6.9 m for column 4 eat (Fig.
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Figure A.7: Modeled breakthrough oE. coli in transect 1.1 shallow wells during the
experimental period (a-c). Input concentration at the upper bondary of the model
was 6,300 MPN/100 ml. Observed concentrations in the closest (Wa)land furthest
(W1.1e) wells from Pond 1 are displayed for comparison (a-c). The lemthree panels
represent observed versus predictdel coli concentrations for each of the three model

types with the root mean squared error (RMSE) (d-f).
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A.8(b)).

A.6 Discussion

A.6.1 Inuence of hydraulic anisotropy on spatial extent of

E. coli movement

Hydraulic anisotropy controls the relative proportion of horizontato vertical ground-
water ow. This aquifer property is not always measured during eldtransport stud-
ies, and thus may have gone unnoticed in its potential in uence on ld-scale bacterial
transport. Modest changes in hydraulic anisotropy within the calitated 2-D model
strongly in uence the depth of E. coli penetration into the aquifer. The sensitivity
analysis indicated that if the aquifer was isotropic the deeper well (1v1z) would
have contained abundantE. coli (Fig. A.8(a)). Anisotropy restricts this vertical
movement into the aquifer. In the present 2-D numerical model, kyaulic anisotropy
in uences the ow paths along which bacteria are advected but agmes the aquifer
is homogeneous with respect to grain size distribution. Thus kineticapameters are
spatially uniform. In this oodplain aquifer, however, thin silt layers were present and
bacterial attachment rates (T1) in ne material is much higher than in medium sand.
The saturated aquifer underlying Pond 1 has few silt layers and the edium sand
is homogeneous across the cored depth in the middle of the adjaceansect. Ap-
proximately 20 m northeast of T1.1, however, transect 2.1 contaed numerous 1 2cm
thick, and one 20 cm thick, silt layer indicating a higher local hydraulic misotropy
(Fig. 2(b) in [Knappett et al., 2014). This may explain why, in our previous study,
the deeper well in transect 2.1 (W2.1z) was found to contain little FIBDNA, whereas
the deeper well in T1.1 (W1.1z), less protected by silt layers, contad abundant
FIB DNA [Knappett et al., 2014.
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Figure A.8: Modeled and predicteckE. coli 4-log10 removal distance representing the
maximum transport distance on day 3 after the start of arti cial pond lling. (a)
As a function of hydraulic anisotropy. The long-dashed line represts the tted 4-
log10E. coli removal distance based on the optimal anisotropy of 4. The othénes
show the predicted 4-log10 removal distances for di erent hydutic anisotropies. (b)
Comparison of 4-log1. coli removal distances between 2-D model tted tde. coli
concentrations from the eld and predictions made from substituhg kinetic attach-
ment/detachment rates derived from 1-D column experiments intthe calibrated 2-D
ow model. The shaded areas represent the estimated uncertamnin each method.
The uncertainty band for the 2-D model was obtained by substitimg the range of

possible values ok, , kg and k; into the model (Table A.1).
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A.6.2 Importance of irreversible and reversible attachmen t

Microbial attachment modes operating at the column scale impact éhobserved trans-
port distances at the eld scale. In contrast to classic colloid Iltraton theory [Yao et
al., 1971; Logaret al., 1999 irreversible attachment alone is not able to reproduce the
spatial-temporal distribution of E. coli in the eld characterized by its delayed arrival
at the wells more distal to Pond 1 (Fig. A.6(a)). Reversible attachm# alone was
also inadequate (Fig. A.6(b)). The observed concentration comgence in the ve
shallow monitoring wells, indicative of a slowly arriving plume over 3 days$-{g. A.2),
can only be reproduced by the model that assumes both reversilaed irreversible
modes of attachment.

Attachment and detachment rates vary dynamically with pore veloity [Hendry
et al., 1999; Tong and Johnson, 2006In the present 2-D model, however, these rates
are assumed to be static. This limits the ability of the simpler, single agichment
mode models to predict. coli transport under transient ow conditions. The sharp
decrease in modele&. coli concentration after the end of each hydraulic input pulse
in single attachment mode reversible and irreversible attachment rdels (Fig. A.6(a)
and (b)) is the result of xed rates. In the more complex two attabment mode
model, the high detachment rate (11.41 1) maintains elevatedE. coli concentrations
in the aquifer independent of ow velocity. Classic colloid Itration theory, valid
for uniform-sized particles traveling through uniform-size sphert beads, predicts a
positive linear relationship betweerk; and pore velocity[Yao et al., 1971; Loganet
al., 1994. This relationship is qualitatively the same in natural heterogeneolyssized
sand since empirical researchers nd a linear relationship betwekp kg, ki and pore
velocity. This means that when pore velocity stagnatek,, kq, and k;, decrease and
pore concentrations would remain more stable than in the single attament mode
models presented here. These simpler models would perform betfeHydrus 2-D
allowed attachment and detachment rates to vary with pore velogit

Detachment has been demonstrated at the laboratory colunfhoganet al., 1995;
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Fontes et al., 1991 (Fig. A.7) scale, and at the eld scale[Zhang et al., 2001 by
extended tailing after a bacterial plume has passed. Temporarytathment has been
attributed to particles attracted to like-charged grain surfacesn the secondary en-
ergy minimum [Hahn et al., 2004. Empirical evidence and theory shows that under
repulsive bacteria-grain conditions, typical in nature, temporanattachment may in
fact be a slow rolling of the bacteria along the surface until they eidr detach back
into the ow stream or come to rest in ow stagnation zones downseéam of a sand
grain [Johnsonet al., 20074. Although it is typically studied at the pore and column
scale, the present study shows that detachment cannot be igedrat the eld scale.

Pore velocity did not only vary transiently in the 2-D model, it also varie spatially
during lling events, from 8 m/d near the upper model boundary to <@ m/d at
the outer model boundaries (data not shown). Modeled pore veltes are linearly
dependent on Kh, which ranges 20% from the midpoint, however this uncertainty
in Ky, has a minor impact on model t (Table A.1). Substituting the lower andupper
extremes of measured , while keeping kinetic parameters derived for the midpoint
Kh constant caused RSME to increase by 59 and 33%, respectively.

There was uncertainty in longitudinal dispersivity in the 2-D model (), since
published values range from 0.1 to 2.5 m for studies at the 10 m scalearying
across this range while keeping kinetic parameters derived for= 0:5m constant
caused RMSE to increase by 73% and 46%, respectively. This indicathat the
model is similarly sensitive to and K. If these were permitted to vary with the
kinetic parameters in the 2-D model, it is likely the ts of the eld measued E. coli
concentrations would have improved, but not enough to negate éhneed for all three
kinetic parameters, since the RSME for the three parameter (twattachment mode)
model was an order of magnitude better than the reversible attament model (Fig.
A.6).
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A.6.3 Potential confounding factors comparing columns to

aquifers

The di erences in attachment rates between columns and aquifecould be partly
due to dierences in bacterial metabolic state, background watechemistry, and
geochemistry of the sand. The water recharging through the ba®f Pond 1 con-
tained potentially older E. colii that may have lost some of its surface coatings
that enhance adsorption. [Hijnen et al., 2009 reported greater transport of in-
digenous thermotolerant coliforms in river water owing through sturated columns
packed with gravel than E. coli grown in the laboratory. In the present study,
freshly grown E. coli was injected into the column, possibly leading to higher at-
tachment rates and under prediction of eld transport. Dissolvedorganic matter
has been shown to enhance bacterial transport, in some caseatiog positively
charged metal oxides which attract the negatively charged bacta [Ryan et al., 1999;
Hall et al., 2004, but this depends on the type of organic matter. Ponds in Bangladk
contain substantial DOC [Neumannet al., 2009 and water recharging through Pond
1 had a low reduction potential (Eh) (data not shown) and its dark bown color and
high E. coli concentrations were the product of human and animal organic was In
contrast, no organic matter was co-injected into the columns witk. coli. Lastly, the
sand taken from the base of Pond 1 for columns appeared oxidizegirtg light brown
in color and the transition to grey sand occurred at 2.5 m below the ba of the pond,
near the level of the lowest water table level during the time periodeptember 2008
December 2009. The higher irreversible attachment rate modeled the column data
may have been due to the presence of more positively charged rhet&des in the
sand from the base of Pond {Abudalo et al., 2004.
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A.6.4 Scaling microbial transport with kinetic interactio n

parameters

At the column scale,E. coli e uent breakthrough and retention curves can be mod-
eled with simple or more complex numerical models (Table A.3). For thevb attach-
ment mode, single population model, reversible attachment rateseasimilar to that
modeled on eld data, but irreversible attachment rates are an oet of magnitude
higher in the columns (Table A.3). When the kinetic parameters derigefrom the two
population models are substituted into the calibrated 2-D model, thpredicted spatial
extent of the E. coli plume is shorter than observed in the eld (Fig. A.8(b)). The
rates from columns 3 and 4 predict that 4-log10 removal would oacafter 3.5 and 6.9
m, respectively. Clearly, variability between small columns can resuih large di er-
ences in predicted transport distances in the eld (Fig. A.8(b)). Btin each column
the best model, assessed by goodness of t to the column breakthgh and reten-
tion curves (Two Population Model), most accurately predicted eldscale transport
(Table A.3). Therefore, quanti cation of attachment and detachment mechanisms, in
10 cm column experiments, are required to predict the movement Bf coli into the
aquifer.

Researchers tend to apply overly simplistic models when upscaling aoluexperi-
ments to the eld scale. Often only irreversible attachment is accattied for in keeping
with classic colloid Itration theory. The assumption of irreversible atachment op-
erating in the context of steady-state ow biases predicted eld tansport distances.
As a result column experiments are perceived to vastly over predictmoval rates
in sand aquifers, although the degree to which they over predictmmval has rarely
been quanti ed even with simple models. Where this has been quantdeassuming
irreversible attachment only, columns over predict removal by oner more orders of
magnitude. Our ndings contrast with this general perception exapli ed by Table
1 in [Pang, 2008 Removal e ciency can be described spatially (D1) or kinetically

(T1). But a simple translation between the two can only be performeewhen steady-
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state ow conditions are assumed. In the present study, if the dtamn data is modeled
based on the peak breakthrough concentration assuming irresdsle attachment and
steady-state ow, as in[Pang, 2008 the predicted 4-log10 removal distances are less
than 1 m (Table A.3). When those same irreversible attachment rasewere applied
to the 2-D transient ow model 4-log10 removal distances were Higr, partly due to
high modeled pore velocities close to the base of Pond 1 (Table A.3).

The inclusion of reversible and irreversible attachment in the up-ske 2-D model
produced much more realistic transport distances. The model thavas complex
enough to accurately describe transport and retention in columreso made reason-
able predictions at the eld scale (Table A.3). Even amongst 1-D motke presented
here that include reversible attachment, the goodness of t anche predicted trans-
port distances vary (Table A.3). The only model that is able to adecately describe
both column breakthrough concentrations and retention pro le however, is the two
population model (Fig. A.4(h)). This model assumes that there arevo populations
of E. coli present, di ering in their attachment characteristics [Foppenet al., 2007.
These underlying mechanisms result in transport that cannot be egunted for by a
simple rst-order removal process, neither can their impact at te eld scale be pre-
dicted by a spatial removal rate from snap-shots in time at the colan scale[Pang,
2004.

A.6.5 Predicting eld-scale transport from ex situ measure -

ments

Di erences in lItration rates in the vertical and lateral directions, in the presence
of ne layers, are expected to be substantial.[Feighery et al., 2013 demonstrated
substantially higher kinetic removal rates forE. coli owing through intact vertical

cores, with the horizontal silt layers preserved, than in columns pked with homog-
enized sediment from the same site. The utility of column experimenta making

predictions at the eld scale could therefore be improved if ne layerwere explicitly
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rendered in the eld-scale model to account for the impact of botepatially varying
ow eld and ltration rates.

Transient ow conditions are typical in aquifers under the in uenceof surface
water. In the present study, column experiments were run at cetant high advective
velocity (8 m/day). This velocity was derived from the simulated peakadvective
velocity in the 2-D calibrated ow model on the saturated aquifer imnadiately below
the upper boundary when Pond 1 was full, and is not representative the modeled
aquifer. Much lower peak velocities predominated through most ohé¢ 2-D model
domain, even when Pond 1 was full. This may be why higher kinetic attament
rates were modeled on columns than on the aquifer. In future expaents, therefore
parallel column experiments should be conducted across the rarajghose velocities
encountered at the eld site and these empirical relationships shialibe incorporated

into the predictive eld scale model.

A.7 Conclusions

Reproducing the movement oE. coli in a well-studied shallow sandy aquifer required
a 2-D model that assumed both reversible and irreversible modesbaicterial attach-
ment. Anisotropy of hydraulic conductivity was also shown to gre& in uence the
depth that microbial contamination emanating from a latrine pond ca negatively
impact groundwater quality. Kinetic attachment rates forE. coli measured in 10 cm
columns were somewhat higher than modeled at the eld scale, yieldirgshorter
4-log10 removal distance even when hydraulic anisotropy and muligprainfall events
are accounted for. The underestimate in the maximum transportistance in the eld
predicted by the columns was only 39 78%, however, suggestingttpeedicting eld-
scale transport from laboratory studies could be within reach on¢be dependency of
kinetic attachment and detachment rates upon temporally and spially varying ow

eld and sediment size distribution are accounted for. This is importat because non-
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steady state conditions with multiple pulses of water are more typitaf the natural

environment, especially in places with extreme rainfall events.
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A.9 Tables 7
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5
Table A.1: Sensitivity analysis forKy and anisotropy Kn=K,). Interaction parameters Ka;Kq; ki) were derived for >
Anisotropy = 4, K, = 32.8 m/d. The lower and upper range ofK,, was substituted into the model, while keeping >
Ka; Kq; ki constant and the goodness of t was calculated (RMSE). The sanveas done for horizontal dispersivity ().
Kh =26:8m=day | Ky, = 32:8m=day | K}, = 38:9m=day =0:1m =0:5m =2:5m
Anisotropy | RMSE hydraulic head (m)
RMSE E.coli (MPN/100ml)
1 47
4 11.6 157 99 132 171 99 145
5 12.8
10 18
15 17
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Table A.2: Manual Optimization of the attachment/detachment kindic parameters

for the 2-D ow and transport model.
Ka  Kqg ki RMSE Kka=kq

110 139 532 1136 7.91
100 12.64 5.3 110.7 7.91
90 11.38 5.28 108.0 7.91
80 10.12 5.28 1049 7.91
70 8.85 523 1021 791
60 759 517 994 7.91
50 6.32 5.15 1003 7.91
40 5.06 5.12 109.7 7.91
30 3.79 5.09 1429 791
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Table A.3: Best-t Model Parameters for E. coli in Column Experimets performed using Sand from Base of Pond 1.
The analytical model type refers to that extracted simply basedrothe peak steady-state breakthrough concentration

which was taken to be the average normalized concentratio€£C;) along the at plateau. Assuming the advective

'V XIAN3IddV

ow regime was steady-state ow of 8 m/day, used in the column exgriment, k; was used to obtain the 4-log10 removal

distance. The 1-D numerical modeling results were up-scaled by stitution into the calibrated, transient ow 2-D

model. The results from the 2-D modeling are shown for comparison.

Population 1 Population 2 Field Scale

Experiment | Model Name Model Type | ka(d 1) | kg(d 1) | ki(d 1) | ki(d 1) BTC R2 | Retained R2 | Flow Regime | Removal Distance (m)

Irreversible, Peak C=Cp | Analytical 197.7 Steady-State 0.4

Irreversible Numerical 227.1 0 0.5 Transient 1
Column 3 Reversible Numerical 240.1 1.2 0.11 0.14 Transient 3.4

Two mode Numerical 159.1 43.9 184.1 0.46 0.38 Transient 24

Two population Numerical 130.2 7.3 71.4 842.5 0.54 0.86 Transient 3.4

Irreversible, Peak C=Cp | Analytical 117.5 Steady-State 0.6

Irreversible Numerical 115.7 0.6 0.07 Transient 21
Column 4 Reversible Numerical 132.6 0.9 0.81 0.22 Transient 4.3

Two mode Numerical 69.3 5.7 78.3 0.86 0.28 Transient 3.8

Two population Numerical 96.9 4.1 0 276.5 0.83 0.82 Transient 6.9

Irreversible Numerical 7.6 115.8 Transient
Field 2-D Reversible Numerical 10.5 0.2 826 Transient

Two mode Numerical 60 7.6 5.2 99 Transient 8.8




