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200 nm in silty aquifers to 100,000 nm in gravel aquifers (de Boer, 2012; Elliott & Zhang,
2001).

Accordingly, NPs are capable to be injected as a colloidal suspension in most aquifers, which
permits application in otherwise hard-to-reach places like deep aquifers or below buildings, as
well as direct injection into the contaminant source zone. NP injection into the source zone
enables the rapid treatment of highly concentrated dissolved contaminants close to the
contaminant source, greatly enhancing dissolution. This effectively cuts off the contaminant
plume, preventing further downstream transportation of contaminants.

1.2.1 NP Mobility

The attachment of colloidal particles in porous media is governed by (i) particle-grain and
particle-particle interactions as discussed in Chapter 4.2.2, and (ii) the collision mechanism
determining the deposition of a single particle onto a single collector (grain) as discussed
in 4.2.3 (Tosco & Sethi, 2010).

(1) Particle-Grain & Particle-Particle Interactions
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Figure 1.1 Schematic images of particle-grain & particle-particle interactions (top, adapted
from Tosco, et al., (2016) and of collision mechanisms (bottom, adapted from Yao (1971).
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2 Characterization of Fluid Flow Generated by High Velocity Injection
(1D)

2.1 Motivation

The goal of this chapter is to examine the non-Darcy effect of high velocity injection in porous
media.

When fluids are injected with high flow velocity via an injection well, the flow in the vicinity
of the well becomes turbulent (Reynolds number Re > 10). The resisting force (inertial force)
of fluid against a change in velocity (inertial effects) in porous media is not negligible, and thus
an increase in hydraulic head occurs in the pores. In other words, the hydraulic head in the
vicinity of the well is higher than that predicted by Darcy’s law (Zeng & Grigg, 2006). This
type of fluid flow is called non-Darcy flow. The non-Darcy flow conditions occur only around
the well; after certain distance the conditions conform to Darcy flow (Mathias & Wen, 2015;
Wu, et al., 2009), because flow velocity decreases with distance from the injection position.
This is due to the hyperbolic expansion of the flow zone area. The hydraulic head gradient also
decreases hyperbolically with distance from the injection position, since it is proportional to the
flow velocity.

Due to the different flow regime, the injection head at the injection position is higher and the
decrease in velocity (or hydraulic head gradient) is significantly large when the fluid is injected
using the Direct Push Method, as opposed to injection via fully penetrating well.

In the Direct Push Method, the fluid is injected via the injection rod, with small nozzles at the
end of the rod. As such the fluid is released from the nozzle at very high velocity and flows in
all three-dimensional directions, comprising horizontal and vertical flow components. By
contrast, the fluid released from a fully penetrating well, the screen zone of which extends the
full depth of the aquifer, is released at a much lower velocity, flows radially and comprises only
horizontal flow components. Thus, the increase in the area of the flow zone is more pronounced
in the Direct Push Method, and is an inverse function of the velocity, leading to a great
difference between the two injection methods regarding the decrease of velocity and the
hydraulic head gradient.

Accordingly, the non-Darcy effect around the injection position in the Direct Push Method is
excessively high. As such the injection head and space dependent hydraulic head gradient
cannot be accurately predicted by Darcy’s law, so this study aims to explore the magnitude of
non-Darcy effects on the flow velocity in porous media, and to develop a prediction tool for the
hydraulic head gradient under the conditions of non-Darcy flow.
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2.2 Conceptual Model and Mathematical Description

2.2.1 Darcy’s law

Groundwater flows on the microscopic scale are a complex network of flows through the
tortuous, interconnected pore spaces of the soil. Avoiding the difficulties of the microscopic
hydrodynamic picture, Darcy’s law relies on a simple observation on the macroscopic scale:
when an incompressible laminar flow reaches steady state, the hydraulic head gradient caused
by the flow is a linear function of the specific discharge q (Darcy velocity):

q =—KVh (2.1)

where K [LT] is the hydraulic conductivity of the porous media and Vh is the gradient of the
hydraulic head h [L] given by,

p
h=-—+z (2.2)
Prg
where p [M L™ T?] is the pressure, py [M L] is the fluid density, g [M T?] is the gravity and

z [L] is the elevation head.

Using the intrinsic permeability of soil pores k, [L?] and dynamic viscosity of fluid
pu [M L ! T of the fluid Eq.(2.1) takes the form of

k
q =-— IO(VP + prgVz) (2.3)

Darcy’s law is only valid where the flow is characterized by a small Reynolds number (Re < 10)
and is dominated by viscous forces (Rodriguez de Castro & Radilla, 2017).

2.2.2 Forchheimer Equation for non-Darcy Flow

Increasing flow velocity or decreasing viscosity will cause inertial forces to gain importance in
the flow dynamics, leading to perturbations of the flow field due to the heterogeneity of the
porous media. A flow regime that exceeds the critical Reynold’s number is called non-Darcy
flow, and can no longer be described by a simple linear relationship between hydraulic head
gradient and discharge. It is instead described by a non-linear relationship accounting for the
additional inertial forces.

One example of where such flows may arise is the recharge of fluid in an aquifer via a partially
penetrating well, or alternatively via the Direct Push Method which leads to high flow velocity
and a high Reynolds number (Re > 10) in the vicinity of the well, producing non-Darcy flow
conditions there (Moutsopoulos, 2009; Sidiropoulou, et al., 2007).

For such conditions, where the non-Darcy effects on the pore scale are no longer negligible,
Forchheimer proposed a non-linear relation between flow velocity and the hydraulic head
gradient (Forchheimer, 1901):

b
q +§Kq2 = —KVh (2.4)
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where b [L] is the Forchheimer coefficient, which depends on the porous media properties.
Equation (2.4) reduces to linear Darcy law when g is small (how small depends on the porous
media).

Equation (2.4) can also be transformed to Darcy’s law using Forchheimer factor F [-]
(O<F<1):

q = —KFVh (2.5)
where

b1 kpy 17 (2.6)
F=[1+2Ke] =[14+572]
9 u

2.2.3 Reynold’s Number

The Reynold’s number is a dimensionless quantity which quantifies the ratio of inertial force to
viscous forces. In porous media it is given by

_Inertial force  prqDy 2.7
" Viscous force  ue |

where D, [L] is the diameter of the soil grains and ¢ is porosity [-].

In porous media, the Reynolds number is an important measure for distinguishing Darcy and
non-Darcy flow regimes. According to the work of Zeng & Grigg (2006), the critical Reynolds
number which marks the onset of non-Darcy flow lies in the range of 1 to 100. Following the
suggestion of Hassanizadeh and Gray (1987), in this work, flow shall be considered non-Darcy
when the Reynolds number exceeds 10 (Re > 10).

2.3 Materials & Methods

In order to get a better qualitative understanding of the non-Darcy effects occurring during the
injection of water into porous media, 1D flow experiments in columns were performed.

Porous Media and Column Filling

Non-monosized quartz sand was used as porous medium for the experiment (mixture of
Dorsilit® 2F 3-5 mm and Dorsilit® FG 0-3 mm, Dorfner GmbH, Germany). The grain size
distribution of the mixed porous media, described with D-values (d,/dso /dgg ), denoting the
intercepts for 10 %, 50 % and 90 % of the cumulative mass of the sand, is listed in Table 2.1.
The grain size distribution is consistent with the porous material of the 2D large experiments in
this study (this will be discussed later in this study). The quartz sand was delivered fire-dried
and had a very low iron content (< I mg/kg).

The porous medium was packed in glass columns with an inner diameter of 4 cm. The columns
were filled using the dry packing method, following the example of Rad and Tumay (1987).
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Homogeneous packing was achieved by pluviating sand into column through a sand raining

tube, which ensures the porous material grains to fall at terminal velocity before being deposited
(Rad & Tumay, 1987).

To replace the air inside the pore matrix, the sand-filled columns were then flushed with four
pore volumes (PV) of Argon gas from bottom to top. Finally the columns were saturated with
degassed tap water (< 1 mg dissolved O2/L) and flushed with 4 PVs.

The pore volume of each column was calculated by subtracting the mass of the dry column
from the mass of the water-saturated column. The permeability of each packed column was
obtained following the fitting method used by Rodriguez de Castro and Radilla (2017).

The pure water was injected into the column at various velocities, and the measured pressure
gradients (maximum hydraulic head gradient during the pure water injection) of all applied flow

velocities were fitted to q % with the least absolute residual method in order to minimize the

N |AP; _n
S|y

sum of the residual —— ~ with N being the number of experimental data points. The

hydraulic conductivity is given by K = kaf‘g. The applied value of the dynamic viscosity of

water p and the density of water p were 1.00 - 107 [pa s] and 1.00 - 10° [kg/m?] respectively.

The obtained values of permeability, hydraulic conductivity, bulk density, grain size
distribution, and porosity € as derived from the pore volume are presented in Table 2.1.

Table 2.1 Characteristics of porous media
k [m?] KImis]  pp [kg/m?] d1o/dso /dgo [M] €[]

459 .10  4.49.10% 1.65-10° 2.50 - 10%/7.00 - 10%/2.80 - 10° 0.39

Water

The used water for this study is degassed drinking water from the water supply in Stuttgart
(Zweckverband Bodensee-Wasserversorgung), which contains very low dissolved oxygen
(<1 mg/l).

It is reported that NP mobility is significantly reduced in a solution which has high ionic
strength (Bianco, et al., 2015; Tosco & Sethi, 2009). Presented in Table 2.2 are the chemical
constituents of the water used which reflect the ionic strength (Bodensee-Wasserversorgung,
2017). Based on the concentration of these chemicals, the ionic strength 1 of the water was

obtained as 4mM, calculated with the equation I = %Z’f c;z? (IUPAC, 1997), where C; is the

molar concentration of ion [mol/l], z;is the charge number of that ion. Since high ionic strength
hinders NP transport, the low ionic strength of 4mM in the water used is regarded as having a
minor effect on the NP.



2 Characterization of Fluid Flow Generated by High Velocity Injection (1D) 26

Table 2.2 Concentration of chemical constituents which correspond to the ionic strength in the
water used (Bodensee-Wasserversorgung, 2017)

Constituents Concentration Constituents Concentration
Calcium 48 mg/l Carbonate 30.9 mg/I
Magnesium 8.1 mg/l Sulfate 33 mg/l
Sodium 5.4 mg/l Chloride 7.3 mg/l
Pottasium 1.4 mg/l Nitrate 0.01 mg/I

Setup and Procedure: Non-Darcy Flow Experiments (1D)

Degassed tap water was injected into horizontally arranged packed columns measuring 0.44 m
length, using a cylinder pump adjusting constant flux boundary condition (Figure 2.1). The
pump was driven by nitrogen gas with a pressure of up to 7 bar, and the flow rate was regulated
by the controlling pressure of the pump. The actual flow rate was obtained by dividing a
measured cumulative mass of outlet solution by a measured period of time and a column cross
sectional area.

For each injection, one liter of water was flushed, which is equivalent to four pore volumes
(PV), and during the injection the pressure at the inlet and the outlet was measured with pressure
transducers (PT4515, ifm electronic). Once a liter of water had passed through the column, the
controlling pressure of the pump was increased and the measurement carried out again for the
new injection rate.

Fifteen injection rates within the range of 1.71 - 10 to 4.10 - 10 m*/s were applied in this
study. The increase in the injection rate was determined by increasing the controlling pressure
of the pump; at 0.2 bar intervals from 0.3 bar to 1.5 bar, then at 0.5 bar intervals until 2.0 bar
and at 1 bar intervals until 5 bar.
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Figure 2.1 Set-up of thelD column experiment (adapted from Accolla (2017))
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2.4 Results and Discussion

The hydraulic head gradient was obtained from the measured pressures at the inlet P;,, and the

AP (Pin —P,
outlet P,,,; as — = Pin ~Pout)

. . . : Ah
, which was converted into the hydraulic hydrau gradient as — =
AP
praL’

shows that the empirical gradient (black dots) does not coincide with the calculated hydraulic

The relation of the hydraulic head gradient and flow velocity q is shown in Figure 2.2. It

head gradient of Darcy’s law (dashed line) at higher flow velocities. This deviation reveals that
the linear relation between the measured hydraulic head gradient and the flow velocity of
Darcy’s law no longer holds due to the increased inertial forces yielded by the increase in flow
rate.

The obvious deviation can be observed after velocity q = 0.005 m/s. The Reynolds number at q
=0.005 m/s is 8.97 (Figure 2.2, a dotted line). One study suggests the flow is considered non-
Darcy when the Reynold’s number exceeds 10 (Re > 10) (Hassanizadeh & Gray, 1987).

Consistent with this suggestion, in this study, an non-Darcy effect was not observed where the
Reynold’s number was below 9. Thus, the critical Reynolds number in the used porous media
is determined as 9 in this study, and a flow velocity which causes the Reynolds number to
exceed 9 is assumed to be non-Darcy flow.

The Forchheimer coefficient b was obtained by fitting the experimental data and the
Forchheimer’s equation (Eq.(2.4)) using the least square method. The value was determined as
b=1.79-10°. The fitted curve of the Forchheimer’s equation (solid line) shows good agreement
with the experimental data. The goodness of fit was assessed by the R-squared value (R?). The
value obtained for the fit with the Forchheimer equation was 0.99, which is 7 % higher than the
R-squared value of 0.93 obtained for the fit with Darcy’s law.

Using the obtained b value, the Forchheimer factor F was predicted for the velocity range of
0 to 0.1 m/s (Figure 2.2b). In this study, the flow velocity q = 0.1 m/s was selected as the highest
velocity which may be generated around the injection position during a field injection using the
Direct Push Method.

Figure 2.2b shows that the F value at q = 0.1 m/s is 0.55, i.e. the conduction term KF in Eq.(2.5)
decreases to 55 % of the initial hydraulic conductivity, which implies that at 0.01 m from the
injection well the hydraulic head gradient becomes 182 % higher than the hydraulic head
gradient predicted by Darcy’s law.
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Figure 2.2 Hydraulic head gradient (left axis) and Reynolds number (right axis) over the flow
velocity (a) and Forchheimer factor F at various flow velocities (b). For (a), black dots are
experimental data, the dashed line represents their fit to Darcy’s law, and the solid line their fit
to Forchheimer’s equation.

2.5 Summary of the Findings

Through an analysis of the Darcy and non-Darcy flow during water injection in a 1D flow
system, a better understanding of the inertial effect at high velocity was obtained. The
Forchheimer coefficient of the porous media was obtained, which will be applied in the
upscaling and the prediction of the hydraulic head gradient in the subsequent large scale
experiment. The effect of flow velocity on the inertial effect, the Reynolds number, and the
Forchheimer factor were quantified. Forchheimer's equation proved its importance in the
prediction of the hydraulic head in the high velocity region of over 0.01 m/s.
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3 Analysis of Shear-Thinning Fluid Flow and Transport Generated by
Viscous Fluid Injection

3.1 Motivation

The main purpose of this study is to examine 1) the flow and transport characteristics of viscous
shear-thinning fluids, and 2) the effect of fluid viscosity and rheological properties on the pore
pressure in the non-Darcy flow field.

The injection fluid for the NP injection is a (highly) viscous colloidal suspension containing
polymers that stabilize the particles in the suspension. Since the viscosity is a function of the
dissolved polymer concentration in the solvent (water, in this study), viscosity in the pore matrix
resulting from the injection is subject to the transport of polymer fluid and the distribution of
concentration at each time step.

NP injections usually require much higher pressure compared to pure water injections due to
the high viscosity of the carrier fluid, which causes an increase in the hydraulic head around the
injection point. However, the shear-thinning properties of the polymer solution, which come to
the fore as the viscosity decreases at high flow rates, moderates the increase in the hydraulic
head (Rodriguez de Castro & Radilla, 2017).

One might reasonably speculate that the effects described above could lead to a different fluid
flow and particle transport behavior in the non-Darcy flow field, as compared to the case of
pure water flow and solute transport in the Darcy flow field. It is therefore critical to investigate
the flow and transport behavior for different polymer concentrations and the effect of the fluid’s
rheological properties on the flow field at different flow velocities.

In order to quantify the influence of each of the competing effects of the viscous fluid transport
and shear-thinning, both phenomena were studied individually first, and then brought together
in one system. The constitutive relations were identified by looking at the concentration profiles
of the column experiments and fitting parameters for a numerical model of these experiments.

3.2 Conceptual and Mathematical Model

3.2.1 Solute Transport in Porous Media

Conservative solute transport in porous media can be described by the advection-dispersion
equation:

dc
£a+c'1’-Vc—eDVZC—S=0 (3.1)

where ¢ [M L®] is the concentration of the solute, ¢ [-] is the porosity, G [L T™] is the Darcy
velocity vector, t [T] is time and D [L2 T'] is the dispersion tensor and S represents a source or
sink.
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Taking into account only the component in the x-direction and assuming the porosity ¢ is
constant in space, the equation can further be simplified to the conservative transport equation:

dc qac d%c

% 3232 Pz 5=0 3.2)
The polymer used for the shear-thinning carrier fluid in this study is carboxymethyl cellulose
(CMC) (see chapter 3.3). A previous study of the CMC transport (Accolla, 2017) showed that
the CMC solution used was transported without retardation or deposition, and for that reason,
in this study the transport behavior of the CMC solution will be considered a conservative
transport. The 1D transport of the shear-thinning polymer fluid can be described with Eq. (3.2),

with ¢ being the CMC concentration cqpc-

3.2.2 Shear-Thinning Effect of Polymer Carrier Fluid

For regular (Newtonian) fluids, shear stress T [M L T2] on shear rate y [T] have a linear
relationship T = uy, where the constant coefficient u is the dynamic viscosity of the fluid.
However, in the case of non-Newtonian fluids, u [M L T1] itself is a function of the shear rate
v (u = wu(y)), turning the simple linear model into a non-linear one, T = u(y)y.

Shear-thinning is a non-Newtonian effect, in which the viscosity decreases with increasing
shear rate. The extent of shear-thinning depends on polymer type, concentration, temperature,
and shear rate (Teegarden, 2004).

For a given fluid at a given temperature, the empirical Carreau model (Carreau, 1972) can

accurately predict the variation in viscosity when varying the shear rate.
The Carreau equation is described as:
H— Ho . n-1
—— =1+ y)?) 2 3.3
Ho — Hoo ( )

where u is the viscosity given shear rate y, u, and u,, are the zero shear rate and infinite shear
rate viscosities respectively, n is the power-law index, and A is the empirical constant.

According to Gastone et al (2014), the rheological parameters g, 1o and A are the function of
the used polymer concentration (in this study CMC) and can be described as:

to(ceme) = uw(d + cemc™)

(3.4)
A = Accuc®

where pu,, is the viscosity of the solvent (water, in this study), and the values of parameters E,
A and B are determined by fitting to experimental data. Following Rodriguez de Castro &
Radilla (2017), the infinite shear rate viscosity p. (ccuc) Was assumed to be the viscosity of
the solvent for all CMC concentrations, in this case that of water (1.01 - 1073 Pas).

Employing the equations of the rheological parameters explained above Eq. (3.4), the Carreau
model for CMC solution yields
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1=ty + (@ + cepc®) — ) (A + (Aceuc® -y )Z)nT_l (3.5)

3.2.3 Shear-Thinning Effect in Porous Media.

The shear-thinning viscosity in porous media can be described based on the Carreau model
(E0.(3.5)). In this case, the viscosity in porous media, the apparent viscosity i, (¥pm) Which

is a function of the apparent shear rate in porous mediay,,, is used instead of the shear rate-
dependent intrinsic viscosity u (). The apparent shear rate y,,, is obtained from the Darcy

velocity y,,, = a\/% (Rodriguez de Castro & Radilla, 2017). Thus the apparent viscosity is
given by:

n—1

Hpm = M + (o (1 + comc®) — 1) <(1 + (ACCMCB : a\/%) ) (3.6)

where «a is an empirical shift factor, which linearly shifts the intrinsic shear-thinning viscosity
u of the CMC solution to the viscosity in porous media. The shift factor a depends on the
rheological properties of the shear-thinning fluid as well as the structure of the porous medium,
including the shape and size of the grains (Lopez, et al., 2003). According to Lopez et al, there
is no theory that can predict a reliably. Thus the value needs to be obtained empirically and
usually lies in the range of 1 < a < 15, where a value of 1 is expected for monosized spheres
and higher values account for irregular shapes and varying grain size distributions (Lopez, et
al., 2003; Tosco, et al., 2013).

3.2.4 Flow of Shear-Thinning Fluid in Porous Media

When a shear-thinning fluid is injected into a porous medium, the hydraulic head gradient is
considerably higher than in the case of a pure water injection due to the high viscosity of the
fluid. However, the high flow velocity in the injection zone reduces the viscosity of the carrier
fluid, which compensates for the hydraulic head increase to some degree.

For the shear-thinning fluid flow in porous media, Darcy’s law and the Forchheimer equation
are applicable in the framework of the generalized Newtonian fluid theory (Bird, et al., 1987;
Bird, 2002) in which the constant Newtonian viscosity is replaced by a shear-dependent
viscosity that takes the rheological properties of the fluid and pore fluid flow velocity into
account (Lopez, et al., 2003; Bird, et al., 1987; Pearson & Tardy, 2002; Sorbie, et al., 1989).
For a 1D geometry, Darcy’s law and the Forchheimer equation read:

Ah kprg Ah { Darcy: F =1 }

= —KF—= — F—
a L tom(cemer Vom) L Forchheimer:0 < F < 1

(3.7)
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5 q
Upm(CCMC' ypm)

b _1

where k [L?] is the intrinsic permeability of porous media, p; [M L] is the fluid density,
g[L T? is gravity, L [L] is the length of the one-dimensional porous media zone and
Mpm()'/pm) [Pa s] ] is the apparent viscosity accounting for the shear-thinning effect in porous
media, which depends on the apparent shear rate y,,, [T1] and the polymer concentration.

In the case of a 1D column system with constant injection rate, the viscosity only changes as a
result of changes in the polymer concentration. In the early stage of the injection, the saturated
water is progressively displaced by the injected polymer fluid in the direction of the flow.
Where the polymer concentration increases, the viscosity rises and the hydraulic conductivity
drops. Accordingly, the hydraulic head increases during the transient state of the injection until
all water has been replaced with the polymer fluid and steady state conditions have been reached
(Santoso, et al., 2018).

3.3 Materials & Methods

In order to get a better qualitative understanding of viscous fluid transport with the shear-
thinning effect and non-Darcy effects occurring during the injection of fluid into porous media,
1D flow and transport experiments in columns were performed.

Porous Media and Column Filling and Water

Same procedure as laid out in Chapter 2.3 was used.

Carboxymethyl cellulose (CMC) and Polymer Solution

Sodium carboxymethyl cellulose is a cellulose derivative with carboxymethyl groups, produced
by partial substitution of the cellulose hydroxyl groups with ionic hydrophilic moieties
(deButts, et al., 1957; CPKelco, 2009). It is water soluble and appears as a white powder in its
solid form. Sodium carboxymethyl cellulose is widely used in many different industrial fields,
mainly for controlling viscosity. In the context of nanoremediation, CMC is added to the
colloidal nano particle suspension of the injection fluid for the purpose of stabilization, and also
to prevent aggregation and sedimentation (Phenrat, et al., 2007).

The polymer solution was made by dispersing granular sodium carboxymethyl cellulose
(Walocel CRT 30 GA, Dow Wolff Cellulosics GmbH, Germany) in degassed tap water using
a disperser (T25 digital Ultra-Turrax®, IKA Werke GmbH & Co. KG). The solutions were
produced at least one day prior to the experiments, allowing for the solution to reach a
homogenous state.
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3.4 Results and Discussion

3.4.1 Transport of Polymer Solution in Porous Media

As explained in the Chapter 3.2.1, transport of CMC in porous media is considered
conservative. Thus the transport behavior of the CMC solution was investigated using the same
method for the conservative solute transport as was used to analyze the breakthrough of the
tracer mixed in the CMC solution. In this method, the tracer breakthrough was considered
representative of the CMC breakthrough. The solution was injected continuously, and the inlet
concentration of CMCl/tracer was constant over the injection time.

The longitudinal dispersion coefficient D, [L2 T] was obtained for each flow velocity and
CMC concentration by fitting the measured tracer breakthrough curve to the analytical solution
for solute transport (Lapidus & Amundson, 1952; Bianco, et al., 2015), given by

c 1 ; <x—vt>+ 1 (vx>1 y <x+vt> (3.9)
—=—erfc —exp|—|=erfc ,
Co 2 2,/D;t 2 P D,/ 2 2,/D;t

where ¢ [M L?] is a tracer (CMC) concentration at time t and ¢, [M L7?] is the initial
concentration. x [L] is the observation point seen from the column inlet, v is seepage velocity,

which can be described with the Darcy velocity and porosity v = %.

An example of the experimental data and the fitted curve is presented in Figure 3.1. The
goodness of fit is estimated with three parameters: the sum of squared estimate of errors (SSe),
the residual standard deviation (Sr) and the R-squared (r?). The low values of SSe and Sr (4.68
- 102and 2.44 - 107 respectively) and the high value of the R-squared (99.9) indicate very good
agreement between both curves. By way of this fitting, the longitudinal dispersion coefficient
D, [L2 T-1] was obtained.

The D, is a function of the seepage velocity and the dispersivity «; [L]:
Dl = a-v (310)
From the fitted D;, the dispersivity a;was derived using Eq.(3.10) for each CMC concentration.

The association of D; and the seepage velocity is represented in Figure 3.2. It is shown that an
increase in CMC concentration yields an increase in the curve gradient, henceforth «;. It can be
observed that the empirical data and the fitted curves are in satisfactory agreement for all
concentrations. The fitting accuracy was evaluated with two parameters (the R-squared and the
residual standard deviation).

The obtained dispersivity a; and the parameters used to evaluate the fitting accuracy are listed
in Table 3.1. The dispersivity «; for water is close to the mean grain size (ds,) of the sand, but
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the dispersivity increases as CMC concentration increases. This finding implies that the higher
viscosity solution dispersed more.
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Figure 3.1 Sample tracer breakthrough curve. Blue dots represent experimental data and the red
solid line represents a fitted curve, calculated with Eq (3.9). The goodness of fit is expressed
with the sum of of squared estimate of errors (SSe), the residual standard deviation (Sr) and the
R-squared (R?).
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Figure 3.2 Longitudinal dispersion coefficient vs the seepage velocity for various CMC
concentrations. Triangles represent experimental data and dashed lines are the curves calculated
with Eq. (3.10).
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Table 3.1 The obtained longitudinal dispersivity and the parameters (R2 and Sr) for evaluation
of the fitting accuracy

CMC concentration [g/L] a; [m] R? Sr
0 6.39 - 103 0.83 257 -10°
5 1.61- 102 0.93 8.94 - 10°
10 2.14 - 102 0.8 9.21-10°
20 2.70 - 102 0.83 3.93-10°

According to Gelhar et al. (1992), longitudinal dispersitivy ranges between 102 to 10* m. The
obtained dispersivity for water (CMC concentration = 0 g/L) is 6.39 - 103 m, which is slightly
lower than the range stated by Gelhar et al. (1992).

3.4.2 Shear-Thinning Effect of Polymer Solution

The viscosity of each CMC solution measured using the rotational viscometer is reported in
Figure 3.3. It shows shear-thinning behavior for all concentrations, with the viscosity
decreasing with as shear rate increases. It also shows that an increase in CMC concentration
yields a higher viscosity and a greater shear thinning effect.

* cCMC=2g/L
0.09 - \ * cCMC=5g/L
* cCMC=10g/L
L * cCMC=20g/L
0.08 ——ST Model
——ST Model(5)
0.07 ——ST Model(10)
\ ——ST Model(20)
©0.06 .
© \
Z AN
£0.05 .
\
20.04 e

10° 10" 10? 10° 10*
Shear rate [s'w]

Figure 3.3 Viscosity vs. shear rate for the CMC concentrations in the range of 2 to 20 g/L. Dots
represent the measured data and dashed lines represent the fitted curves using the Carreau model
(ST Model) (Eq. (3.3)).

The measured viscosity of each CMC solution (2, 5, 10 and 20 g/L) was fitted with the shear-
thinning Carreau model (Eq.(3.3)) by the least square method and the empirical parameters
Uo, Heos A, and n for each CMC concentration were obtained (Table 3.2). Viscosity was
measured within a shear rate of > 10 (s2).

According to the study of Rodriguez de Castro & Radilla (2017), the infinite shear rate viscosity
Ue Can be assumed to be that of the solvent (in this study, water at room temperature).
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Therefore, for all was used. For each concentration, the model and the empirical data show a
good agreement with a low residual sum of squares (SSe: 5.06 - 107, 3.53 - 107, 2.69 - 107,
5.12 - 107) and R-squared (R2: 0.95, 0.87, 0.93 and 0.75) respectively.

Based on the obtained parameters: u,, U, , and A for each CMC concentration, the
concentration function parameters E, A, and B in Eq. (3.5) were determined by the least square
fitting method. The values of the fitted parameters are £ = 1.6179, A = 0.0617, and
B = 1.246.

Table 3.2 Empirical parameters of Carreau model (Eq.(3.3)) obtained from the curve fitting.

Cemc [9/L] Mo [Pa s] M [Pa s] A[s] n

2 9.18 - 103 1.01 - 103 0.14 0.54
5 2.31-10? 1.01 - 103 0.41 0.59
10 4.59 - 102 1.01 - 103 1.41 0.68
20 1.27 - 101 1.01 - 103 2.23 0.72

3.4.3 Shear-Thinning Effect in Porous Media
The experimental data for the hydraulic head gradient as a function of flow velocity are
presented in Figure 3.4. They show a steeper increase in the head gradient AL—h at the higher CMC

concentration, attributable to the higher viscosity of the CMC solution.
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Figure 3.4 Hydraulic head gradient vs. Darcy velocity for the injection of CMC solution with
concentration of 0, 2 5, 10 and 20 g/L. Dots represent experimental data for each concentration
and the dashed black line represents the fit of Darcy’s law for water (CMC = 0 g/L).

The shear-thinning effect for each CMC concentration in the porous media was evaluated in
two steps, following the methodology of Rodriguez de Castro & Radilla (2017). First the
equivalent viscosity u., [M Lt T, including both inertial and shear-thinning effects, was
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4.2.1 NP transport in Porous Media

NP transport in porous media is a process of non-conservative mass transport governed by
advection and dispersion phenomena in the liquid phase, and interaction of NPs (attachment
and detachment) in the solid phase (Tosco & Sethi, 2010).

Taking into account the flow component in only the horizontal direction, the equation of NP
transport can be described as
dcyp dcyp 0%cyp _ Osyp

€c T4y " TPy,

where cyp is particle concentration in the liquid phase [M L], syp is the particle mass attached
on the solid grain [M M (kg/kg)] and py is the bulk density of the solid matrix [M L], € [-] is
the porosity, g [L T°1] is the Darcy velocity vector, t [T] is time and D [L2 T7] is the
dispersion coefficient (Harvey & Garabedian, 1991; Corapcioglu & Choi, 1996; Bolster, et al.,
1999; Schijven & Hassanizadeh, 2000).

(4.1)

4.2.2 Particle-Grain, Particle-Particle Interactions

According to Tosco and Sethi (2010), the retention of colloidal particles in the pore water in
porous media is governed by physical and physicochemical interactions. The physical
mechanisms of retention are filtration and straining. These processes mostly involve aggregates,
as single NPs are much smaller than a single pore space. The physicochemical mechanism is a
dynamic process of attachment and release, which changes its behavior depending on the
retention stage (Tosco, et al., 2016) In the early stages of the NP injection, the soil grains are
exposed to the particles, so particle-soil interactions like straining, blocking, and liner
attachment are dominant in the process of retention. In the late stages of the injection, however,
the attachment kinetics include not only simple particle-soil interactions but also particle-
collector interactions, including particle-particle interactions like ripening (Torkzaban, et al.,
2012), since a significant amount of particles are already retained in the soil matrix and act as
a collector. Straining and ripening contribute greatly the clogging of porous media (Tosco &
Sethi, 2010), a phenomenon which constantly changes the hydrogeological parameters around
the injection position.

Generally, the suspension contains a mixture of nano-sized particles and larger aggregates (de
Boer, 2012). In fact, the suspension used for the field application is highly concentrated, which
promotes particle aggregation due to strong magnetic attractions between the iron particles
(Phenrat, et al., 2007). Consequently, particle retention and release kinetics are described as a
biphasic process comprising the physical interaction of straining and the physicochemical
interactions of linear attachment, blocking, and ripening (Tosco & Sethi, 2009).

Both interactions are expressed in the existing model E-MNMI1D as follows:
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aSl
Ob E = gka’lq)lch - pbkd,lsNP,l
4.2)
652

Pp ot = €ka 2 P2cnp — Ppka2Snp,2
where kg ; and k,; are the attachment, detachment rate coefficient [T™] respectively, and @; is
the generic attachment function. The retained particle mass in every interaction is described as
snp = Snpa t Snpz [l
The generic attachment function is described by the four attachment mechanisms detailed below

((Eq. (4.3), (4.4), (4.5) and (4.6)), while detachment is a linear function of the concentration of
attached particles. The four mechanisms are schematically illustrated in Chapter 1.2.1.

The purpose and formulation of the 4 different attachment functions are presented for each
mechanism:

Straining- Particles and aggregates that are too big to pass through the pore space and clog up
the pore throat:

_.Bstr
D = (1 A ) (43)

dSO,sand

where x is the length of the net path of the particles in porous media (in laboratory experiments,
the distance from the inlet position), dsg s4nq [L] is the average grain size and S, [-] is a fitting
parameter which controls the spatial distribution of the NPs. According to Bradford et al.
(2003), the average f;-value of colloids (2.0 to 3.2 um) is 0.432.

Linear reversible attachment - When particle-particle interaction are identical to the particle-
collector interaction, the deposition is not influenced by the amount of deposited particles:

P =1 (4.4)

Blocking phenomena - When particle-particle interaction tends towards repulsion, colloids
approaching the soil grains with particles already deposited are effectively repelled and further
deposition is inhibited (Ko & Elimelech, 2000).

S
O, =1 NP

(4.5)

Smax

where s,,4, [-] IS the maximum sediment retention capacity at given chemical conditions.

Ripening phenomena - When particle-particle interaction, in contrast to blocking, tends
towards aggregation, and the suspended particles are attracted by those already deposited on
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the surface. This type of progressive attachment Kinetics increases the rate of attachment on
sites with a higher deposited NP concentration, leading to a reduction of pore space, and thus
causes partial clogging.

®; = 1+ Apgpsyplriv (4.6)

where A,.;, [-] and B, [-] are the ripening coefficients.

4.2.3 Particle Deposition onto Grains (Colloid Filtration Theory)
According to the clean bed filtration theory (Yao, et al., 1971), which describes the removal of
colloids during packed-bed filtration, the attachment rate coefficient k, can be described with
the single collector efficiency n, and attachment coefficient a;,:

Ue

3
ko, = 2 (1-¢) AgeeNo 4.7)

dSO,sand

where ¢ is porosity [-], dso.sana i the median grain size and v, is the effective velocity [LT],
which is equivalent to the seepage velocity (Tosco, et al., 2014).

Attachment rate coefficient k,, ;

For NP transport, the above mentioned attachment rate can be rewritten to include a single
coefficient C,; [-] (i = 1, 2) accounting for the collision efficiency and the porosity-dependent
term (Yao, etal., 1971; Elimelech, 1994). k, ; may be determined from fitting the experimental
data of the breakthrough curve of NP transport in a 1D column test (Tosco, et al., 2014).

Ve

ka,i = Cq Mo (4.8)

i
dSO,sand

C,,; can be obtained by the linear curve fitting of Eq.(4.8) (explained in Chapter 4.4.4).

Collision Mechanisms: Single-Collector Efficiency n,

The single-collector efficiency n, represents the rate of single particle deposition onto a single
collector (grain) during a convective transport of particles towards the collector (Yao, et al.,
1971). The single collector efficiency can be analytically calculated by a summation of the
individual contributions from three deposition mechanisms (Yao, et al., 1971; Elimelech &
Tufenkji, 2004):
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1) Brownian diffusion np, referring to the filtration of particles by chaotic and irregular
movement, caused by their collision with surrounding molecules,

2) Interception n;, which occurs when particles moving along a stream line come into
contact with the collector,

3) Gravitational effect n;, which refers to the settling on the collector of particles with
higher densities than the pore fluid.

There are several models for the single collector efficiency which vary in complexity and
in terms of the number of phenomena they account for (Elimelech, 1992; Ngueleu, et al.,
2014; Rajagopalan & Tien, 1976; Elimelech & Tufenkji, 2004). In this study the Yao model
(Yao, et al., 1971) was used:

No =M1+ NMp +7g¢

3 [ dsone )
m=-A < ’
! 2 y dSO,sand

np = 4.044;*Pe=2/3

(4.9)
_ 2(pnp — pw)diip
Oy Ve
s 2(1— (1 —¢)5/?)
S 2=-31-e)V2+3(1—-¢)5/2-2(1—¢)3

Ng

where dsoyp [L] and dsgsang [L] are the mean diameter of the NP and sand grains
respectively, A, [-] is a variable which is porosity dependent, Pe is the Peclet number [-], u,,
[M Lt T-1] is the dynamic viscosity of the suspension, and v, [L T™] is the seepage velocity.

Detachment Rate Coefficient kg ;

The detachment rate is described following the assumption of Tosco & Sethi (2010), who
suggest, based on the experimental results of Liu et al. (2005) that the detachment rate is directly
dependent on drag forces and can thus be described as

kd,i = Cd,i:upmve (4.10)

where kq; [T M™] is a detachment rate coefficient, which is empirical parameter to be
determined from a fitting of the experimental data, and y,,,,, [M L™ T] is the shear thinning
viscosity of the slurry (Eq.(3.6)), which depends on the flow velocity and stabilizer
concentration (discussed in Chapter 3.2.2).

The single detachment coefficient C;; can be obtained by the linear curve fitting of Eq.(4.10)
(explained in Chapter 4.4.4).
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4.2.4 Progressive Change of Hydrodynamic Properties

Due to the progressive deposition of NPs onto the grain surface, the porosity of the porous
media decreases proportionally to the quantity of attached particles. Since straining is the
dominant mechanism of the reduction in permeability, only the particles attached by way of
straining are considered. The new porosity is calculated using

Pb
Em = & — /1NP,0NP SNP,str (4.11)

where &, [-] is the effective porosity of the soil matrix with attached NP, &, is initial porosity,
pnp [ML?] is the density of the NP, Ayp [-] is an empirical parameter representing the fraction
of retained particles that contribute to the decrease in bulk porosity, and syp s i the NP
attached by straining.

The specific surface area of the matrix a,,, [L™}] on the other hand, increases proportionally to
the surface area of the attached NPs, as follows:

Pb
A = Ao + Onpanp — Snpser (4.12)
NP

where a, and ayp are the specific surface area of grains at initial condition and of colloid
particles respectively and 6 [-] is the fraction of deposited NPs contributing to the overall
increase of the solid-liquid interface area.

Both of the parameters Ayp and 8yp range from 0 to 1 (Mays & Hunt, 2005).
Finally, the resulting permeability k,, (Eq. (4.13) with NP deposition taken into account, can
be calculated using the Kozeny-Carman equation by replacing the porosity and the specific
surface area with their effective values given in Eq (4.12) and (4.12). (Tosco & Sethi, 2010):
< 3 2
k,, = (—’”) (ﬂ) ko (4.13)

€o am

425 Flow Equation of the Colloidal Suspension with Shear-Thinning Effect and
Permeability Change

The flow of a suspension of NPs and polymers exhibits a shear-thinning effect, which is a

function of the shear rate in porous media and the progressive permeability change caused by

NP deposition (Tosco, et al., 2013). The effect is described in a modified Forchheimer’s

equation (Eg. (4.14) with the Forchheimer factor F (Eqg. (4.15):

km( SNP,str)psg F
tpm (Vpm)

q = —KFVh=— Vh (4.14)
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km( SNP,str)ps - (4 15)

b _1
p=[te ] =[reninio
g ! Hpm (Vpm)
where k,,( syp) [L?] is an apparent permeability with NP deposition and ps [M L3] is the
density of the suspension, while the other parameters are defined in Chapter 2 and 3.

4.3 Materials and Methods

4.3.1 Transport Experiments (1D)

NP transport experiments in 1D columns were conducted using high velocity injection to study
the NP transport, distribution of retained NPs and their effect on permeability at high flow
velocity. The main focus of the experiments was the investigation of transport and attachment
kinetics under high velocity, which was expected to differ from the transport and attachment
kinetics observed at low velocity. The obtained datasets were used to obtain the empirical
parameters of the transport equation.

Porous Media, Column Filling and Water

Same procedure as laid out in chapter 2.3, was used.

Carboxymethyl cellulose (CMC) and Polymer Solution

Same material as laid out in chapter 3.3, was used.

Nanoparticles: NANOFER STAR

The NPs used for this study, NANOFER STAR, are nanoscale zero-valent iron (nZV1) particles,
produced by NANO IRON s.r.0. (Czech Republic). They are surface-stabilized nanoparticles
that are stable in air and achieve maximum reactivity in water. NANOFER STAR is a black
powder and contains 65-80 wt% zero-valent iron (Fe®) and 20-35 wt% of iron oxide (FesOa).
The mean size of the particles is 50 nm and their specific surface area is around 25 m#/g (NANO
IRON, 2017).

Setup and Procedure

1D NP transport experiments using sand-packed columns were performed by injecting 10 g/l
of the colloidal suspension nZVI (NANOFER STAR) and 5 g/l of the stabilizer CMC. The NP
suspension was prepared under anoxic conditions shortly before the injection by mixing the
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activated nZVI concentrate and the CMC solution using a disperser (T 25 digital ULTRA-
TURRAX®, IKA® Works, Inc., Germany) to break up aggregates. The total iron concentration
in the suspension was measured to be 4.75 g/l.

The dispersed NP suspension was injected into the horizontally arranged 0.44 m long packed
and water-saturated columns at various flow velocities (g: = 3.87 - 1073, 8.76 - 10 and
1.98 - 10?2 (m/s), equaling to the Reynolds numbers of 3.61, 9.43 and 20.67 respectively).
Before and after the injection of the suspension, 0.5 | of the CMC solution (5 g/l) was injected,
which is equivalent to 2 PV in the packed column. The volume of the injected suspension was
1 | for the high and middle velocity experiments and 2 | for the lowest velocity experiment.

During the injection, the cumulative mass of effluent solution and the pressure at the inlet and
the outlet were measured continuously. To trace the NP concentration breakthrough, liquid
samples were taken at the outlet at intervals of 0.2 PV, and the total iron concentration of
samples was also measured. The retained NP concentration profiles in the porous media were
measured with the magnetic susceptibility sensor developed by de Boer (de Boer, 2012). The
obtained raw datasets were converted to a profile of the iron concentration along the column
length using known iron concentrations.

Table 4.1 Conditions used for the column experiments. Provided are the initial injection
velocity q,, concentration of iron in the suspension c,, injected volume of suspension V;,,;,

time taken to flush 1 PV ¢y, duration of the injection t;,,;, and mass balances m,,./m;,; after
injection and flushing

9o Cre Vinj tipy Linj My /My
[m/s] [9/1] [1] [s] [s] [%]
After injection | After flushing
3.87-10° 4.75 1.00 9.1 36.3 51.92 54 57
8.76 - 107 4.75 1.00 20.5 81.9 58.15 62.24
1.98 - 102 4.75 2.00 46.39 371 66.70 76.86
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4.3.2 Numerical Simulation

In this study, the mathematical model E-MNM1D (Enhanced Micro- and Nanoparticle transport
Model in porous media) developed by Tosco and Sethi (Tosco & Sethi, 2010), was used and
extended to apply the NP injection at high flow velocity.

Numerical simulation was carried out in two steps; firstly, the empirical attachment and
detachment coefficients were obtained by a breakthrough curve fitting method, using the
software MNMs 2015 (Micro and Nanoparticle transport, filtration and clogging Model Suite)
developed by Bianco et al. (2015), which implements the E-MNM1D.

Secondly, these coefficients were inputted into the extended E-MNM1D model to simulate the
evolution of the injection head as affected by pore-clogging during the NP injection at a high
flow velocity.

The E-MNM1D model considers a fully coupled fluid flow involving NP and viscous fluid
transport, and accounts for the shear-thinning effect and permeability changes caused by
particle deposition, described by the set of equations (Eq. (4.2) — Eq. (4.6) and Eq. (4.11) -
Eq.(4.13)). The MNMs2015 provides the option of fitting a breakthrough curve to the model,
in order to obtain the empirical coefficients of attachment and detachment kinetics described in
Eqg. (4.3) - (4.6).

With the E-MNM1D model the implements Darcy's law, the evolution of the pressure
difference AP = (P, — P,y:) is calculated taking into account pore clogging.

In this study the applied velocity was high, no longer residing in the range of Darcy flow but in
that of non-Darcy flow. Under such experimental conditions, the evolution of the pressure
difference cannot be accurately simulated using Darcy’s law. Instead, the simulation must be
done using the Forchheimer’s equation.

Therefore, in this study, the E-MNM1D model was extended to create a non-Darcy MNM1D
that accounts for the non-Darcy flow effects described by the flow equations Eq. (4.14) and
(4.15). This extended model can achieve an accurate simulation of the evolution of the injection
head as affected by pore-clogging during the NP injection at a high flow velocity. This is not
possible with a simulation that uses Darcy’s law. The extended model was numerically solved
using a finite difference approach in MATLAB.
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4.4 Results & Discussion

4.4.1 The Breakthrough of the NP Concentration

The experimental and simulated breakthrough of the NP concentration at three different flow
velocities are presented in Figure 4.1. Considering the maximum NP concentration of each
measurement, one can easily verify how the NP transport improves as the flow velocity rises;
At a flow velocity of 3.87 - 103 m/, NP concentration peaks at 61% of the inflow concentration,
while at 8.76 - 10" m/s this rises to 74%, and to 84 % at 1.98 - 102 (m/s) (Figure 4.1). It can
also be observed that the fitted curves and the experimental data are in good agreement. The
software MNMs 2015 can reproduce the shape of the experimental breakthrough curve during
the NP injection and flushing as well.

Using the curve fitting acquired from the software MNMs 2015, the following empirical
parameters were obtained:

e for straining, the attachment rate coefficient k, ¢,,- (EQ.(4.8)) and the control parameter
for the spatial distribution of the NPs S, (Eq.(4.3)),

o for blocking, the attachment rate coefficient k, ;;, (EQ.(4.8)), the detachment rate
coefficient k; 1, (EQ.(4.10)) and the maximum sediment retention capacity S,y

(Eq.(4.5)).
The values of all parameters are listed in Table 4.2 (Chapter 4.4.4).

* Data:q=3.87e-3
09} ¢ Data:q=8.76e-3
¢ Data:q=1.98e-2
—Fit:q=3.87e-3
—Fit:q=8.76e-3
—Fit:q=1.98e-2
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Figure 4.1 Breakthrough curves of NP concentrations at 3.87 - 1073, 8.76 - 10 and 1.98 - 102
(m/s). The dots represent actual data point and the lines are the simulation results, calculated
by the set of equations Eq. (4.2), (4.3), (4.5) and (4.8) with the attachment and detachment
empirical coefficients obtained using the software MNMs 2015.
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4.4.2 Mass Recovery

Using the breakthrough curves, the mass recovery of the injected NPs was obtained by
integrating the area under the breakthrough curves between the start and end time. The results
are listed in Table 4.1.

The values of m,,;/m;y; after injection show that more than 50 % of the injected NP reached
the outlet for all three columns (i.e. flow velocities). This is typical of mass recovery for the NP
injection tests. During these experiments, increasing flow velocity improved NP transport. The
recovered mass after the injection increased by a factor of 1.18 and 1.36 for the middle and high
flow velocity compared to the low flow velocity, and after flushing increased by a factor of 1.23
and 1.51 respectively.

4.4.3 NP Retained in Porous Media

The retained NP mass in the mass of sand in the columns are presented in Figure 4.2 Comparing
the profiles of the different flow velocities, it is apparent that higher velocity results in reduced
NP deposition, which is consistent with the analysis of the breakthrough curves (Chapter 4.4.1),
where higher injection velocities were accompanied by an improvement in NP transport.
Considering the qualitative shape of the profiles, one can see that all profiles share a common
shape regardless of inflow velocity. Close to the inlet the readings for retained NP mass start
out high but decrease exponentially with distance, converging to an approximately common
plateau further downstream. As the velocity increases, overall NP retention is reduced, which
was to be expected since NP retention is a function of the flow velocity, as discussed in Chapters
4.2.1,4.2.2and 4.2.3.

0.03
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Figure 4.2 Retained NP profiles along the column at injection velocities of (a) 3.87 - 1023, (b)
8.76 - 10%and (c) 1.98 - 102 (m/s). The y-axis measures NP mass per unit volume of sand syp
(kg/kg). The measured data points are represented by dots, and the solid lines represent the
modelled curve of the retained NP.
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4.4.4 Empirical Coefficients

As the qualitative observation of the NP retention profiles (in Chapter 4.4.3) showed that the
major contributions to NP retention were predominantly made by straining and blocking, the
NP transport and retention model (Eq. (4.2), (4.3) and (4.5)) was reduced to account only for
these two factors. The experimental data for the NP breakthrough and the retained NP profiles
were fitted to the model using the toolbox MNM2015, applying the parameters of the
experimental system as presented in Table 4.2. The empirical coefficients obtained in this way
are listed in Table 4.3.

Table 4.2 The velocity-independent (a) and velocity-dependent parameter values (b) used for
the fitting.

(@ Porous media NP suspension
poros bulk specific mean intrinsic Particle  mean specific  density of
ity density  surface  grain permeabil | density  particle  surface  stabilizer
areaof  size ity size areaof  solution
grain particle
€o Pb Qo ds0,sand ko Pnp dso,np anp Pw
[1  [ko/m3]  [m#m3]  [m] [m?] [ka/m?] [m] [m?m3]  [kg/m?]
0.39 1650 7255 7-10* 459-10" | 7800 1-10°% 4.10° 1005

(b) Initial Dispersion  Viscosity of  Single collector
flow velocity coefficient  suspension efficiency
do D Hw Mo
[m/s] [m?/s] [Pas] [-]
3.87 - 103 2.12-10% 1.95-10° 4.97-10°
8.76 - 10 481-10% 1.68-10% 258-10°
1.98 - 102 1.08-10°% 1.49-10° 1.31-10°

Table 4.3 Model parameters obtained from the fitting of the experimental data of the column
tests

Parameter Initial flow velocity g, (m/s)
3.87 - 103 8.76 - 1073 1.98 - 10
straining kaser  [5M] 1.04 - 10 2.31-10% 3.50 - 10
Bstr [-] 0.6 0.6 0.6
blocking kapo [51] 5.54 -10° 1.00 - 10 1.51 - 102
kapo [Pam] 5.00-10" 1.00 - 103 2.00 - 103
Smax  [Kg/kg] 1.00 - 107 5.00 - 103 2.50 - 10
Clogging Anp [-] 0.4 0.4 0.4
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advection-dispersion equation used in the 1D system, which is extended to 2D axial symmetry.
The flow velocity g in the Forchheimer equation is obtained using the hydraulic head gradient
from the flow equation.

Thus, the newly developed model solves the problem of the 2D axially symmetric flow and
transport of tracer solution in a high flow velocity fluid injection via the Direct Push Method in
an unconfined aquifer. This new model can simulate the evolution of the injection head, the
time- and space-dependent hydraulic head buildup, and the solute transport in the unconfined
aquifer during the fluid injection.

5.2.1 Groundwater Flow in an Anisotropic, Unconfined Aquifer
Conversion from 3D cartesian coordinate to 3D cylindrical coordinate

The three-dimensional saturated transient groundwater flow can be described by the
groundwater flow equation:

oh d 0 daq,
Soot + W = =2 4 2 4
Jt dx dy 0z (5.1)
_6<K6h>+6<K 6h>+6<K6h) '
T ox\ *oax) ay\ Yoyl 0z\'Zoz

where h is the hydraulic head, described as the sum of the pressure head ¥ [L] and the position
head z [L] (h= ¥ +2z= £+ z). Sg [L] is the specific storage of the aquifer, which is

obtained by the following equation:

Ss = pfg(ﬁp te- ﬁf) (5.2)

where g [L T?] is gravitational acceleration, By [LT? M1] is aquifer compressibility (for sandy
aquifers B, = 1.0 - 10® LT2 M), & [-] is the porosity and B¢ [LT2 M™] is compressibility of
fluid (for water B = 4.4 - 10 LT2 M. The specific storage was obtained as 9.93 - 10®° [m™]
based on the uniform porosity of the sandy aquifer (s = 0.39) in this study. K, K,, and K, [LT"

1] are the hydraulic conductivity tensors, and W, [T™] is a specific storage coefficient for sink
or source term.

The Cartesian coordinate is converted to a cylindrical coordinate using the following set of
equations.
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S = Sy, T = Twell diower < Z < diower + Lyen

where ,,.;; [L] is a radius of a well, s,, [L] is a hydraulic head buildup at the injection position,
dsqr [L] 1s the thickness of the saturated zone. In the 2D axial symmetry, the injection position
is defined as a 1 cm x 1 cm region, as necessitated by the discretization of the flow domain
described in Chapters 5.3.1 and 6.3.1. Therefore, dyp,er [L] and djower [L] are vertical
distances between the initial water table to the top and bottom of the injection position,
respectively.

The injection head at the injection position can be described as a function of the injection rate
Q [L3T!] (Mishra & Neuman, 2010),

Q (Sw) = Sw+1)

Ly =W = —FK, 3 s diower <2 < diower + Lyen (5.9)

Variably saturated zone

The hydraulic head buildup in the variably saturated zone s, [L] is controlled by Richards’s
equation combined with the Forchheimer’s equation.

cw) aai: = %aa_r (FKTK('P)r aair“) + % (F(DKKTK('P) %”) (5.10)
where s,, [L] is a hydraulic head buildup in the variably saturated zone, K (¥) [-] is the relative
hydraulic conductivity to wetting phase, which is a ratio of actual hydraulic conductivity in
variably saturated zone and saturated hydraulic conductivity (0 <K(¥) <1), and C(¥) [-] is
the specific moisture capacity. The relative hydraulic conductivity and the specific moisture
capacity are a function of pressure head, which can be derived from the exponential constitutive
relationship.

According to Gardner (Gardner, 1958), a possible equation for the relationship between the
relative hydraulic conductivity and capillary pressure is given by:

@)
e {ly <0 =0 (5.11)

K(lp)z{ 1 Wwx>o =

where a, [L™] is the exponent for relative hydraulic conductivity (a; > 0).

According to Tartakovsky and Neuman (2007), the specific moisture capacity is described as:
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5.4 Results

The effect of the injection and aquifer boundary conditions on fluid flow and solute transport
(conservative tracer, i.e. uranine) in an unconfined aquifer was investigated in varied scenarios,
by (1) applying both Darcy and non-Darcy flow conditions, (2) varying the distance from the
injection position to the bottom of the aquifer (d,y.r) and to the water table (dypper), (3)

varying the thickness of the variably saturated zone (d,sq¢), and (4) varying the well screen
length (Lyyer1)-

As a base line for these comparative scenarios, a reference case scenario was devised with the
following parameter values:

e Aquifer size: r = oo, by = 2.0 M, dypper = diower = 0.9925 m and dy gy 5q: = 0.4 m (20
% of the depth of the saturated zone).

o Well size: 1,,.;; = 0.015 m and L,,.;; =0.015 m, which correspond to the size of the
Direct Push injection rod.

e Isotropic aquifer: @, = K, /K,=1.

e Exponents for the variably saturated zone: ac=1, ax =1.

e Specific storage and specific yield: S; = 4.00 - 103 m?, S, =04,
e Injection rate: Q = 1.40 - 10 md/s.

e Injection time: t = 2400 sec.

e Concentration of the injected tracer: cgo¢e in = 5.0 9/l

The following modifications to the reference case were applied to create each scenario:
e Distance to the bottom boundary (chapter 5.4.2): d;,er = 0.1, 0.3, 0.5 m.
e Distance to the water table (chapter 5.4.3): dpper = 0.1, 0.3, 0.5 m.

e Thickness of the variably saturated zone (chapter 5.4.4): d,4rsq: = 0.1, 0.5, 0.8 m
(5, 25, 40 % of the depth of the saturated zone, respectively).

e Well screen length (chapter 5.4.5): L,,.;; =0.1, 1.0, 2.0 m (5, 50, 100 % of the thickness
of the saturated zone).

e Injection rate (chapter 5.4.6): Q = 1.40 - 10 m3/s and t = 240 sec.

e Anisotropy of hydraulic conductivity and dispersivity (chapter 5.4.7):
O =:2=01and @, = D,/D, = 0.1.

r
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5.4.1 Non-Darcy Effect

The spatial distribution of hydraulic head buildup s, flow velocity g and tracer concentration ¢
for the Darcy scenario and the non-Darcy scenario are presented in Figure 5.3 (a) and (b)
respectively. The flow velocity is a vector length, which is the square root of the sum of the

square of the horizontal and vertical flow components: ¢ = /q,? + q,%. The ranges of the
colored areas of the hydraulic head buildup, the flow velocity, and the concentration are above
0.0031 m, 1.56 - 10° m and 0.078 g/l respectively.

In Figure 5.3 it is shown that the distribution of all three parameters for the non-Darcy scenario
are greater than that of the Darcy scenario. The hydraulic head buildup at the injection position
in the non-Darcy scenario (at the center of the red zone) reaches 10.5 m, which is 1.65 times
higher than the buildup of 6.35 m observed in the Darcy scenario. For both scenarios, the
downward propagation of the hydraulic head buildup is greater than the upward propagation,
influenced by the no-flow boundary at the bottom of the aquifer. In the upward direction,
however, the vertical propagation of the hydraulic head buildup becomes less marked than its
horizontal propagation. This difference is more significant in the non-Darcy scenario. This is
attributed to the lower hydraulic conductivity in the variably saturated zone, hydraulic
conductivity being a function of water saturation. Since saturation in the variably saturated zone
decreases with increasing upward distance from the water table, the actual hydraulic
conductivity also decreases with upward distance. These disproportional distributions of the
hydraulic head buildup result in a very small flux at the bottom of the aquifer, and a larger flux
in the upper part of the aquifer, which leads to larger solute plumes in the upward direction.
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Figure 5.3 Vertical profiles (r and z direction) of hydraulic head buildup, flow velocity and
solute concentration for the Darcy scenario (a) and the non-Darcy scenario (b). The black lines

at the upper part of the domain represent the ground surface (GS) and the initial water table
(WT).
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Above the water table, a small flux is observed. Two possible theories are proposed: 1) small
hydraulic conductivity in the variably saturated zone, and 2) storage change in the variably
saturated zone.

1) Generally, around the boundary between high and low hydraulic conductivity zones, the
flow along the boundary is increased, but the flow crossing the boundary into the low
conductivity zone is reduced. The scenario in this Chapter is a possible example, with the
water table acting as the boundary.

2) Saturation in the variably saturated zone is initially lower than 1. When the water is
injected, the water table rises. Firstly, the air filling the pores is replaced by water, and then
the water flows further upwards. This storage change in the variably saturated zone lowers the
vertical upward flow velocity.

In order to analyze these two theories, the horizontal and vertical flow components (absolute
values of g, and q,.) of the non-Darcy scenario are plotted in Figure 5.4 (a) and (b). Around
the water table, the horizontal flow component is zero (a), and only vertical flow is observed
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(b). This indicates a disagreement with theory 1, and theory 2 is corroborated instead, the flow
velocity reduction in the variably saturated zone is attributed to storage change.

(a) (b)
24 | GS
2 “rT

%107 %107

Figure 5.4 Vertical profiles of the (a) horizontal and (b) vertical flow components of the non-
Darcy scenario.

The distribution of the Forchheimer factors F is plotted in Figure 5.5. The lowest F (the highest
non-Darcy effect) is observed at the injection position, increasing with distance from that point.
The purple band in the plot represents the Forchheimer factor F = 0.93 at g = 0.01 m/s, and
above that the non-Darcy effect becomes prominent. At a distance of over 0.1 m (r > 0.1 m)
from the injection position, F becomes almost 1, which indicates a negligible non-Darcy effect.
The extension of the non-Darcy flow zone (colored area in Figure 5.5) is related to the extension
of the flow velocity at 1.00 - 10 m/s (red contour line in Figure 5.3 (b)). The extension of the
non-Darcy flow zone reveals that even though the zone is small (r < 0.1 m), it has a significant
effect on the overall distribution of the flow velocity and the concentration of solute at far
distance.

2.4 GS

/

0
0 1 2
0.6 0.8 1

Figure 5.5 Vertical profiles (r and z direction) of the Forchheimer factor F in the non-Darcy
scenario.
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5.4.2 Distance between Injection Position and Aquifer Bottom d,,er

The spatial distribution of three parameters (hydraulic head, flow velocity, and solute
concentration) at injection depths d;,e- = 0.1, 0.3 and 0.5 m are shown in Figure 5.6 (a), (b)
and (c), respectively. As d;,.r decreases, the colored area of the hydraulic head buildup
(> 0.0031 m) shrinks in the vertical direction due to the restriction of the bottom boundary,
while expanding in the horizontal direction. This results in a corresponding lateral expansion
and vertical shrinkage of the colored area of the flow velocity (> 1.56 - 10° m). Despite the
shrinkage of the net flow velocity area, the distance between the injection position and the upper
limit of the velocity area decreases as d;,,., increases. This has an impact on the concentration
distribution, in that the area of the concentration (> 0.078 g/l) is also extended further both
horizontally and vertically when the injection position is closer to the bottom boundary. This
change in the extension direction is observed more clearly in the shape of the inner contour
zone (orange band), which tends upwards for the middle and lower injection positions. These
results indicate that the injection near the bottom no-flow boundary leads to an increase in the
hydraulic head buildup and flow velocity, and consequently to an increase in the solute transport
rate in the upward and horizontal directions. In this Chapter, non-Darcy flow is applied for all
simulated scenarios.
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Figure 5.6 Vertical profiles (r and z direction) of hydraulic head buildup, flow velocity and
solute concentration at d;,,,., Of 0. 5m (a), 0.3 m (b) and 0.1 m (c).
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5.4.3 Distance between Injection Position and Water Table d,,er

The spatial distribution of three parameters (hydraulic head, flow velocity, solute concentration)
at injection depths d,,per = 0.1, 0.3, 0.5 m are presented in Figure 5.7 (a), (b) and (c),
respectively. The solute transport behavior is observed in the variably saturated zone for all
cases. As dypper IS reduced, the hydraulic head buildup area and the flow velocity area in the
saturated zone (in a downward and a horizontal direction) are diminished, whereas both areas
in the variably saturated zone are enlarged. This indicates that the fluid flow increasingly
exhibits an upward (as opposed to downward) directionality, the closer injection position is to
the water table. This implies that if the NPs were injected in the upper region of the aquifer, a
large amount of NPs would be transported in the unsaturated zone, where the target
contamination is not expected to be. At the same time, in the lower region of the aquifer, where
the target contaminant is in fact located, a very small amount of NPs would be transported.

The flow velocity in the variably saturated zone is smaller than in the saturated zone. The
hydraulic conductivity in the variably saturated zone is much lower than the one in the saturated
zone K since the relative hydraulic conductivity K(¥) in the variably saturated zone is a
function of the pressure head which decreases over the distance from the injection position (Eq.
(5.12)).

The disproportional fluid flow leads the reduction of the lateral and downwards transport as the
concentration area in the saturated zone shrinks.



5 Simulation Study of Fluid Flow and Solute Transport During Injection in an Infinite Aquifer (2DR) 81

Head buildup, s [m] Flow velocity, q [m/s] Concentration, ¢ [g/1]
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Figure 5.7 Vertical profiles (r and z direction) of hydraulic head buildup, flow velocity and
solute concentration at d,,,p,, 0f 0. 5m (a), 0.3 m (b) and 0.1 m (c).
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5.4.4 Thickness of Variably saturated zone d,,4; sat

The spatial distribution of three parameters (hydraulic head buildup, flow velocity, solute
concentration) at variably saturated zone thicknesses d,,4 sq: = 0.1, 0.5 and 0.8 m are presented
in Figure 5.8 (a), (b) and (c), respectively. The normalized thicknesses of the variably saturated
zone (dyar.satu/Asarn) Were 0.05, 0.25 and 0.4 respectively.

Considering the qualitative shape of the distribution of the three parameters in in Figure 5.8, all
profiles have effectively the same proportional distribution regardless of the thickness of the
variably saturated zone, with one exception observable at d,;;sq: = 0.1 m, where the flow
velocity and concentration zones are cut off at the top of the aquifer (2.1 m), indicating ponding.

As the distribution of the three variables is so comparable across all three profiles, it can be
concluded that the variably saturated zone thickness does not influence the fluid flow in the
saturated zone.
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Figure 5.8 Vertical profiles (r and z direction) of hydraulic head buildup, flow velocity and
solute concentration at d, 4, g4 0f 0.1 m (a), 05 m (b) and 0.8 m (c).

For the quantitative investigation, the hydraulic head buildup at the injection position s;,,, with
variably saturated zone thicknesses of 0.1, 0.4 (reference case; Chapter 5.4.1), 0.5 and 0.8 m, is
presented in Figure 5.9. It shows that s;,, is identical for all four thicknesses at the beginning,
but s;,, with an variably saturated zone thickness of 0.1 m deviates after 2000 seconds, while
s;n, Tor thicknesses of 0.4, 0.5 and 0.8 m continue in almost perfect agreement. This behavior is
consistent with the findings of Mishra and Neumann (2010), who observed that variably
saturated zone thickness has no discernible effect on hydraulic head buildup when the ratio of
Ayarsat/ Asar 1S 1arger than 0.25. In this study, no significant effect was observed at ratios of
over 0.2.
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Figure 5.9 Hydraulic head buildup at the injection position in the aquifer with variably saturated
zone thicknesses d, g sq: = 0.1, 0.4, 0.5 and 0.8

545 Well Length L.,

The spatial distribution of three parameters (hydraulic head buildup, flow velocity, and solute
concentration) during the injection via the injection well with well screen lengths L,,.;; of 0.1,
1.0 and 2.0 m are presented in Figure 5.10 (a), (b) and (c), respectively. The ratios of the well

penetration to the aquifer thickness (%) are 5, 50 and 100 %, respectively.

Figure 5.10 shows that the lateral distributions of the hydraulic head buildup and the flow
velocity become smaller as L,,.;; increases. Since the increase in L,,.;; enlarges the surface area
of the well, the lateral flow velocity at the well position decreases. This causes a reduction in
the hydraulic head gradient around the injection position, which consequently reduces the flow
velocity in both vertical and horizontal directions. Due to the decrease in the flow velocity, the
distance of the solute transport is reduced, and thus the concentration in the area of the transport
is increased. For the injection with a fully penetrating well (Figure 5.10 (c)), a small amount of
fluid flow and solute transport in the variably saturated zone can be seen due to the upward flow
around the upper end of the well.
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Head buildup. s [m] Flow velocity. q [m/s] Concentration, ¢ [g/1]
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Figure 5.10 Vertical profiles (r and z direction) of hydraulic head buildup, flow velocity and
solute concentration at L,,.;; of 0. 1 m (a), 1.0 m (b) and 2.0 m (c).
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5.4.6 Injection Rate Q

The spatial distributions of three parameters (hydraulic head buildup, flow velocity, and solute
concentration) during the injection at an injection rate of Q = 1.40 - 10" m3/s are presented in
Figure 5.11. This injection rate is 10 times higher than that of the reference case (Non-Darcy
flow of Figure 5.3 Chapter 5.4.1), and thus the injection time (240 s) was set as 10 times less
than the reference case, in order to keep the same injected volume for both. Figure 5.11 shows
a significant increase in hydraulic head buildup and flow velocity for the higher flow rate
compared to the reference case, which results in the enlargement of the transport zone in
horizontal and vertical directions. The upper and lower boundaries make the increase in the
lateral flow velocity more marked than the increase in the vertical flow velocity.

| Head buildup, s [m] | Flow velocity, q [m/s] . Concentration, c [g/1]
2.4 GS 24 2.4

2 WT 2 2

x 1073

Figure 5.11 Vertical profiles (r and z direction) of hydraulic head buildup, flow velocity and
solute concentration at Q = 1.40 - 102 m3/s and t = 240 s.

The horizontal and vertical flow components (g,- and q,) are plotted in Figure 5.12 (a) and (b).
They show the differing propagation of the horizontal and vertical flow components, reflecting
the fact that vertical extension is restricted by the top and bottom boundaries. These restrictions
result in a greater extension of the horizontal and vertical flow components in the horizontal
direction.
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Figure 5.12 Vertical profiles of the (a) horizontal and (b) vertical flow components of the non-
Darcy scenario.

For an investigation of the non-Darcy effect, the distribution of the Forchheimer factor F and
the change in F relative to horizontal distance from the injection position are plotted in Figure
5.13 (a) and (b), respectively. Figure 5.13 (a) shows that the region of non-Darcy flow extends
further than in the reference case (Figure 5.5), caused by the higher flow velocity. The purple
band on the plot represents the Forchheimer factor (F = 0.93) at g = 0.01 m/s, above which the
non-Darcy effect becomes prominent. In the variably saturated zone, F reaches low levels due
to the low hydraulic conductivity there, making the profile look as if the non-Darcy zone were
cut off at the water table. In Figure 5.13 (b), it can be seen that a higher flow rate enhances the
non-Darcy effect, as does the reduction in F. At the higher flow rate, F is lower than 0.2 around
the injection position, which causes a significantly more pronounced increase in the hydraulic
head buildup than is observed in the reference case.
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Figure 5.13 Vertical profiles (r and z direction) of the Forchheimer factor F (a), and F as a
function of horizontal distance from the injection position at two different injection rates (b).
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5.4.7 Anisotropy

The spatial distribution of the three parameters (hydraulic head buildup, flow velocity, and
solute concentration) during the injection into an anisotropic aquifer, @, = K, /K,. = 0.1 and
&, = D,/D, = 0.1, are presented in Figure 5.14. As expected, all parameters exhibit greater
horizontal expansion but reduced vertical expansion in comparison to the reference case
(Figure 5.3 (b)). Since the vertical hydraulic conductivity is lower than the horizontal hydraulic
conductivity by a factor of 10, the vertical propagation of the hydraulic head buildup decreases,
but the horizontal propagation increases. This distribution is reflected in the flow velocity and
the concentration, as their distributions also extend laterally more than in the reference case
scenario (Figure 5.3 (b)), while extending comparatively less along the vertical axis.
Furthermore, the distribution of the solute concentration is smaller than that of the reference
case scenario. The decrease in vertical dispersivity D, reduces vertical solute transport,
resulting in the distribution of higher concentration (red area) in the horizontal direction.

Drawdown. s [m] Flow velocity, q [m/s] Concentration, c [g/1]
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Figure 5.14 Vertical profiles (r and z direction) of the hydraulic head buildup, flow velocity and
solute concentration at ¢, = K, /K, = 0.1 and ¢, = D, /D, = 0.1.

5.5 Summarizing the findings

A two-dimensional axial symmetric numerical model was developed for hydraulic head buildup
and solute transport in an unconfined aquifer for an injection using the Direct Push Method
with a constant injection rate. The model accounts for the non-Darcy effect caused by high flow
velocity around the injection position, and for flow and transport in the variably saturated zone.
The flow above the water table was described by Tartakovsky and Neuman (2007) using their
adapted Richards’ equation.

Through the numerical study, a better understanding of the non-Darcy effect, the effect of the
aquifer boundary, and the effect of the injection condition on flow and transport was achieved.
The non-Darcy effect resulted in an increase in the hydraulic head around the injection position,
which in turn led to increases in the overall flow velocity and the solute transport at further
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6 Analysis of Shear-Thinning Fluid Flow and NP Transport during
Injection into an Infinite Aquifer (2DR)

6.1 Motivation

In this Chapter, shear-thinning fluid flow and NP transport generated by an injection using the
Direct Push Method in a 2D axial symmetry are discussed.

The extremely high velocity at the injection position, and the significant decrease in velocity
with distance from the injection position, have a great impact not only on hydraulic head
increase, but also on fluid viscosity and NP transport, since all parameters are highly dependent
on flow velocity. In addition, particle interactions and collision mechanisms are subject to flow
velocity (discussed in chapter 5), meaning that NP retention and the subsequent permeability
reduction in the porous media are also determined by flow velocity.

However, NP retention in the 2D axial symmetry system cannot easily be extrapolated from the
1D case, since the velocity field is fundamentally different due to an additional degree of
freedom. Therefore, the prediction of NP retention, flow velocity and hydraulic head buildup
in the 2D axial symmetry system is only possible by way of lab experiments or numerical
simulation.

In order to solve this problem, a 2D axial symmetric model was set up in this study. Two
mechanisms were added to the model in Chapter 5: one for viscous fluid flow with shear-
thinning effect, and one for NP transport with pore clogging. By simulating several injection
scenarios with the prediction tool, the impact of the viscosity, the shear-thinning effect, NP
retention, and pore-clogging on flow and transport were studied.

6.2 Conceptual and Mathematical Model

In this study, a new model was developed to solve the problem of the 2D axially symmetric
flow and transport of polymer solution and NPs under the influence of non-Darcy flow
conditions, the shear-thinning effect and changing permeability. In order to achieve this, the
non-Darcy MNM1D model (discussed in Chapter 4.3.2) was upscaled to 2D axial symmetry in
order to include transient non-Darcy flow around the injection point, as well as flow and
transport in the variably saturated zone.

This new model can simulate the time evolution of hydraulic head, flow velocity, the non-Darcy
effect, polymer concentration, viscosity, NP concentration and retention, permeability, and
hydraulic conductivity in porous media during an injection of NP slurry via Direct Push into an
unconfined aquifer.

6.2.1 Shear-Thinning Effect in Porous Media

The shear-thinning viscosity in porous media can be described with the modified Carreau model
(Eq. (3.6)), utilizing the apparent shear rate in porous media y,,,, and the apparent viscosity
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(discussed in Chapter 3.2.3). As opposed to the 1D column system, where the viscosity change
was subject only to the polymer concentration (ccy,¢) because the flow velocity was constant,
the viscosity in the 2D axially symmetric flow system is a function of both velocity and polymer
concentration.

tpm (Ypm). The apparent shear rate y,,, is obtained from the Darcy velocity y,,, = a

Taking into account both the flow velocity g, represented by the vertical and horizontal flow
components (g, and q,), and the determinant of the tensor-permeability (k = (det k)/3;
Knupp & Lage, 1995; Chapter 5.2.1), the axially symmetric 2D Carreau model is given by:

n—-1

2 231/2 \ 2\ 2
tpm = thw + (thy (1 + comc®) — ) (1 + <ACCMCB ' QM> > (6.1)
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The empirically obtained shift factor o in the 1D experiment (Chapter 3.4.2 increases
proportional to the increase in CMC concentration. Although no concrete relation between the
polymer concentration and o is yet developed (Lopez, et al., 2003), from the degree of increase
in o that accompanies the CMC concentration increase for the concentration range used in this
study, a is considered as a linear function of the CMC concentration.

The linear relation is described as
a = 1.45 coye + 0.64 (6.2)

In the 2D axially symmetric flow system, considering dilution, the viscosity is calculated by
changing o values at each concentration:

n-1

E 5 @+a)"\\* (6.3
Ppm = Hw + (w1 + comc™) —pw) | 1+ | Aceme” * (145 coye + 0.64) — '

V(@) ke

The values of the three empirical coefficients A, B and E are determined as in Chapter 3.4.3.

6.2.2 NP transport in Porous Media

The model for 1D NP transport in porous media (Eqg. (4.1)) is extended to a radially symmetric
2D system. The model is governed by advection and dispersion, including the interaction of
NPs (attachment and detachment) with the grain surface (Tosco & Sethi, 2010):

aCNP_I_li( qr )

r—-=c
at  ror\ g, "F

a 10 a a a d
4z 9cnp 1 (D CNP) ( D CNP)__p_b SnP (6.4)
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The interaction between particles and grains is described in the same manner as in the 1D
system:

OSnp,1
Pb ot = &mka1Picnp — PpkaiSnea
OSnp,2
Pb ot = emka2P2¢np — Poka2Snp,2 (6.5)

Snp = Snp,1 T Snp2
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6.4 Result

The simulations of the polymer solution and the NP transport were firstly implemented in the
reference case scenario (explained in Chapter 5.4),which are presented in Chapters 6.4.1 and
6.4.2. Concentration of the injected polymer (CMC) and NP were ccpc i = 5.0 g/l and
cnp_in = 9.0 g/l respectively.

In order to investigate NP distribution under different injection and aquifer conditions, four
scenarios are tested and presented in Chapter 6.4.3, applying the following modifications to the
reference case:

e Distance from the injection position to the bottom boundary: d;,e =0.1 M
e Distance from the injection position to the water table: dy,,e =0.1 m
o Well length: L,,.;; = 2.0 m (100 % of the thickness of the saturated zone)

e Anisotropy of hydraulic conductivity and dispersivity: <DK=&=0.1 and

Kr
@, =D,/D, = 0.1.

6.4.1 Polymer Transport

The spatial distributions of the hydraulic head buildup s, flow velocity q, polymer
concentration ccyc, Viscosity w,,,, and hydraulic conductivity KF for the shear-thinning
polymer transport scenario are presented in Figure 6.2. As in the polymer transport scenario,
the distribution of the flow velocity above the water table in the reference case of the solute
transport scenario is very limited (Figure 5.3 (b)), due to the storage change in the variably
saturated zone. However, the area of the high flow velocity zone (the light blue band) is reduced
compared to the area of the high flow velocity zone in the reference scenario. This is attributed
to a decrease in the hydraulic conductivity, caused by the propagation of the higher viscosity
there (roughly within a 0.8 m radius from the injection position). The propagations of the
viscosity and CMC concentration are not in perfect agreement since viscosity is determined not
only by the CMC concentration, but also by the flow velocity in this model (Eq.(6.3)).
Therefore, viscosity is low around the injection position, where CMC concentration is highest.
In the whole flow domain, the propagation of the polymer concentration (Figure 6.2) turns out
to be slightly smaller than the propagation of the solute concentration (Figure 5.3 (b)) due to a
reduction in the area of the high flow velocity zone (the light blue band).
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Figure 6.2 Vertical profiles (r and z direction) of hydraulic head buildup, flow velocity, polymer
concentration, viscosity and hydraulic conductivity.
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6.4.2 NP Transport
In addition to the five parameters (s, q, ccue, Upm and KF) explained in the previous Chapter,

the NP concentration cyp and the mass of NPs deposited syp by straining and blocking are
presented in Figure 6.3.

Figure 6.3 shows that the hydraulic head buildup, the flow velocity, and the polymer
concentration are higher in comparison to the previous polymer transport scenario (Figure 6.2).
The increase in hydraulic head buildup around the injection position, accompanied by the
permeability reduction caused by NP deposition, leads to a slight increase in flow velocity there,
which subsequently extends the CMC and viscosity distributions.

Compared to the area of the polymer transport (1.4 m lateral distance from the injection
position), the area of NP transport is significantly smaller (lateral distance of 0.76 m). Due to
NP deposition, the suspended NP concentration in the liquid phase decreases with distance from
the injection position, which reduces the transport of NPs at far distance.

The area of NP retention due to straining can be seen only around the injection position, which
is consistent with the observations made in the 1D transport test. It is small compared to the
area of NP deposition due to blocking, which is attributed to the nature of the straining equation
since NP deposition is an inverse function of distance. The deposited NP mass due to blocking
is highest around the injection position, which contrasts with the 1D test, where the deposited
NP mass remained almost constant over distance. Deposition by blocking is a function of
concentration and seepage velocity in terms of the attachment coefficient

(kg1 = Cq4 Ldno), and so deposition increases with increasing concentration and flow
n

1 dso,sa
velocity.

Since NP deposition by straining causes clogging, the permeability, and hence the hydraulic
conductivity around the injection position, are significantly reduced.
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Figure 6.3 Vertical profiles (r and z direction) of hydraulic head buildup, flow velocity, polymer
concentration, NP concentration, viscosity, actual hydraulic conductivity, deposited NP mass
by straining syp ; and blocking syp ;.

Presented in Figure 6.4 are the evolutions of the injection hydraulic head and monitoring
parameters (hydraulic head buildup, concentration, mass of NPs deposited, hydraulic
conductivity, flow velocity, and viscosity) at the monitoring position (r, z = 0.5, 1.0) for three
different scenarios: solute transport (Chapter 5.4.1, Non-Darcy effect), polymer transport
(Chapter 6.4.1) and NP transport.

Comparing the solute (conservative tracer) and polymer transport scenarios, the flow of the
high viscosity polymer solution (red line) pushes the hydraulic head buildup slightly higher
than in the case of the solute transport ((a) and (b), black line). An increase in the polymer
concentration is observed after 300 seconds in the polymer scenario ((c), red lines). This leads
to an increase in viscosity (f) and a decrease in hydraulic conductivity (d) at the monitoring
position, which subsequently reduces the flow velocity (e).

Regarding the NP transport scenario (blue lines), the injection hydraulic head (a) and the
hydraulic head buildup (b) are much higher than in the other two scenarios. This is attributed
to the permeability reduction around the injection position caused by straining-related NP
deposition (Figure 6.3 syp 1). This hydraulic head buildup increases flow velocity () and leads
to faster transport of the polymer and NPs (c) at the monitoring position. A reduction in
hydraulic conductivity at the sampling position is observed after 300 seconds (d), which is
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attributed not to NP deposition, but to the increase in viscosity caused by the arrival of the

polymer solution.
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Figure 6.4 Time evolution of the injection head and hydraulic head buildup at the monitoring
position (r, z = 0.5, 1.0 m) and the other monitoring parameters (concentrations, mass of NP
deposited, actual hydraulic conductivity, flow velocity and viscosity) for three different
scenarios: solute transport (black lines), polymer transport (red lines) and NP transport (blue

lines).
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6.4.3 NP Transport with Various Conditions

The NP injections for various conditions (as described in chapter 5.4) were simulated and the
effects of the injections and aquifer boundary conditions on flow and NP transport in an
unconfined aquifer were investigated. Four scenarios based on the following modifications to
the reference case were selected:

¢ Distance to the bottom boundary: d;, e = 0.1 m
e Distance to the water table: dy,,e =0.1 m

e Well screen length: L,,.;; = 2.0 m (100 % of the thickness of the saturated zone)

e Anisotropy of hydraulic conductivity and dispersivity: ¢K=§=0.1 and

&, =D,/D, = 0.1,
For all scenarios, the distributions of some parameters, such as hydraulic head buildup, flow
velocity and polymer concentration, show trends similar to the results in Chapter 5.4, and thus
the parameters that provided the most remarkable results are discussed in this Chapter, namely
NP concentration cyp, Viscosity u,,, and actual hydraulic conductivity KF

The spatial distribution of the three parameters mentioned above for the four scenarios are
presented in Figure 6.5 (a), (b), (c) and (d), respectively.
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Figure 6.5 Vertical profiles (r and z direction) of NP concentration, viscosity and actual
hydraulic conductivity for the four scenarios of d,,,., = 0.1 m (@), dupper = 0.1 m (b), Ly,ey; =
2.0 m (c) and anisotropy (d).
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The inflow and the outflow boundary conditions were controlled by a set of four hydraulically
communicating four PVC-U wells (fully screened, 0.3 mm slot width) embedded in coarse sand
(blue colored zones in Figure 7.2). The inflow wells were connected to a pump to establish
constant discharge (Q = 2.5 - 10 m3/s), which consequently created a head boundary in the
inflow wells. The hydraulic heads in the inflow wells stayed constant under steady state
conditions, (constant head boundary condition), when no injection was carried out. But it
changed during the transient state, when temporally injection was carried out. On the outflow
side the PVC-U wells were connected to a constant head tank. Under steady state conditions,
the chosen discharge Q yielded a seepage velocity (v) of 2.31 - 10 m/s in the flow domain.

For the discharge-controlled head boundary, no analytical solution is available. However, the
inflow wells are located outside of the ROI of the injection (r > 2.5 m). Moreover, the velocity
of the flow from the inflow wells is significantly lower than the flow velocity of the injection.
Therefore, for the simulation of NP injection, the inflow boundary condition is considered a no-
flow boundary condition.
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Figure 7.2 Schematic image of the LSF aquifer (blue symbols represent the sampling positions
for tracer tests, pink symbols for NP injection).
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7.2.2 Fluid Flow and Solute Transport of a Conservative Tracer

The fluid flow and solute transport experiments were conducted by injecting a tracer solution
using the Direct Push set-up (ID = 0.015 m). A tracer solution of 0.25 m3 with a uranine
concentration of 0.2 g/l (Chapter 3.3) was injected into the LSF aquifer for 40 minutes at a
constant injection rate of 1.39 - 10™* m3/s.

The injection position was situated in the middle of the aquifer, at (x, y, z) = (3.01, 0.5, 0.9).
The tracer solution was injected using a dosing pump (Seepex BN, Seepex GmbH, Germany)
and continuously monitored with an electromagnetic flowmeter (IFM1010KD/6 AQUAFLUX,
KROHNE Messtechnik GmbH, Germany). The injection pressure was also recorded
continuously with a pressure transducer (PT Series 33 X, KELLER AG fiir Druckmesstechnik,
Germany). In the flow domain, the hydraulic head buildup was monitored at (x, y, z) = (2.58,
0.35, 0.25). The tracer concentration was measured by a fluorimeter (Hermes Messtechnik,
Germany) at nine sampling positions, or observation points, listed in Table 7.1

Table 7.1 Location of nine sampling positions

x [m] y [m] z [m]
_5 Pressure transducer  2.58 0.35 0.25
E; 258 0.35 (or 0.65) 0.7,0.9, 1.3
% Fluorimeter 279  0.35(or 0.65) 0.7,0.9,13
£ 3.03 05 07,09, 1.3
Pressure transducer  3.01 0.35 0.25
§ MSS 3.01 0.24 0.7,1.3
g 3.01 05 06,09, 1.2
; Soil sampling 3.25 0.5 0.6,0.9,1.2

3.5 0.5 0.6,09,12
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7.2.3 Shear-Thinning Fluid Flow and NP Transport

In order to attain a better understanding of viscous fluid flow and NP transport in a channel
aquifer, NP injection tests were performed with the Direct Push method in the LSF aquifer. The
focus of the experiments was the evolution of injection pressure and hydraulic head buildup, as
well as the distribution of polymer and NPs in the aquifer. The influence of interacting
mechanisms on the flow and transport behavior, such as the shear-thinning effect and NP
retention in the porous medium, were studied. The polymer (Carboxymethyl cellulose), and
nanoparticles used (NANOFER STAR) were the same materials described in Chapters 3.3 and
4.3, respectively.

Setup and Procedure

The NP suspension was intermittently injected at five different depths from top to bottom at the
injection positions (X, y) = (2.8, 0.5) m. The duration of injection, injection rate, injected mass
of NPs, NP concentration and polymer concentration at each injection depth are listed in Table
7.2. After the injection at each depth, the injection was paused to move the injection position
deeper. The intervals between injections were 86, 7, 15 and 7 minutes in length, and varied due
to the non-uniformity of operational exertions, such as pushing the injection rod down to the
next injection position and reassembling the injection setup.

Table 7.2 Duration of injection, injection rate, injected mass of NPs, NP concentration and
polymer concentration at each injection depth.

Injection  Duration of Average Injected Cnrin Cemcin
depth Injection Injection rate mass of suspension suspension
[m] [min] QImiis]  NPs [kg] [o/L] [o/L]
1.30 40 1.14 - 10% 2.00 7.40 5.00
1.15 26 1.28 - 10% 2.30 11.00 5.00
1.00 19 1.78 - 10 2.21 11.00 5.00
0.85 18 1.86-10% 2.20 11.00 5.00
0.70 23 8.06 107 1.25 11.00 5.00

The injection rate for each injection was continuously monitored with the electromagnetic
flowmeter. The injection pressure was also measured continuously during the injections using
a pressure transducer (PT4515, ifm electronic, Germany) installed between the pump and the
injection position. The hydraulic head buildup in the aquifer was monitored continuously by
the pressure transducer (PT Series 33 X, KELLER AG fiir Druckmesstechnik, Germany), the
NPs were traced using two magnetic susceptibility sensors, and the deposited NP mass in the

porous medium (All NP = cyp pe_m + syp) was measured by way of soil sampling. The
bulk

positions of all monitoring devices and sampling positions are listed in Table 7.1
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Figure 7.3 Infinite array of imaginary injection wells in a channel aquifer (modified from
(Ferris, et al., 1962)). The blue dot represents an observation point, which is situated at a
distance of r,, from the injection well and r; from the imaginary wells.

7.3.2 How to find a Radius of Symmetrical Transport (Numerical Study)

In order to find the radius of a region within which flow and transport are symmetric in the LSF
aquifer, the transport regime of an infinite system and that of a LSF aquifer are investigated.
Since the impermeable side barriers will create a boundary effect only in the horizontal
direction, the investigation focuses on the 2D system with Cartesian coordinates (over an x-y
plane, as in the top view of the LSF aquifer in Figure 7.2). The x axis is parallel to the
impermeable side barriers, and the y axis is perpendicular to the impermeable side barriers. In
this system, the injection position is set as the origin of the coordinate (x, y) = (0, 0).

Two geometries were simulated numerically: (1) injection in a 2D infinite aquifer (open side
boundaries) and (2) injection in the LSF aquifer (no-flow side boundaries). The other two
boundaries for the inflow and outflow are configured as a no-flow boundary and a constant
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The time evolutions of the four parameters (injection head, hydraulic head buildup, flow
velocity and NP concentration) at observation points are plotted in Figure 7.7. As in the tracer
injection case, the development of NP concentration in the x direction is the same in both
aquifers. In the y direction, at up to 0.25 m a minor inconsistency between the LSF aquifer and
the infinite aquifer is observed, but at far distances (y > 0.25 m) the deviation becomes
significant. The differences in NP concentration between the infinite aquifer and the LSF
aquifer are 2.5 %, 10.0 % and 91.7 % at y = 0.15, 0.25 and 0.45 m respectively.

Asserting that a concentration difference of up to 10 % represents acceptable similarity, NP
transport in the y direction in the LSF aquifer is equal to that in the infinite aquifer within the
first 0.25 m. Therefore, in this region, the 2DR transport model is applicable to the transport
problem.
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Figure 7.6 Distribution of hydraulic head buildup, flow velocity and NP concentration during
the NP injection in the 2D (x-y plane) system in the infinite aquifer (a) and LSF aquifer (b).
Lines represent boundaries (green: open boundary, black: no-flow boundary, red: constant head
boundary) and black dots represent the sampling positions.
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Figure 7.7 Comparison of the four parameters at sampling positions in the infinite aquifer (1A)
and LSF aquifer (LSF).
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7.4 Results and Discussion

In order to apply the 2DR flow model to the LSF aquifer, the real coordinates (cartesian
coordinates) of the injection and monitoring positions in the horizontal dimensions (x and y)
are converted into a cylindrical coordinate in the 2DR system, taking the bottom of the aquifer
at the injection position as (r, z) = (0,0) m.

All sampling positions but the MSS are located within the region where the 2DR model is
applicable. The y coordinate of the MSS is 0.26 m, which is 0.01 m outside the applicable
region (explained in Chapter 7.3.2). Therefore, transport at this position is likely to exhibit a
minor asymmetry. The time period in which the injection was paused to move the Direct Push
rod deeper into the aquifer was not considered in the numerical simulation. Since no significant
effect on NP transport occurs during the injection pause, injected NPs are all retained in the
pore matrix due to the very low injection flow, or indeed the absence thereof. Therefore the
injection pause is ignored in the numerical simulation.

The parameters applied for the LSF aquifer are the following:
e Aquifersize:x=6m,y=1m,z=3mand dygrsaty =1.7M
® djoper IS the same as the injection depths in Table 7.2, dypper = 1.7 — djower
o Wellsize: 1y = 0.015 m, Ly,e;; =0.015 m, corresponding to the Direct Push Method
e Isotropic aquifer: @, = K, /K,=1
e Exponents for the variably saturated zone: ac=1, ak =1
e Specific storage and specific yield: S, =9.93 - 10° [m™], Sy = 0.32 [-]
e Injection conditions: listed in Table 7.2

For the other parameters, the previously obtained values were used: hydrogeologic properties
(Chapter 2.3), Forchheimer coefficients (Chapter 2.4), coefficients for the shear-thinning effect
(Chapter 3.4), and NP retention (Chapter 4.4).

7.4.1 LSF Experiment for Solute Transport (2DR)

The time evolution of the measured and simulated injection pressure, the hydraulic head buildup
at the sampling position (r, z) = (0.25, 0.25) m and the measured injection rate are shown in
Figure 7.8. The simulated injection pressure remains almost constant, with only a slight jump
at the beginning of the injection, while the measured pressure increases gradually over time and
plateaus after 30 minutes. Since a typical curve for water injection pressure jumps up
immediately after the start of the injection and stays constant thereafter, the measured injection
pressure reflects a technical error, probably an inconstant injection rate. The hydraulic head
buildup s for both the measured and simulated injection rates is similar. The simulated hydraulic
head buildup within the limit of r < 2.5 m (black solid line) was obtained by superposition
(Ssp = Sy, + Sy, +Sp, + 5, + s, ...). In the experiment, the distance from the observation
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point to the injection well is r, = 0.25 m, and four the imaginary wells were included
(r,=0.88m,r,=117m,r; =1.86 mand r, =2.16 m).
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Figure 7.8 Time evolution of the measured and simulated injection pressure (left), hydraulic
head buildup at the sampling position (r, z) = (0.25, 0.25) m (middle), and injection rate (right)
during the tracer injection.

The time evolution of the normalized tracer concentration (C/CO) according to both the

measured and simulated data at each sampling position is presented in Figure 7.9. At four
sampling positions (r, z) = (0.15, 0.9), (0.25, 0.7), (0.45, 1.3) and (0.45, 0.9) m, the measured
and simulated curves show good agreement (R2 > 0.89), while at the other four sampling
positions, a minor inconsistency is observed (R2 < 0.73). The aquifer is homogeneous, but the
sand grains are well-graded (Table 2.1). Therefore, the micro-heterogeneity of the medium may
be responsible for a discrepancy in the time taken for the tracer to reach the sampling positions.
At two sampling positions the measured concentrations are higher than the simulated ones,
which may be caused by the low sensitivity of the sensor (optical fiber fluorimeter). Overall,
however, the simulated results for fluid flow and solute transport agree with the measured data.

The final distribution of hydraulic head buildup, flow velocity and tracer concentration in the
r-z plane are reported in Figure 7.10. The concentration domain reaches a height of 1.7 m and
a breadth of 0.85 m in the horizontal direction.
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Figure 7.9 Measured and simulated results for the normalized solute concentration at the

corresponding sampling position over time. Black dots represent the measured concentration
and blue lines represent the simulated concentration.
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Figure 7.10 Vertical profiles (r and z direction) of hydraulic head buildup, flow velocity and
solute concentration. The black lines in the upper part of the domain represent the ground
surface (GS) and the water table (WT).

7.4.2 LSF Experiment for NP Transport (2DR)

The time evolutions of the measured and simulated injection pressure and hydraulic head
buildup at the sampling position (r, z) = (0.25, 0.25) m are reported in Figure 7.11. In all but
the fourth injection, there is some disagreement between the measured and simulated injection
pressures (left). The simulated pressure is a function of the injection rate, while all measured
pressures are around 2.5 bar, independent of the injection rate. This may be caused by micro-
clogging and fracturing in the vicinity of the injection position. At lower injection rates, the
injected NPs cause clogging, which increases the injection pressure. At higher pressures,
however, the higher flow velocity may cause small fractures around the injection position,
which prevent a pressure increase. Fluctuation of the injection pressure between 1.5 and 3.0 bar
was observed during the injection, with especially significant fluctuation observed during the
first injection (Figure 7.11). From these fluctuations it can be concluded that clogging and
micro-fracturing around the injection position occur simultaneously, with the result that the
measured injection pressure differs from the simulated pressure.

The profile of the measured hydraulic head buildup shows a steadier increase than the simulated
hydraulic head buildup over the first four injections (center), although both datasets are in good
agreement (no data is available for the first injection). The simulated hydraulic head buildup
(black solid line) is obtained by superposition as sg, = s, + S, +Sr, + s, + 5, Where ry
=0.25m,r =088 m,r, =117 m,r; = 1.86 m and r, = 2.16 m. From these results, it was
concluded that it is possible to approximate the hydraulic head buildup in the channel aquifer
by way of superposition.
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Figure 7.11 Measured and simulated injection pressure (left), hydraulic head buildup at the
sampling position (r, z) = (0.25, 0.25) m (center), and injection rate (right) during the
intermittent NP injection at five different depths.

The time evolutions of the measured and simulated total NP concentration s, at the positions
of the magnetic susceptibility sensors, as well as the measured total iron concentration in the
soil over distance from the injection position are presented in Figure 7.12.

The total NP concentration, including both deposited NPs (syp) and those in the liquid phase
Em
Pbulk

(cyp), is calculated as s;o; = cyp + Syp-

Atz =0.7 m, the measured V /V,,,, and simulated s;,; values show good agreement. At a depth
of 1.3 m, the measured data plateaus earlier than the simulated data. The durations of the first
and second injections (at z = 1.3 and 1.15 m, respectively) are 40 and 26 min. Even so, there
was an 86-minute pause after the first injection, and the measured data continued increasing
until 50 minutes, which is 10 minutes after the end of the first injection. Therefore, the
conclusion may be drawn that the NPs migrated in the liquid phase after the end of the first
injection for around 10 minutes. During the second injection, no increase of V /V;,,, was
observed, and thus no NPs from the second injection reached the MSS position.

The simulation data plateaued after 80 minutes. For the simulation, the time lag between
injections is not included, so the successive injections at lower depths influence the NP
concentration s, at the MSS position. The change in s;,; with distance from the injection
position shows a good agreement with the measured total iron concentration in the soil at all
distances and at three depths.
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Figure 7.12 Simulated NP concentration s;,. over time at r = 0.26 m (left, left axis) Measured
data for s, (dots) recorded by the magnetic susceptibility sensor (normalized voltage) (left,
right axis), and measured and simulated s, in soil over distance from the injection position
(right).

The final distribution of eight parameters (s, q, ccuc, Upm, KF, cyp, Syp,1 @nd syp ) at the end
of the fifth injection is presented in Figure 7.13. The distribution shape of the hydraulic head
buildup is not very different from that of the water injection, while all other parameters show
very specific shapes resulting from the five NP injections. An irregular distribution of flow
velocity is observed in the upper part of the aquifer, due to pore-clogging by the deposited NP
syp,1. The polymer concentration (ccpc) is pushed upwards by the successive injections at
lower depths, and passes the initial water table at 1.7 m. This leads to the distribution of higher
viscosity (red area) in the upper part of the aquifer. The aquifer volume affected by the
transported NPs is much smaller than that affected by the polymer solution. As opposed to the
polymer solution, the liquid phase of the NPs starts to deposit after the injection stops.
Therefore, a very small quantity of NPs remains in the liquid phase at the beginning of the next
injection, which do not contribute to further upward distribution of the NP concentration.

The NPs deposited due to straining syp ; are observed only around the injection position, while
the NPs deposited by blocking syp , are distributed more widely. The zone of deposited NPs
extends up to 0.5 m from the injection position, with considerable NP deposition occurring
within 0.15 m, which is consistent with the experimental result. The hydraulic conductivity
around the injection position decreases significantly due to NP deposition. Also, the reduction
in hydraulic conductivity due to high viscosity can be observed at a far distance from the
injection position (especially in the upper part of the aquifer).
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Figure 7.13 Vertical profiles (r and z direction) of hydraulic head buildup, flow velocity,
polymer concentration, NP concentration, viscosity, actual hydraulic conductivity, deposited
NP concentration by straining and deposited NP concentration by blocking.
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7.5 Summarizing the findings

In this Chapter the method for solving the boundary problem using the developed 2DR model
from Chapter 6.2. shown, supported by experimental and numerical studies. For the
experimental study, the NP injection test was conducted with the Direct Push Method in a 3D
artificial channel aquifer (large scale flume) from which flow and transport data were collected.
The aquifer was bounded by two parallel impermeable side barriers.

The hydraulic head buildup and transport in the channel aquifer were studied using the 2DR
model for shear-thinning fluid flow and NP transport in an unconfined aquifer including the
non-Darcy effect, which was developed in Chapter 6.

In order to deal with the boundary problem, the following approach was developed:

e For the flow problem, the infinite 2DR flow model was upgraded with an application
the superposition theory using imaginary wells.

e For the transport problem, the applicable region for the infinite model in the bounded
aquifer was determined as that within a radius of 0.25 m from the injection position, and
the transport in that region was solved with the 2DR transport model.

This approach was validated by the good agreement between the simulation and measurement
results for flow and transport in the applicable region (Figure 7.11 and Figure 7.12). However,
the discrepancy between the simulated and measured injection pressure confirmed the difficulty
of predicting the injection pressure during NP injection. Discrepancies in injection pressure
caused by microscopic clogging and fracturing around the injection well could not be simulated.

The simulation results show that the intermittent NP injection at varying depths generated an
upward flow which pushed the CMC solution upwards, but which did not contribute to upward
NP distribution, rather the NPs were proportionally distributed. For the applied injection
condition, the distribution of NPs (s;,;) reached a maximum extension of 0.5 m in the radial
direction. At a higher injection rate, the extent of the NP distribution would be increased.

To conclude, the prediction of hydraulic head buildup, flow velocity, NP retention and
permeability change in the LSF aquifer was successfully achieved using the developed model,
meaning that an effective prediction tool for the flow and transport generated by NP injection
in a finite system was successfully developed.
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8 Conclusion and Recommendations
The successful field-scale injection of engineered NP suspensions for the remediation of a

polluted site requires an efficient NP transport and the uniform NP distribution after injection.
However, setting up such an application system to achieve far-distance NP distribution while
avoiding fracturing (which disrupts the optimal distribution of NP) is somewhat contradicting.
On one hand the system requires a high injection rate, but on the other the injection pressure
should not exceed the upper limit of lithostatic and hydrostatic pressure, so as to keep the NP
distribution undisturbed. Thus, optimizing the maximum injection rate which does not cause
fracturing produces the most efficient NP transport, and leads to the most successful NP
application possible in the field. However, the correlation between injection rate, injection
pressure and the incidence of fracturing is not always consistent, rather it greatly depends on
soil structure, NP type, the lithostatic pressure at the injection position, retention mechanisms
and the viscosity of slurry. Due to the interrelatedness of such mechanisms, prediction of NP
transport presents a complex challenge.

In order to make prediction more accurate, this work has tackled the complex effects of NP
injection by developing specially configured models. To that end, this study has focused on
three major influential mechanisms: (1) the non-Darcy effect, (2) the rheologic (shear-thinning)
effect, and (3) permeability change.

The developed 2D radial symmetric (2DR) model is a set of mathematical models for simulating
NP transport, injection pressure and the flow velocity of the injected fluid during injection using
the “Direct Push Method”, which takes into account the high-flow velocity effect around the
injection position, the shear-thinning effect of the polymer solution, and the reduction in
permeability caused by NP retention. This is the first simulation tool which can solve a
comprehensive problem during the injection of the NP suspension in field-relevant 2DR
dimensions.

The advantages of the models are:

e The ability to simulate the NP distribution, along with the progressive NP retention and
permeability change.

e The ability to simulate the injection pressure, which provides the optimal injection rate
to avoid fracturing.

e The ability to simulate the flow velocity, which provides the optimal injection rate to
avoid vertical disturbance of porous structure, such as quicksand.

e The ability to simulate flow and transport in the variably saturated zone, which provides
an understanding of the effects of the boundary condition.

In this study, a more complete understanding and description of the transport of NP during
injection into the subsurface using the “Direct Push Method” was successfully attained. Three
research questions were set up in Chapter 1.4 which were answered in the course of the
investigation.
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1. How does the injection velocity influence the non-Darcy effect and the injection
pressure?

An increase in flow velocity increase in the non-Darcy effect, as an increase in flow
velocity reduces the Forchheimer’s factor F and consequently the actual hydraulic
conductivity FK in Forchheimer’s equation (EQ.(2.4)). Thus, high speed injection leads
to an increase of injection pressure, which is much higher than the injection pressure
obtained by Darcy’s law. In the 2D axially symmetric geometry, a non-Darcy flow was
observed only around the injection position. However, the small region of this strong
non-Darcy flow had a great influence on the flow and transport at a far distance,
increasing the flow velocity at greater distance, as well as extending the distribution of
solute concentration (Chapter 5.4.1).

2. How do the viscosity and shear-thinning effect of a fluid influence the flow in an
injection flow field?

Viscosity is a function of polymer concentration and flow velocity (Eg. (3.6)). In the
1D geometry, where the flow velocity was constant, viscosity was determined only by
the concentration. An increase of the viscosity decreased the hydraulic conductivity,
subsequently pushing up the hydraulic head. In the 2D axially symmetric geometry, the
viscosity was determined by both the concentration and the flow velocity, since the
flow velocity was not constant. In this geometry, the viscosity distribution did not
coincide with the concentration distribution (Chapter 6.4.1). The highest viscosity zone
was not where the concentration was the highest (around the injection position), but
somewhere between the injection position and far distance, where the concentration
was moderately high and the flow velocity was reasonably low. In this geometry, the
decrease in hydraulic conductivity caused by the viscosity increase restrained the
transport in the far region.

3. How does varying flow velocity influence the NP deposition? And how does NP
deposition affect the flow pattern?

The NP transport was improved by the increase in flow velocity. It was shown that the
flow velocity also influenced the NP retention mechanisms, since straining is the
dominant mechanism at high flow velocity. It was also shown that the dominance of
blocking increased with a decrease in flow velocity (Chapter 4.4.3). The reduction in
permeability caused by the NP retention was attributed mainly to straining. NP
retention led to an increase in injection pressure, hydraulic head buildup, and flow
velocity, which consequently improved the solute transport (Chapter 6.4.2).

Based on these outcomes, following recommendations are given as relevant to the optimal
execution of NP remediation in the field:
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The injection pressure should not reach such a level as to cause fracturing. In a deeper
aquifer, where higher injection pressures and hydraulic head buildups are possible,
injection at a higher flow velocity is recommended.

The injection flow rate generated by the Direct Push injection rod should be limited to
Q< 1.8 -10%*md/s in a sandy aquifer (K = 4.5 - 10*m/s), otherwise fracturing occurs
around the injection position and the uniform NP distribution may be disturbed
(Chapter 7.4.2 Figure 7.11 4th injection).

Injection should be conducted in the middle of the aquifer depth (Chapter 6.4.3), away
from the no-flow boundary and water table. This helps to maximize NP distribution,
i.e. enlarge the radius of influence in case of homogeneous and non-stratified aquifer.

The well screen should penetrate to between 50 % and 100 % of aquifer depth. This
lessens the risk of fracturing and produces a more uniform NP distribution, due to a
gradual velocity reduction that occurs with distance from the injection position.

NP stabilization should be improved in order to permit a reduction in the injection rate
and the polymer solution concentration, which in turn helps to avoid fracturing and
improve the uniformity of NP distribution. According to Phenrat & Lowry (2019),
avoiding aggregation and agglomeration is a key to improve a suspension stability. The
particle coating is one of the optimal methods. NP coating with electrosteric polymers
or other solids can give a positive influence on the NP transport, due to change surface
charge, lower particle effective density and reduction of agglomeration tendency.

A method for converting the obtained data into transient NP concentration profiles
using a magnetic susceptibility sensor should be established. This would provide a
more accurate picture of NP distribution, and would support the understanding of NP
transport mechanisms in a 3D system in general.

In order to develop the simulation tool into something even more representative of the in-situ
reality of NP remediation, some important issues which are not considered in this work should
receive attention in the future:

In the developed model, a uniform NP size was assumed (Chapter 4.2.2 Eq.(4.3)). In a
field situation, NPs in an injection suspension are non-uniform. Therefore, well graded
NPs may show different retention behavior from the predicted retention, since the
straining of bigger NPs may clog pores around the injection position. The clogging
causes a significant permeability reduction and disturbance of further NP transport.
Furthermore, this clogging is a major contributor to fracturing.

Even in a shallow aquifer there are often soil layers or lenses, consisting of different
components with various permeabilities. Such stratified soils should be considered in
order to simulate the NP distribution for field applications more accurately.

Fracturing during the NP injection should be taken into account. In reality it could be
expected that the high injection pressure and permeability reduction, especially around
the injection position, may generate small local fractures. This may encourage the fluid
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to exploit those fractures and create or enlarge dominant pathways for NP transport. In
this way the high-pressure flow, while it may avoid comprehensive damage to the soil
structure, can ultimately cause minor deformation of the pore matrix. This deformation
disrupts the uniform NP transport and distribution.

e A pore scale modeling of flow and NP transport/retention, based on computational fluid
dynamics using soil structure obtained from fields, is recommended. This would provide
a realistic simulation of the micro-scale behavior of permeability change and fracturing.
As mentioned above, the significant permeability reduction and fracturing around the
injection position may change the flow and transport regime at further distance, yet the
expected effect there is relatively small. Therefore, in a simulation, the affected area
within the ROI should be divided into sub-regions based on the magnitude of those
effects, such as the region around the injection position, the transferring area and the
far-distance area.



9 References 126

9 References
Accolla, S., 2017. Mechanisms to investigate the transport of different nano iron particles in
porous media, s.l.: s.n.

Anita, D. D., 2010. Sustainable Zero-Valent Metal (ZVM) Water Treatment Associated with
Diffusion, Infiltration, Abstraction, and Recirculation. Sustainability, Volume 2(9).

Apostolos, K., Jonathan, B. & Saeed, T., 2016. Fundamentals of Fluid Flow in Porous
Media..

Arora, K. R., 1992. Soil Mechanics And Foundation Engineering (geotechnical Engineering).
s.l.:Standard Publishers.

Bear, J., 2013. Dynamics of fluids in porous media. s.l.:Courier Corporation.

Bianco, C., Tosco, T. & Sethi, R., 2015. MNMs 2015 Micro- and Nanopatrticles transport,
filtration and clogging Model - Suite, A comprehensive tool for design and interpretation of
colloidal particle transport in 1D Cartesian and 1D radial systems, s.l.: s.n.

Bianco, C., Tosco, T. & Sethi, R., 2015. MNMs 2021 - Groundwater Engineering Research
Group. [Online]
Available at: https://areeweb.polito.it/ricerca/groundwater/software/emnmid/

Bianco, C., Tosco, T. & Sethi, R., 2016. A 3-dimensional micro- and nanoparticle transport
and filtration model (MNM3D) applied to the migration of carbon-based nanomaterials in
porous media.. Journal of Contaminant Hydrology.

Bird, R. B., 2002. Transport phenomena. Applied Mechanics Reviews, Volume 55, pp. R1--
R4.

Bird, R. B., Armstrong, R. C. & Hassager, O., 1987. Dynamics of polymeric liquids. Vol. 1:
Fluid mechanics. s.l.:John Wiley and Sons Inc., New York, NY.

Bodensee-Wasserversorgung, Z., 2017. Trinkwasseranalyse 2017. [Online]
Available at: http://www.bodensee-
wasserversorgung.de/fileadmin/PDF/Jahresmittelwerte 2017.pdf

Bolster, C. H., Mills, A. L., Hornberger, G. M. & Herman, J. S., 1999. Spatial distribution of
deposited bacteria following miscible displacement experiments in intact cores. Water
Resources Research, Volume 35, pp. 1797-1807.

Bradford, S. A. et al., 2003. Modeling Colloid Attachment, Straining, and Exclusion in
Saturated Porous Media. Environmental Science \& Technology, 37(10), pp. 2242-2250.

Bradford, S. A. et al., 2006. Significance of straining in colloid deposition: Evidence and
implications. Water Resources Research, Volume 42.

Bradford, S. A. & Torkzaban, S., 2008. Colloid Transport and Retention in Unsaturated
Porous Media: A Review of Interface-, Collector-, and Pore-Scale Processes and Models.
Vadose Zone Journal.



9 References 127

Bradford, S. A., Torkzaban, S. & Walker, S. L., 2007. Coupling of physical and chemical
mechanisms of colloid straining in saturated porous media. Water Research, Volume 41, pp.
3012-3024.

Carreau, P. J., 1972. Rheological equations from molecular network theories. Transactions
of the Society of Rheology, 16(1), pp. 99-127.

Chen, S., 1991. Investigation of Dispersivity as a Reservoir Rock Characteristic and its
Determination from Well Logs, s.l.: s.n.

Coleman, T. F. & Li, Y., 1996. An interior trust region approach for nonlinear minimization
subject to bounds. SIAM Journal on optimization, 6(2), pp. 418-445.

Corapcioglu, M. Y. & Choi, H., 1996. Modeling colloid transport in unsaturated porous media
and validation with laboratory column data. Water Resources Research, Volume 32, pp.
3437-3449.

CPKelco, 2009. CMC book, s.l.: s.n.

de Boer, C. V., 2012. Transport of Nano Sized Zero Valent Iron Colloids during Injection into
the Subsurface, s.I.: s.n.

deButts, E. H., Hudy, J. A. & Elliott, J. H., 1957. Rheology of Sodium Carboxymethylcellulose
Solutions. Industrial & Engineering Chemistry, Volume 49, pp. 94-98.

Elimelech, M., 1992. Predicting Collision Efficiency of Colloidal Particles in Porous Media. 1,
Volume 26, pp. 1-8.

Elimelech, M., 1994. Effect of Particle Size on the Kinetics of Particle Deposition under
Attractive Double Layer Interactions. Journal of Colloid and Interface Science, Volume 164,
pp. 190-199.

Elimelech, M. & Tufenkji, N., 2004. Correlation Equation for Predicting Single-Collector
Efficiency in Physicochemical Filtration in Saturated Porous Media. 1, Volume 38, pp. 529-
563.

Elliott, D. W. & Zhang, W.-X., 2001. Field assessment of nanoscale bimetallic particles for
groundwater treatment. Environmental Science & Technology, Volume 35, pp. 4922-4926.

Ergun, S., 1952. Fluid flow through packed columns. Chem. Eng. Prog., Volume 48, pp. 89-
94.

Ferris, J. G., Knowles, D. B., Brown, R. H. & Stallman, R. W., 1962. Theory of aquifer tests.
U.S. Geological Survey Water-Supply Paper 1536 E, 174p.

Forchheimer, P. H., 1901. Wasserbewegung durch Boden. Zeitschrift des Vereines
Deutscher Ingenieure, Volume 50, pp. 1781-1788.

Gardner, W. R., 1958. Some steady-state solutions of the unsaturated moisture flow
equation with application to evaporation from a water table. Soil science, Volume 85, pp.
228-232.



9 References 128

Gastone, F., Tosco, T. & Sethi, R., 2014. Green stabilization of microscale iron particles
using guar gum: bulk rheology, sedimentation rate and enzymatic degradation. Journal of
colloid and interface science, Volume 421, pp. 33-43.

Geiger, C. L. et al., 2009. A review of environmental applications of hanoscale and
microscale reactive metal particles. In: s.I..ACS Publications.

Gelhar, L. W., Welty, C. & Rehfeldt, K. R., 1992. A critical review of data on field-scale
dispersion in aquifers. Water Resources Research.

Grane, F., 1961. Measurements of Transverse Dispersion in Granular Media. Journal of
Chemical and Engineering Data, Volume 6, pp. 283-287.

Harleman, D. R. F. & Rumer, R. R., 1963. Longitudinal and lateral dispersion in an isotropic
porous medium. Journal of Fluid Mechanics, Volume 16, pp. 385-394.

Harvey, R. W. & Garabedian, S. P., 1991. Use of colloid filtration theory in modeling
movement of bacteria through a contaminated sandy aquifer. Environmental science &
technology, Volume 25, pp. 178-185.

Hassanizadeh, S. M. & Gray, W. G., 1987. High velocity flow in porous media. Transport in
porous media, Volume 2, pp. 521-531.

Hofmann, T., Mici¢, V. & Schmid, D., 2016. IDL 4.3 Report on the stability, mobility, and en-
hanced delivery of NP for optimized NPs as well as on the data on aquifer modifications for
controlled NP delivery, s.l.: s.n.

Hogan, R. N. & Zimmerman, C. F., 1997. Sodium fluorescein and other tissue dyes. In:
Textbook of ocular pharmacology. s.l.:s.n.

Hossain, S. Z. & Mumford, K. G., 2017. Capillary pressure-saturation relationships for diluted
bitumen and water in gravel. Journal of Hydrology, Volume 551, pp. 306-313.

Hosseini, S. M. & Tosco, T., 2013. Transport and retention of high concentrated nano-Fe/Cu
particles through highly flow-rated packed sand column. Water Research, Volume 47, pp.
326-338.

In Situ Remediation Reagents Injection , W. G., 2009. Technical Report: Subsurface Injection
of In Situ Remedial Reagents (ISRRs) Within the Los Angeles Regional Water Quality
Control Board Jurisdiction, s.l.: s.n.

IUPAC, 1997. Compendium of Chemical Terminology, 2nd ed.. s.l.:s.n.

Johnson, P. R. & Elimelech, M., 1995. Dynamics of colloid deposition in porous media:
Blocking based on random sequential adsorption. Langmuir, 11(3), pp. 801-812.

Johnson, R. L. et al., 2013. Field-scale transport and transformation of
carboxymethylcellulose- stabilized nano zero-valent iron. Environmental Science and
Technology, 2, 47(3), pp. 1573-1580.

Kim, S. C., Harrington, M. S. & Pui, D. Y. H., 2006. Experimental study of nanoparticles
penetration through commercial filter media. pp. 117-125.



9 References 129

Knupp, P. M. & Lage, J. L., 1995. Generalization of the Forchheimer-extended Darcy flow
model to the tensor premeability case via a variational principle. Journal of Fluid Mechanics.

Ko, C.-H. & Elimelech, M., 2000. The "Shadow Effect" in Colloid Transport and Deposition
Dynamics in Granular Porous Media: Measurements and Mechanisms. Environmental
Science & Technology, 34(17), pp. 3681-3689.

Ko, C.-H. & Elimelech, M., 2000. The "Shadow Effect" in Colloid Transport and Deposition
Dynamics in Granular Porous Media:\hspace0.167em Measurements and Mechanisms.
Environmental Science & Technology, 34(17), pp. 3681-3689.

Kovalick, W. W. J., 1996. Innovative Ground-Water Remediation Technologies: Publications
and Conference Proceedings.

Kroszynski, U. I. & Dagan, G., 1975. Well pumping in unconfined aquifers: The influence of
the unsaturated zone. Water Resources Research, Volume 11, pp. 479-490.

Kruseman, G. P. & De Ridder, N. A., 1970. Analysis and Evaluation of Pumping Test Data.
s.l.:s.n.

Lamb, H., 1994. Hydrodynamics (6th ed.). s.l..Cambridge University Press.

Lapidus, L. & Amundson, N. R., 1952. Mathematics of Adsorption in Beds. VI. The Effect of
Longitudinal Diffusion in lon Exchange and Chromatographic Columns. The Journal of
Physical Chemistry, Volume 56, pp. 984-988.

Li, S. et al., 2014. Working mechanisms of strain sensors utilizing aligned carbon nanotube
network and aerosol jet printed electrodes. Carbon, Volume 73, pp. 303-309.

Liu, Y. et al., 2005. TCE Dechlorination Rates, Pathways, and Efficiency of Nanoscale Iron
Particles with Different Properties. 4, Volume 39, pp. 1338-45.

Lépez, E., Schuhmacher, M. & Domingo, J. L., 2008. Human Health Risks of Petroleum-
Contaminated Groundwater, s.l.: Environmental Science and Pollution Research (2008), 15
(3), 278 — 288.

Lopez, X., Valvatne, P. H. & Blunt, M. J., 2003. Predictive network modeling of single-phase
non-Newtonian flow in porous media. Journal of colloid and interface science, Volume 264,
pp. 256-265.

Lowry, G. & M Johnson, K., 2004. Congener-Specific Dechlorination of Dissolved PCBs by
Microscale and Nanoscale Zerovalent Iron in a Water/Methanol Solution. 11, Volume 38, pp.
5208-16.

Maccari, F., 2018. Zerovalent iron nanoparticles for groundwater remediation:
characterization, transport tests and numerical modeling, s.l.: s.n.

Mathias, S. A. & Wen, Z., 2015. Numerical simulation of Forchheimer flow to a partially
penetrating well with a mixed-type boundary condition. Journal of Hydrology, Band 524, pp.
53-61.



9 References 130

Matthess, G., Pekdeger, A., McCarty, P. L. & others, 1985. Survival and transport of
pathogenic bacteria and viruses in ground water. In: Environmental science & technology.
s.l.:Wiley-Interscience, pp. 472-82.

Mays, D. C. & Hunt, J. R., 2005. Clogging by Montmorillonite in Porous Media:
Hydrodynamic and Chemical Effects. Environmental Science & Technology.

Mishra, P. K. & Neuman, S. P., 2010. Improved forward and inverse analyses of saturated-
unsaturated flow toward a well in a compressible unconfined aquifer. Water Resources
Research, Volume 46.

Moncada, K. et al., 2005. Determination of vertical and horizontal permeabilities for vertical
oil and gas wells with partial completion and partial penetration using pressure and pressure
derivative plots without type-curve matching. CT\&F-Ciencia, Tecnolog{\\i}a y Futuro, 3(1),
pp. 77-94.

Moutsopoulos, K. N., 2009. Exact and approximate analytical solutions for unsteady fully
developed turbulent flow in porous media and fractures for time dependent boundary
conditions. Journal of Hydrology, 369(1-2), pp. 78-89.

Mueller, N. C. et al., 2012. Application of nanoscale zero valent iron (NZVI) for groundwater
remediation in Europe. Environmental Science and Pollution Research, Volume 19, pp. 550-
558.

NANO IRON, s., 2017. Safety data sheet according to regulation EC No. 1907/2006
NANOFER STAR. [Online]

Available at: http://nanoiron.cz/getattachment/81874e2a-f96f-455e-8551 -
14{40f67868c/NANOFER-STAR-SDS-English.aspx

Ngueleu, S., Grathwohl, P. & Cirpka, O., 2014. Particle-Facilitated Transport of Lindane in
Water-Saturated Tropical Lateritic Porous Media. 7, Band 43, pp. 1392-403.

Pearson, J. R. A. & Tardy, P. M. J., 2002. Models for flow of non-Newtonian and complex
fluids through porous media. Journal of Non-Newtonian Fluid Mechanics, Volume 102, pp.
447-473.

Phenrat, T. & Lowry, G. V., 2019. Nanoscale Zerovalent Iron Particles for Environmental
Restoration. s.l.:s.n.

Phenrat, T. et al., 2008. Stabilization of aqueous nanoscale zerovalent iron dispersions by
anionic polyelectrolytes: adsorbed anionic polyelectrolyte layer properties and their effect on
aggregation and sedimentation. Journal of Nanoparticle Research, 01 5, Volume 10, pp. 795-
814.

Phenrat, T. et al., 2007. Aggregation and sedimentation of aqueous nanoscale zerovalent
iron dispersions. Environmental Science & Technology, Volume 41, pp. 284-290.

Rad, N. & Tumay, M., 1987. Factors Affecting Sand Specimen Fabrication by Raining.
Geotechnical Testing Journal, ASTM, 10(1), pp. 31-37.

Rajagopalan, R. & Tien, C., 1976. Trajectory Analysis of Deep Bed Filtration Using Sphere-
in-Cell Porous Media Model. 5, Volume 22, pp. 523-533.



9 References 131

Rodriguez de Castro, A. & Radilla, G., 2017. Non-Darcian flow of shear-thinning fluids
through packed beads: Experiments and predictions using Forchheimer's law and Ergun's
equation. Advances in Water Resources, Volume 100, pp. 35-47.

Saleh, N. et al., 2008. lonic strength and composition affect the mobility of surface-modified
Fe0 nanoparticles in water-saturated sand columns. Environmental Science & Technology,
Volume 42, pp. 3349-3355.

Santoso, R. K. et al., 2018. Study of Non-Newtonian fluid flow in porous media at core scale
using analytical approach. Geosystem Engineering, Volume 21, pp. 21-30.

Schijven, J. F. & Hassanizadeh, S. M., 2000. Removal of viruses by soil passage: Overview
of modeling, processes, and parameters. Critical reviews in environmental science and
technology, Volume 30, pp. 49-127.

Sidiropoulou, M. G., Moutsopoulos, K. N. & Tsihrintzis, V. A., 2007. Determination of
Forchheimer equation coefficients a and b. Hydrological processes, 21(4), pp. 534-554.

Sippola, M. R. & Nazaroff, W. W., 2002. Particle Deposition from Turbulent Flow: Review of
Published Research and Its Applicability to Ventilation Ducts in Commercial Buildings, s.I.:
s.n.

Sirivithayapakorn, S. & Keller, A., 2003. Transport of colloids in saturated porous media: A
pore-scale observation of the size exclusion effect and colloid acceleration. Water Resources
Research, 39(4).

Sorbie, K. S., Clifford, P. J. & Jones, E. R. W., 1989. The rheology of pseudoplastic fluids in
porous media using network modeling. Journal of Colloid and Interface Science, Volume
130, pp. 508-534.

Strutz, T. J., Hornbruch, G., Dahmke, A. & Kdber, R., 2016. Effect of injection velocity and
particle concentration on transport of nanoscale zero-valent iron and hydraulic conductivity in
saturated porous media. Journal of Contaminant Hydrology, Volume 191, pp. 54-65.

Tartakovsky, G. D. & Neuman, S. P., 2007. Three-dimensional saturated-unsaturated flow
with axial symmetry to a partially penetrating well in a compressible unconfined aquifer.
Water Resources Research, Volume 43.

Teegarden, D. M., 2004. Polymer Chemistry: Introduction to an Indispensable Science.
s.l.:s.n.

Tiraferri, A. et al., 2017. Colloidal behavior of goethite nanoparticles modified with humic acid
and implications for aquifer reclamation. Journal of Nanoparticle Research , Volume 19.

Torkzaban, S., Wan, J., Tokunaga, T. K. & Bradford, S. A., 2012. Impacts of bridging
complexation on the transport of surface-modified nanoparticles in saturated sand. Journal of
Contaminant Hydrology, Band 136-137, pp. 86-95.

Tosco, T. et al., 2016. D7.2 Simulation Module for Predicting Transport of NPs in
Groundwater, NanoRem WP7: Modelling Tool for Nanoparticle Mobility and Interation with
Contaminants.



9 References 132

Tosco, T., Gastone, F. & Sethi, R., 2014. Guar gum solutions for improved delivery of iron
particles in porous media (Part 2): Iron transport tests and modeling in radial geometry.
Journal of Contaminant Hydrology, Band 166, pp. 34-51.

Tosco, T., Marchisio, D. L., Lince, F. & Sethi, R., 2013. Extension of the Darcy--Forchheimer
Law for Shear-Thinning Fluids and Validation via Pore-Scale Flow Simulations. Transport in
Porous Media, 01 1, Volume 96, pp. 1-20.

Tosco, T. & Sethi, R., 2009. MNM1D: A Numerical Code for Colloid Transport in Porous
Media: Implementation and Validation. American Journal of Environmental Sciences.

Tosco, T. & Sethi, R., 2010. Transport of non-Newtonian suspensions of highly concentrated
micro-and nanoscale iron particles in porous media: a modeling approach. Environmental
science \& technology, 44(23), pp. 9062-9068.

Tufenkji, N. & Elimelech, M., 2004. Correlation equation for predicting single-collector
efficiency in physicochemical filtration in saturated porous media. Environmental science &
technology, Volume 38, pp. 529-536.

U.S. EPA, 2012. Nanotechnologies for environmental cleanup, s.l.: s.n.

Woudberg, S., Du Plessis, J. P. & Smit, G. J. F., 2006. Non-Newtonian purely viscous flow
through isotropic granular porous media. Chemical Engineering Science, 61(13), pp. 4299-
4308.

Wu, Y.-S., Lai, B. & Miskimins, J., 2009. Simulation of Multiphase Non-Darcy Flow in Porous
and Fractured Media. 1.Volume 1.

Yao, K.-M., Habibian, M. T., O'Melia, C. R. & others, 1971. Water and waste water filtration:
concepts and applications.. Environ. Sci. Technol., 5(11), pp. 1105-1112.

Zeng, Z. & Grigg, R., 2006. A Criterion for Non-Darcy Flow in Porous Media. Transport in
Porous Media, Apr, 63(1), pp. 57-69.

Zhang, X. H., 2005. Remediation technigues for soil and groundwater. Journal of Point
Sources of Pollution, Local Effects and It’s Control, pp. 350-364.






Acknowledgements
| would like to express my deep and sincere gratitude to Professor Andrés Bardossy,

Professor Miroslav Cernik and PD Dr. Claus Haslauer for giving me this opportunity and
providing invaluable guidance.

| am especially grateful to my supervisors Dr. Jirgen Braun for letting me work in the Project
NANOREM and for his continuous supports to my work and my dissertation. His sincerity and
the way to approach to research challenges have deeply inspired me. He has taught me the
methodology to carry out the research and to present the research works as clearly as possible.
It was a great honor to work and learn under his guidance.

Special thanks to all my colleagues from VEGAS, Herr Koschitzky, Norbert, Oli, Tanja,
Muriel, Karin, Ramona, Anke, Giullia, Simon, Alex, Maurice, Alex Gens, Joachim, Flo,
Fabiola, Steffen, Bojan, Henning, Michael, Astrid and all Hiwis for their great supports to my
research and the large-scale experiments! That was a wonderful time being on the VEGAS
team with a plenty of working, learning and research experiences as well as fun activities.

I would like to express my gratitude to my mentor and my supervisors of bachelor and master
thesis for their supports and encouragements in finding my academic path.

Very special thanks to my husband Stefan Glatz for his love and tremendous supports in every
step of my dissertation for such a long time. | had so many moments that | wanted to give up
finishing this dissertation, but each time his kind encouragement and trust in me made me get
back on my feet.

I would like to thank my parents Chieko and Takayuki for their love, caring and giving me a
chance for my future. Also, | express my thanks to my brother, sister-in-law, my aunts and
uncles for their support in my home country and parents, sister and brother in law for their
support here in Germany. Special thanks to my colleagues in my current company. | am also
extremely grateful to my friends, Alex, James, Asako and Tom for their supports with
proofreading in English and German and being good friends. Without those supports | could
not have finished my dissertation, Thank You All!

The presented research was performed at the Research Facility for Subsurface Remediation
(VEGAS), University of Stuttgart, Germany.

The NANOREM project was funded by the European Commission through the 7th Research
Framework Programme (FP7/2007-2013) under grant agreement No. 309517.






Direktoren

Prof. Dr. rer. nat. Dr.-Ing. Andras Bardossy
Prof. Dr.-Ing. Rainer Helmig

Prof. Dr.-Ing. Wolfgang Nowak

Prof. Dr.-Ing. Silke Wieprecht

Vorstand (Stand 21.05.2021)

Prof. Dr. rer. nat. Dr.-Ing. A. Bardossy
Prof. Dr.-Ing. R. Helmig

Prof. Dr.-Ing. W. Nowak

Prof. Dr.-Ing. S. Wieprecht

Prof. Dr. J.A. Sander Huisman
Jurgen Braun, PhD

apl. Prof. Dr.-Ing. H. Class

PD Dr.-Ing. Claus Haslauer

Stefan Haun, PhD

apl. Prof. Dr.-Ing. Sergey Oladyshkin
Dr. rer. nat. J. Seidel

Dr.-Ing. K. Terheiden

Emeriti

Prof. Dr.-Ing.
Giesecke
Prof. Dr.h.c. Dr.-Ing. E.h. Helmut Kobus, PhD

habil. Dr.-Ing. E.h. Jirgen

Verzeichnis der Mitteilungshefte

Institut fir Wasser- und
Umweltsystemmodellierung
Universitat Stuttgart

Pfaffenwaldring 61

70569 Stuttgart (Vaihingen)
Telefon (0711) 685 - 60156
Telefax (0711) 685 - 51073
E-Mail: iws@iws.uni-stuttgart.de
http://www.iws.uni-stuttgart.de

Lehrstuhl fir Wasserbau und
Wassermengenwirtschaft

Leiterin: Prof. Dr.-Ing. Silke Wieprecht
Stellv.: Dr.-Ing. Kristina Terheiden
Versuchsanstalt fiir Wasserbau
Leiter: Stefan Haun, PhD

Lehrstuhl fur Hydromechanik

und Hydrosystemmodellierung
Leiter: Prof. Dr.-Ing. Rainer Helmig
Stellv.: apl. Prof. Dr.-Ing. Holger Class

Lehrstuhl far Hydrologie und Geohydrologie
Leiter: Prof. Dr. rer. nat. Dr.-Ing. Andras Bardossy
Stellv.: Dr. rer. nat. Jochen Seidel
Hydrogeophysik der Vadosen Zone

(mit Forschungszentrum Julich)

Leiter: Prof. Dr. J.A. Sander Huisman

Lehrstuhl fur Stochastische Simulation und
Sicherheitsforschung fur Hydrosysteme
Leiter: Prof. Dr.-Ing. Wolfgang Nowak
Stellv.: apl. Prof. Dr.-Ing. Sergey Oladyshkin

VEGAS, Versuchseinrichtung zur
Grundwasser- und Altlastensanierung
Leiter:  Jurgen Braun, PhD

PD Dr.-Ing. Claus Haslauer

1 Rohnisch, Arthur: Die Bemihungen um eine Wasserbauliche Versuchsanstalt an der
Technischen Hochschule Stuttgart, und Fattah Abouleid, Abdel: Beitrag zur Berechnung
einer in lockeren Sand gerammten, zweifach verankerten Spundwand, 1963

2 Marotz, Gunter: Beitrag zur Frage der Standfestigkeit von dichten Asphaltbelagen im

Grol3wasserbau, 1964

3 Gurr, Siegfried: Beitrag zur Berechnung zusammengesetzter ebener Flachentrag-werke
unter besonderer Berlicksichtigung ebener Stauwande, mit Hilfe von Rand-wert- und

Lastwertmatrizen, 1965

4 Plica, Peter: Ein Beitrag zur Anwendung von Schalenkonstruktionen im Stahlwasserbau,
und Petrikat, Kurt: Mdglichkeiten und Grenzen des wasserbaulichen Versuchswesens,

1966



Institut fur Wasser- und Umweltsystemmodellierung * Universitat Stuttgart * IWS

10

11

12

13

14

15

16

17

18

19

20
21

22

23

24

Plate, Erich: Beitrag zur Bestimmung der Windgeschwindigkeitsverteilung in der durch
eine Wand gestérten bodennahen Luftschicht, und R6hnisch, Arthur; Marotz, Glnter:
Neue Baustoffe und Bauausfihrungen fur den Schutz der Béschungen und der Sohle
von Kanalen, Flissen und Hafen; Gestehungskosten und jeweilige Vorteile, sowie Unny,
T.E.: Schwingungsuntersuchungen am Kegelstrahlschieber, 1967

Seiler, Erich: Die Ermittlung des Anlagenwertes der bundeseigenen Binnenschiffahrts-
stral3en und Talsperren und des Anteils der Binnenschiffahrt an diesem Wert, 1967

Sonderheft anlaBlich des 65. Geburtstages von Prof. Arthur R6hnisch mit Beitragen von
Benk, Dieter; Breitling, J.; Gurr, Siegfried; Haberhauer, Robert; Honekamp, Hermann;
Kuz, Klaus Dieter; Marotz, Gunter; Mayer-Vorfelder, Hans-J6rg; Miller, Rudolf; Plate,
Erich J.; Radomski, Helge; Schwarz, Helmut; Vollmer, Ernst; Wildenhahn, Eberhard;
1967

Jumikis, Alfred: Beitrag zur experimentellen Untersuchung des Wassernachschubs in
einem gefrierenden Boden und die Beurteilung der Ergebnisse, 1968

Marotz, Gunter: Technische Grundlagen einer Wasserspeicherung im naturlichen Un-
tergrund, 1968

Radomski, Helge: Untersuchungen tber den Einflu3 der Querschnittsform wellenférmi-
ger Spundwande auf die statischen und rammtechnischen Eigenschaften, 1968

Schwarz, Helmut: Die Grenztragfahigkeit des Baugrundes bei Einwirkung vertikal gezo-
gener Ankerplatten als zweidimensionales Bruchproblem, 1969

Erbel, Klaus: Ein Beitrag zur Untersuchung der Metamorphose von Mittelgebirgsschnee-
decken unter besonderer Berticksichtigung eines Verfahrens zur Bestimmung der ther-
mischen Schneequalitat, 1969

Westhaus, Karl-Heinz: Der Strukturwandel in der Binnenschiffahrt und sein Einfluf3 auf
den Ausbau der Binnenschiffskanale, 1969

Mayer-Vorfelder, Hans-Jorg: Ein Beitrag zur Berechnung des Erdwiderstandes unter An-
satz der logarithmischen Spirale als Gleitflichenfunktion, 1970

Schulz, Manfred: Berechnung des raumlichen Erddruckes auf die Wandung kreiszylind-
rischer Kérper, 1970

Mobasseri, Manoutschehr: Die Rippenstitzmauer. Konstruktion und Grenzen ihrer
Standsicherheit, 1970

Benk, Dieter: Ein Beitrag zum Betrieb und zur Bemessung von Hochwasserriickhaltebe-
cken, 1970

Gal, Attila: Bestimmung der mitschwingenden Wassermasse bei Uberstromten Fisch-
bauchklappen mit kreiszylindrischem Staublech, 1971, vergriffen

Kuz, Klaus Dieter: Ein Beitrag zur Frage des Einsetzens von Kavitationserscheinungen
in einer Disenstromung bei Berlicksichtigung der im Wasser gelosten Gase, 1971, ver-
griffen

Schaak, Hartmut: Verteilleitungen von Wasserkraftanlagen, 1971

Sonderheft zur Eroffnung der neuen Versuchsanstalt des Instituts fur Wasserbau der
Universitat Stuttgart mit Beitragen von Brombach, Hansjorg; Dirksen, Wolfram; Gal, At-
tila; Gerlach, Reinhard; Giesecke, Jurgen; Holthoff, Franz-Josef; Kuz, Klaus Dieter; Ma-
rotz, Gunter; Minor, Hans-Erwin; Petrikat, Kurt; R6hnisch, Arthur; Rueff, Helge; Schwarz,
Helmut; Vollmer, Ernst; Wildenhahn, Eberhard; 1972

Wang, Chung-su: Ein Beitrag zur Berechnung der Schwingungen an Kegelstrahlschie-
bern, 1972

Mayer-Vorfelder, Hans-Jorg: Erdwiderstandsbeiwerte nach dem Ohde-Variationsverfah-
ren, 1972

Minor, Hans-Erwin: Beitrag zur Bestimmung der Schwingungsanfachungsfunktionen
Uberstréomter Stauklappen, 1972, vergriffen



Verzeichnis der Mitteilungshefte 3

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Brombach, Hansjorg: Untersuchung stromungsmechanischer Elemente (Fluidik) und die
Maglichkeit der Anwendung von Wirbelkammerelementen im Wasserbau, 1972, vergrif-
fen

Wildenhahn, Eberhard: Beitrag zur Berechnung von Horizontalfilterbrunnen, 1972

Steinlein, Helmut: Die Eliminierung der Schwebstoffe aus FlulRwasser zum Zweck der
unterirdischen Wasserspeicherung, gezeigt am Beispiel der lller, 1972

Holthoff, Franz Josef: Die Uberwindung groRBer Hubhohen in der Binnenschiffahrt durch
Schwimmerhebewerke, 1973

Roder, Karl: Einwirkungen aus Baugrundbewegungen auf trog- und kastenformige Kon-
struktionen des Wasser- und Tunnelbaues, 1973

Kretschmer, Heinz: Die Bemessung von Bogenstaumauern in Abhangigkeit von der Tal-
form, 1973

Honekamp, Hermann: Beitrag zur Berechnung der Montage von Unterwasserpipelines,
1973

Giesecke, Jurgen: Die Wirbelkammertriode als neuartiges Steuerorgan im Wasserbau,
und Brombach, Hansjérg: Entwicklung, Bauformen, Wirkungsweise und Steuereigen-
schaften von Wirbelkammerverstarkern, 1974

Rueff, Helge: Untersuchung der schwingungserregenden Krafte an zwei hintereinander
angeordneten Tiefschiitzen unter besonderer Beriicksichtigung von Kavitation, 1974

Roéhnisch, Arthur: Einpre3versuche mit Zementmortel fir Spannbeton - Vergleich der
Ergebnisse von Modellversuchen mit Ausfiihrungen in Hillwellrohren, 1975

Sonderheft anlalich des 65. Geburtstages von Prof. Dr.-Ing. Kurt Petrikat mit Beitrégen
von: Brombach, Hansjorg; Erbel, Klaus; Flinspach, Dieter; Fischer jr., Richard; Gal, At-
tila; Gerlach, Reinhard; Giesecke, Jirgen; Haberhauer, Robert; Hafner Edzard; Hausen-
blas, Bernhard; Horlacher, Hans-Burkhard; Hutarew, Andreas; Knoll, Manfred; Krum-
met, Ralph; Marotz, Ginter; Merkle, Theodor; Miller, Christoph; Minor, Hans-Erwin; Neu-
mayer, Hans; Rao, Syamala; Rath, Paul; Rueff, Helge; Ruppert, Jirgen; Schwarz, Wolf-
gang; Topal-Gokceli, Mehmet; Vollmer, Ernst; Wang, Chung-su; Weber, Hans-Georg;
1975

Berger, Jochum: Beitrag zur Berechnung des Spannungszustandes in rotationssymmet-
risch belasteten Kugelschalen veranderlicher Wandstéarke unter Gas- und Flussigkeits-
druck durch Integration schwach singularer Differentialgleichungen, 1975

Dirksen, Wolfram: Berechnung instationarer AbfluRvorgange in gestauten Gerinnen mit-
tels Differenzenverfahren und die Anwendung auf Hochwasserriickhaltebecken, 1976

Horlacher, Hans-Burkhard: Berechnung instationdrer Temperatur- und Warmespan-
nungsfelder in langen mehrschichtigen Hohlzylindern, 1976

Hafner, Edzard: Untersuchung der hydrodynamischen Krafte auf Baukdrper im Tiefwas-
serbereich des Meeres, 1977, ISBN 3-921694-39-6

Ruppert, Jurgen: Uber den Axialwirbelkammerverstarker fur den Einsatz im Wasserbau,
1977, ISBN 3-921694-40-X

Hutarew, Andreas: Beitrag zur BeeinfluRBbarkeit des Sauerstoffgehalts in FlieRgewas-
sern an Absturzen und Wehren, 1977, ISBN 3-921694-41-8, vergriffen

Miller, Christoph: Ein Beitrag zur Bestimmung der schwingungserregenden Krafte an
unterstromten Wehren, 1977, ISBN 3-921694-42-6

Schwarz, Wolfgang: Druckstol3berechnung unter Beriicksichtigung der Radial- und
Langsverschiebungen der Rohrwandung, 1978, ISBN 3-921694-43-4

Kinzelbach, Wolfgang: Numerische Untersuchungen tiber den optimalen Einsatz variab-
ler Kiihlsysteme einer Kraftwerkskette am Beispiel Oberrhein, 1978, ISBN 3-921694-44-
2

Barczewski, Baldur: Neue MelRmethoden fir Wasser-Luftgemische und deren Anwen-
dung auf zweiphasige Auftriebsstrahlen, 1979, ISBN 3-921694-45-0



4 Institut fir Wasser- und Umweltsystemmodellierung * Universitat Stuttgart * IWS

46  Neumayer, Hans: Untersuchung der Stromungsvorgénge in radialen Wirbelkammerver-
starkern, 1979, ISBN 3-921694-46-9

47  Elalfy, Youssef-Elhassan: Untersuchung der Stromungsvorgange in Wirbelkammerdio-
den und -drosseln, 1979, ISBN 3-921694-47-7

48 Brombach, Hansjorg: Automatisierung der Bewirtschaftung von Wasserspeichern, 1981,
ISBN 3-921694-48-5

49  Geldner, Peter: Deterministische und stochastische Methoden zur Bestimmung der
Selbstdichtung von Gewéssern, 1981, ISBN 3-921694-49-3, vergriffen

50 Mehlhorn, Hans: Temperaturveranderungen im Grundwasser durch Brauchwasserein-
leitungen, 1982, ISBN 3-921694-50-7, vergriffen

51 Hafner, Edzard: Rohrleitungen und Behalter im Meer, 1983, ISBN 3-921694-51-5

52  Rinnert, Bernd: Hydrodynamische Dispersion in porésen Medien: Einflu3 von Dichteun-
terschieden auf die Vertikalvermischung in horizontaler Stromung, 1983,
ISBN 3-921694-52-3, vergriffen

53 Lindner, Wulf: Steuerung von Grundwasserentnahmen unter Einhaltung dkologischer
Kriterien, 1983, ISBN 3-921694-53-1, vergriffen

54  Herr, Michael; Herzer, Jorg; Kinzelbach, Wolfgang; Kobus, Helmut; Rinnert, Bernd: Me-
thoden zur rechnerischen Erfassung und hydraulischen Sanierung von Grundwasser-
kontaminationen, 1983, ISBN 3-921694-54-X

55  Schmitt, Paul: Wege zur Automatisierung der Niederschlagsermittiung, 1984,
ISBN 3-921694-55-8, vergriffen

56  Muller, Peter: Transport und selektive Sedimentation von Schwebstoffen bei gestautem
ADbflul3, 1985, ISBN 3-921694-56-6

57 El-Qawasmeh, Fuad: Moglichkeiten und Grenzen der Tropfbewésserung unter beson-
derer Berlicksichtigung der Verstopfungsanfalligkeit der Tropfelemente, 1985,
ISBN 3-921694-57-4, vergriffen

58 Kirchenbaur, Klaus: Mikroprozessorgesteuerte Erfassung instationarer Druckfelder am
Beispiel seegangsbelasteter Baukoérper, 1985, ISBN 3-921694-58-2

59 Kobus, Helmut (Hrsg.): Modellierung des groRraumigen Warme- und Schadstofftrans-
ports im Grundwasser, Tatigkeitsbericht 1984/85 (DFG-Forschergruppe an den Univer-
sitdten Hohenheim, Karlsruhe und Stuttgart), 1985, ISBN 3-921694-59-0, vergriffen

60 Spitz, Karlheinz: Dispersion in porésen Medien: Einflu? von Inhomogenitaten und Dich-
teunterschieden, 1985, ISBN 3-921694-60-4, vergriffen

61 Kobus, Helmut: An Introduction to Air-Water Flows in Hydraulics, 1985,
ISBN 3-921694-61-2

62 Kaleris, Vassilios: Erfassung des Austausches von Oberflachen- und Grundwasser in
horizontalebenen Grundwassermodellen, 1986, ISBN 3-921694-62-0

63 Herr, Michael: Grundlagen der hydraulischen Sanierung verunreinigter Porengrundwas-
serleiter, 1987, ISBN 3-921694-63-9

64  Marx, Walter: Berechnung von Temperatur und Spannung in Massenbeton infolge Hyd-
ratation, 1987, ISBN 3-921694-64-7

65 Koschitzky, Hans-Peter: Dimensionierungskonzept fur Sohlbeltfter in SchufRrinnen zur
Vermeidung von Kavitationsschaden, 1987, ISBN 3-921694-65-5

66 Kobus, Helmut (Hrsg.): Modellierung des groRraumigen Warme- und Schadstofftrans-
ports im Grundwasser, Tatigkeitsbericht 1986/87 (DFG-Forschergruppe an den Univer-
sitdten Hohenheim, Karlsruhe und Stuttgart) 1987, ISBN 3-921694-66-3

67 Soll, Thomas: Berechnungsverfahren zur Abschatzung anthropogener Temperaturano-
malien im Grundwasser, 1988, ISBN 3-921694-67-1

68 Dittrich, Andreas; Westrich, Bernd: Bodenseeufererosion, Bestandsaufnahme und Be-

wertung, 1988, ISBN 3-921694-68-X, vergriffen



Verzeichnis der Mitteilungshefte 5

69

70
71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

Huwe, Bernd; van der Ploeg, Rienk R.: Modelle zur Simulation des Stickstoffhaushaltes
von Standorten mit unterschiedlicher landwirtschaftlicher Nutzung, 1988,
ISBN 3-921694-69-8, vergriffen

Stephan, Karl: Integration elliptischer Funktionen, 1988, ISBN 3-921694-70-1

Kobus, Helmut; Zilliox, Lothaire (Hrsg.): Nitratbelastung des Grundwassers, Auswirkun-
gen der Landwirtschaft auf die Grundwasser- und Rohwasserbeschaffenheit und Malf3-
nahmen zum Schutz des Grundwassers. Vortrage des deutsch-franzdsischen Kolloqui-
ums am 6. Oktober 1988, Universitaten Stuttgart und Louis Pasteur Strasbourg (Vor-
trage in deutsch oder franzosisch, Kurzfassungen zweisprachig), 1988,

ISBN 3-921694-71-X

Soyeaux, Renald: Unterstromung von Stauanlagen auf kliftigem Untergrund unter Be-
ricksichtigung laminarer und turbulenter FlieRzustande, 1991, ISBN 3-921694-72-8

Kohane, Roberto: Berechnungsmethoden fur Hochwasserabflul? in FlieRgewéassern mit
Ubestromten Vorlandern, 1991, ISBN 3-921694-73-6

Hassinger, Reinhard: Beitrag zur Hydraulik und Bemessung von Blocksteinrampen in
flexibler Bauweise, 1991, ISBN 3-921694-74-4, vergriffen

Schafer, Gerhard: Einfluld von Schichtenstrukturen und lokalen Einlagerungen auf die
Langsdispersion in Porengrundwasserleitern, 1991, ISBN 3-921694-75-2

Giesecke, Jurgen: Vortrage, Wasserwirtschaft in stark besiedelten Regionen; Umwelt-
forschung mit Schwerpunkt Wasserwirtschaft, 1991, ISBN 3-921694-76-0

Huwe, Bernd: Deterministische und stochastische Ansatze zur Modellierung des Stick-
stoffhaushalts landwirtschaftlich genutzter Flachen auf unterschiedlichem Skalenniveau,
1992, ISBN 3-921694-77-9, vergriffen

Rommel, Michael: Verwendung von Kluftdaten zur realitatsnahen Generierung von Kluft-
netzen mit anschlieRender laminar-turbulenter Strémungsberechnung, 1993,
ISBN 3-92 1694-78-7

Marschall, Paul: Die Ermittlung lokaler Stofffrachten im Grundwasser mit Hilfe von Ein-
bohrloch-MeRverfahren, 1993, ISBN 3-921694-79-5, vergriffen

Ptak, Thomas: Stofftransport in heterogenen Porenaquiferen: Felduntersuchungen und
stochastische Modellierung, 1993, ISBN 3-921694-80-9, vergriffen

Haakh, Frieder: Transientes Stromungsverhalten in Wirbelkammern, 1993,
ISBN 3-921694-81-7

Kobus, Helmut; Cirpka, Olaf; Barczewski, Baldur; Koschitzky, Hans-Peter: Versuchsein-
richtung zur Grundwasser- und Altlastensanierung VEGAS, Konzeption und Programm-
rahmen, 1993, ISBN 3-921694-82-5

Zang, Weidong: Optimaler Echtzeit-Betrieb eines Speichers mit aktueller AbfluRregene-
rierung, 1994, ISBN 3-921694-83-3, vergriffen

Franke, Hans-Jorg: Stochastische Modellierung eines flachenhaften Stoffeintrages und
Transports in Grundwasser am Beispiel der Pflanzenschutzmittelproblematik, 1995,
ISBN 3-921694-84-1

Lang, Ulrich: Simulation regionaler Stromungs- und Transportvorgange in Karstaquife-
ren mit Hilfe des Doppelkontinuum-Ansatzes: Methodenentwicklung und Parameteri-
denti-fikation, 1995, ISBN 3-921694-85-X, vergriffen

Helmig, Rainer: Einfihrung in die Numerischen Methoden der Hydromechanik, 1996,
ISBN 3-921694-86-8, vergriffen

Cirpka, Olaf: CONTRACT: A Numerical Tool for Contaminant Transport and Chemical

Transformations - Theory and Program Documentation -, 1996,
ISBN 3-921694-87-6

Haberlandt, Uwe: Stochastische Synthese und Regionalisierung des Niederschlages fur
Schmutzfrachtberechnungen, 1996, ISBN 3-921694-88-4

Croisé, Jean: Extraktion von flichtigen Chemikalien aus natiirlichen Lockergesteinen
mittels erzwungener Luftstromung, 1996, ISBN 3-921694-89-2, vergriffen
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92 Emmert, Martin: Numerische Modellierung nichtisothermer Gas-Wasser Systeme in po-
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93 Kern, Ulrich: Transport von Schweb- und Schadstoffen in staugeregelten FlieRgewas-
sern am Beispiel des Neckars, 1997, ISBN 3-921694-93-0, vergriffen

94  Forster, Georg: DruckstoRdampfung durch grofRe Luftblasen in Hochpunkten von Rohr-
leitungen 1997, ISBN 3-921694-94-9

95 Cirpka, Olaf: Numerische Methoden zur Simulation des reaktiven Mehrkomponenten-
transports im Grundwasser, 1997, ISBN 3-921694-95-7, vergriffen

96 Farber, Arne: Warmetransport in der ungesattigten Bodenzone: Entwicklung einer ther-
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ISBN 3-921694-98-1, vergriffen

99 Waust, Wolfgang: Geochemische Untersuchungen zur Sanierung CKW-kontaminierter
Aquifere mit Fe(0)-Reaktionswéanden, 2000, ISBN 3-933761-02-2

100 Sheta, Hussam: Simulation von Mehrphasenvorgdngen in pordsen Medien unter Einbe-
ziehung von Hysterese-Effekten, 2000, ISBN 3-933761-03-4

101 Ayros, Edwin: Regionalisierung extremer Abflisse auf der Grundlage statistischer Ver-
fahren, 2000, ISBN 3-933761-04-2, vergriffen

102 Huber, Ralf: Compositional Multiphase Flow and Transport in Heterogeneous Porous
Media, 2000, ISBN 3-933761-05-0

103 Braun, Christopherus: Ein Upscaling-Verfahren fir Mehrphasenstromungen in pordsen
Medien, 2000, ISBN 3-933761-06-9

104 Hofmann, Bernd: Entwicklung eines rechnergestitzten Managementsystems zur Beur-
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105 Class, Holger: Theorie und numerische Modellierung nichtisothermer Mehrphasenpro-
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108 Schneider, Matthias: Habitat- und Abflussmodellierung fir FlieRgewasser mit unschar-
fen Berechnungsansatzen, 2001, ISBN 3-933761-11-5

109 Rathgeb, Andreas: Hydrodynamische Bemessungsgrundlagen fiir Lockerdeckwerke an
uberstrémbaren Erddammen, 2001, ISBN 3-933761-12-3

110 Lang, Stefan: Parallele numerische Simulation instationarer Probleme mit adaptiven Me-
thoden auf unstrukturierten Gittern, 2001, ISBN 3-933761-13-1

111 Appt, Jochen; Stumpp Simone: Die Bodensee-Messkampagne 2001, IWS/CWR Lake
Constance Measurement Program 2001, 2002, ISBN 3-933761-14-X

112 Heimerl, Stephan: Systematische Beurteilung von Wasserkraftprojekten, 2002,
ISBN 3-933761-15-8, vergriffen

113 Igbal, Amin: On the Management and Salinity Control of Drip Irrigation, 2002,
ISBN 3-933761-16-6

114 Silberhorn-Hemminger, Annette: Modellierung von Kluftaquifersystemen: Geostatisti-

sche Analyse und deterministisch-stochastische Kluftgenerierung, 2002, ISBN 3-
933761-17-4
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festen Warmequellen, 2003, ISBN 3-933761-18-2

Marx, Walter: Wasserkraft, Bewasserung, Umwelt - Planungs- und Bewertungsschwer-
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Hinkelmann, Reinhard: Efficient Numerical Methods and Information-Processing Tech-
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Neunh&userer, Lina: Diskretisierungsansatze zur Modellierung von Stromungs- und
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tive Methods, 2003, ISBN 3-933761-23-9
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2003, ISBN 3-933761-24-7

Haag, Ingo: Der Sauerstoffhaushalt staugeregelter Fliisse am Beispiel des Neckars -
Analysen, Experimente, Simulationen -, 2003, ISBN 3-933761-25-5

Appt, Jochen: Analysis of Basin-Scale Internal Waves in Upper Lake Constance, 2003,
ISBN 3-933761-26-3

Hrsg.: Schrenk, Volker; Batereau, Katrin; Barczewski, Baldur; Weber, Karolin und Ko-
schitzky, Hans-Peter: Symposium Ressource Flache und VEGAS - Statuskolloquium
2003, 30. September und 1. Oktober 2003, 2003, ISBN 3-933761-27-1

Omar Khalil Ouda: Optimisation of Agricultural Water Use: A Decision Support System
for the Gaza Strip, 2003, ISBN 3-933761-28-0

Batereau, Katrin: Sensorbasierte Bodenluftmessung zur Vor-Ort-Erkundung von Scha-
densherden im Untergrund, 2004, ISBN 3-933761-29-8

Witt, Oliver: Erosionsstabilitat von Gewassersedimenten mit Auswirkung auf den
Stofftransport bei Hochwasser am Beispiel ausgewdahlter Stauhaltungen des Ober-
rheins, 2004, ISBN 3-933761-30-1

Jakobs, Hartmut: Simulation nicht-isothermer Gas-Wasser-Prozesse in komplexen
Kluft-Matrix-Systemen, 2004, ISBN 3-933761-31-X

Li, Chen-Chien: Deterministisch-stochastisches Berechnungskonzept zur Beurteilung
der Auswirkungen erosiver Hochwasserereignisse in Flussstauhaltungen, 2004,
ISBN 3-933761-32-8

Reichenberger, Volker; Helmig, Rainer; Jakobs, Hartmut; Bastian, Peter; Niessner, Jen-
nifer: Complex Gas-Water Processes in Discrete Fracture-Matrix Systems: Up-scaling,
Mass-Conservative Discretization and Efficient Multilevel Solution, 2004,

ISBN 3-933761-33-6

Hrsg.: Barczewski, Baldur; Koschitzky, Hans-Peter; Weber, Karolin; Wege, Ralf:
VEGAS - Statuskolloguium 2004, Tagungsband zur Veranstaltung am 05. Oktober 2004
an der Universitat Stuttgart, Campus Stuttgart-Vaihingen, 2004, ISBN 3-933761-34-4

Asie, Kemal Jabir: Finite Volume Models for Multiphase Multicomponent Flow through
Porous Media. 2005, ISBN 3-933761-35-2

Jacoub, George: Development of a 2-D Numerical Module for Particulate Contaminant
Transport in Flood Retention Reservoirs and Impounded Rivers, 2004,
ISBN 3-933761-36-0

Nowak, Wolfgang: Geostatistical Methods for the Identification of Flow and Transport
Parameters in the Subsurface, 2005, ISBN 3-933761-37-9

SuR, Mia: Analysis of the influence of structures and boundaries on flow and transport
processes in fractured porous media, 2005, ISBN 3-933761-38-7

Jose, Surabhin Chackiath: Experimental Investigations on Longitudinal Dispersive Mix-
ing in Heterogeneous Aquifers, 2005, ISBN: 3-933761-39-5
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Filiz, Fulya: Linking Large-Scale Meteorological Conditions to Floods in Mesoscale
Catchments, 2005, ISBN 3-933761-40-9

Qin, Minghao: Wirklichkeitsnahe und recheneffiziente Ermittlung von Temperatur und
Spannungen bei groRen RCC-Staumauern, 2005, ISBN 3-933761-41-7

Kobayashi, Kenichiro: Optimization Methods for Multiphase Systems in the Subsurface
- Application to Methane Migration in Coal Mining Areas, 2005, ISBN 3-933761-42-5

Rahman, Md. Arifur: Experimental Investigations on Transverse Dispersive Mixing in
Heterogeneous Porous Media, 2005, ISBN 3-933761-43-3

Schrenk, Volker: Okobilanzen zur Bewertung von Altlastensanierungsmalnahmen,
2005, ISBN 3-933761-44-1

Hundecha, Hirpa Yeshewatesfa: Regionalization of Parameters of a Conceptual Rain-
fall-Runoff Model, 2005, ISBN: 3-933761-45-X

Wege, Ralf: Untersuchungs- und Uberwachungsmethoden fiir die Beurteilung natrli-
cher Selbstreinigungsprozesse im Grundwasser, 2005, ISBN 3-933761-46-8

Breiting, Thomas: Techniken und Methoden der Hydroinformatik - Modellierung von
komplexen Hydrosystemen im Untergrund, 2006, ISBN 3-933761-47-6

Hrsg.: Braun, Jurgen; Koschitzky, Hans-Peter; Muller, Martin: Ressource Untergrund:
10 Jahre VEGAS: Forschung und Technologieentwicklung zum Schutz von Grundwas-
ser und Boden, Tagungsband zur Veranstaltung am 28. und 29. September 2005 an der
Universitat Stuttgart, Campus Stuttgart-Vaihingen, 2005, ISBN 3-933761-48-4

Rojanschi, Vlad: Abflusskonzentration in mesoskaligen Einzugsgebieten unter Berlick-
sichtigung des Sickerraumes, 2006, ISBN 3-933761-49-2

Winkler, Nina Simone: Optimierung der Steuerung von Hochwasserriickhaltebecken-
systemen, 2006, ISBN 3-933761-50-6

Wolf, Jens: Raumlich differenzierte Modellierung der Grundwasserstromung alluvialer
Aquifere fir mesoskalige Einzugsgebiete, 2006, ISBN: 3-933761-51-4

Kohler, Beate: Externe Effekte der Laufwasserkraftnutzung, 2006, ISBN 3-933761-52-2

Hrsg.: Braun, Jurgen; Koschitzky, Hans-Peter; Stuhrmann, Matthias: VEGAS-Statuskol-
logquium 2006, Tagungsband zur Veranstaltung am 28. September 2006 an der Univer-
sitat Stuttgart, Campus Stuttgart-Vaihingen, 2006, ISBN 3-933761-53-0

Niessner, Jennifer: Multi-Scale Modeling of Multi-Phase - Multi-Component Processes
in Heterogeneous Porous Media, 2006, ISBN 3-933761-54-9

Fischer, Markus: Beanspruchung eingeerdeter Rohrleitungen infolge Austrocknung bin-
diger Boden, 2006, ISBN 3-933761-55-7

Schneck, Alexander: Optimierung der Grundwasserbewirtschaftung unter Beriicksichti-
gung der Belange der Wasserversorgung, der Landwirtschaft und des Naturschutzes,
2006, ISBN 3-933761-56-5

Das, Tapash: The Impact of Spatial Variability of Precipitation on the Predictive Uncer-
tainty of Hydrological Models, 2006, ISBN 3-33761-57-3

Bielinski, Andreas: Numerical Simulation of CO- sequestration in geological formations,
2007, ISBN 3-933761-58-1

Mddinger, Jens: Entwicklung eines Bewertungs- und Entscheidungsunterstiitzungssys-
tems fur eine nachhaltige regionale Grundwasserbewirtschaftung, 2006,
ISBN 3-933761-60-3

Manthey, Sabine: Two-phase flow processes with dynamic effects in porous media -
parameter estimation and simulation, 2007, ISBN 3-933761-61-1

Pozos Estrada, Oscar: Investigation on the Effects of Entrained Air in Pipelines, 2007,
ISBN 3-933761-62-X

Ochs, Steffen Oliver: Steam injection into saturated porous media — process analysis
including experimental and numerical investigations, 2007, ISBN 3-933761-63-8
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Marx, Andreas: Einsatz gekoppelter Modelle und Wetterradar zur Abschéatzung von Nie-
derschlagsintensitaten und zur Abflussvorhersage, 2007, ISBN 3-933761-64-6

Hartmann, Gabriele Maria: Investigation of Evapotranspiration Concepts in Hydrological
Modelling for Climate Change Impact Assessment, 2007, ISBN 3-933761-65-4

Kebede Gurmessa, Tesfaye: Numerical Investigation on Flow and Transport Character-
istics to Improve Long-Term Simulation of Reservoir Sedimentation, 2007,
ISBN 3-933761-66-2

Trifkovi¢, Aleksandar: Multi-objective and Risk-based Modelling Methodology for Plan-
ning, Design and Operation of Water Supply Systems, 2007, ISBN 3-933761-67-0

Gotzinger, Jens: Distributed Conceptual Hydrological Modelling - Simulation of Climate,
Land Use Change Impact and Uncertainty Analysis, 2007, ISBN 3-933761-68-9

Hrsg.: Braun, Jirgen; Koschitzky, Hans-Peter; Stuhrmann, Matthias: VEGAS — Kollo-
quium 2007, Tagungsband zur Veranstaltung am 26. September 2007 an der Universitat
Stuttgart, Campus Stuttgart-Vaihingen, 2007, ISBN 3-933761-69-7

Freeman, Beau: Modernization Criteria Assessment for Water Resources Planning; Kla-
math Irrigation Project, U.S., 2008, ISBN 3-933761-70-0

Dreher, Thomas: Selektive Sedimentation von Feinstschwebstoffen in Wechselwirkung
mit wandnahen turbulenten Stromungsbedingungen, 2008, ISBN 3-933761-71-9

Yang, Wei: Discrete-Continuous Downscaling Model for Generating Daily Precipitation
Time Series, 2008, ISBN 3-933761-72-7

Kopecki, lanina: Calculational Approach to FST-Hemispheres for Multiparametrical Ben-
thos Habitat Modelling, 2008, ISBN 3-933761-73-5

Brommundt, Jirgen: Stochastische Generierung rAumlich zusammenhéngender Nieder-
schlagszeitreihen, 2008, ISBN 3-933761-74-3

Papafotiou, Alexandros: Numerical Investigations of the Role of Hysteresis in Heteroge-
neous Two-Phase Flow Systems, 2008, ISBN 3-933761-75-1

He, Yi: Application of a Non-Parametric Classification Scheme to Catchment Hydrology,
2008, ISBN 978-3-933761-76-7

Wagner, Sven: Water Balance in a Poorly Gauged Basin in West Africa Using Atmos-
pheric Modelling and Remote Sensing Information, 2008, ISBN 978-3-933761-77-4

Hrsg.: Braun, Jirgen; Koschitzky, Hans-Peter; Stuhrmann, Matthias; Schrenk, Volker:
VEGAS-Kolloguium 2008 Ressource Flache lll, Tagungsband zur Veranstaltung am
01. Oktober 2008 an der Universitat Stuttgart, Campus Stuttgart-Vaihingen, 2008,
ISBN 978-3-933761-78-1

Patil, Sachin: Regionalization of an Event Based Nash Cascade Model for Flood Predic-
tions in Ungauged Basins, 2008, ISBN 978-3-933761-79-8

Assteerawatt, Anongnart: Flow and Transport Modelling of Fractured Aquifers based on
a Geostatistical Approach, 2008, ISBN 978-3-933761-80-4

Karnahl, Joachim Alexander. 2D numerische Modellierung von multifraktionalem
Schwebstoff- und Schadstofftransport in Fliissen, 2008, ISBN 978-3-933761-81-1

Hiester, Uwe: Technologieentwicklung zur In-situ-Sanierung der ungesattigten Boden-
zone mit festen Warmequellen, 2009, ISBN 978-3-933761-82-8

Laux, Patrick: Statistical Modeling of Precipitation for Agricultural Planning in the Volta
Basin of West Africa, 2009, ISBN 978-3-933761-83-5

Ehsan, Saqib: Evaluation of Life Safety Risks Related to Severe Flooding, 2009,

ISBN 978-3-933761-84-2

Prohaska, Sandra: Development and Application of a 1D Multi-Strip Fine Sediment
Transport Model for Regulated Rivers, 2009, ISBN 978-3-933761-85-9

Kopp, Andreas: Evaluation of CO; Injection Processes in Geological Formations for Site
Screening, 2009, ISBN 978-3-933761-86-6

Ebigbo, Anozie: Modelling of biofilm growth and its influence on CO, and water (two-
phase) flow in porous media, 2009, ISBN 978-3-933761-87-3
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184 Freiboth, Sandra: A phenomenological model for the numerical simulation of multiphase
multicomponent processes considering structural alterations of porous media, 2009,
ISBN 978-3-933761-88-0

185 Zollner, Frank: Implementierung und Anwendung netzfreier Methoden im Konstruktiven
Wasserbau und in der Hydromechanik, 2009, ISBN 978-3-933761-89-7

186 Vasin, Milos: Influence of the soil structure and property contrast on flow and transport
in the unsaturated zone, 2010, ISBN 978-3-933761-90-3

187 Li, Jing: Application of Copulas as a New Geostatistical Tool, 2010,
ISBN 978-3-933761-91-0

188 AghaKouchak, Amir: Simulation of Remotely Sensed Rainfall Fields Using Copulas,
2010, ISBN 978-3-933761-92-7

189 Thapa, Pawan Kumar: Physically-based spatially distributed rainfall runoff modelling for
soil erosion estimation, 2010, ISBN 978-3-933761-93-4

190 Wurms, Sven: Numerische Modellierung der Sedimentationsprozesse in Retentionsan-
lagen zur Steuerung von Stoffstromen bei extremen Hochwasserabflussereignissen,
2011, ISBN 978-3-933761-94-1

191 Merkel, Uwe: Unsicherheitsanalyse hydraulischer Einwirkungen auf Hochwasserschutz-
deiche und Steigerung der Leistungsfahigkeit durch adaptive Stromungsmodellierung,
2011, ISBN 978-3-933761-95-8

192 Fritz, Jochen: A Decoupled Model for Compositional Non-Isothermal Multiphase Flow in
Porous Media and Multiphysics Approaches for Two-Phase Flow, 2010,
ISBN 978-3-933761-96-5

193 Weber, Karolin (Hrsg.): 12. Treffen junger Wissenschaftlerinnen an Wasserbauinstitu-
ten, 2010, ISBN 978-3-933761-97-2

194 Bliefernicht, Jan-Geert: Probability Forecasts of Daily Areal Precipitation for Small River
Basins, 2011, ISBN 978-3-933761-98-9

195 Hrsg.: Koschitzky, Hans-Peter; Braun, Jurgen: VEGAS-Kolloquium 2010 In-situ-Sanie-
rung - Stand und Entwicklung Nano und ISCO -, Tagungsband zur Veranstaltung am 07.
Oktober 2010 an der Universitat Stuttgart, Campus Stuttgart-Vaihingen, 2010,
ISBN 978-3-933761-99-6

196 Gafurov, Abror: Water Balance Modeling Using Remote Sensing Information - Focus on
Central Asia, 2010, ISBN 978-3-942036-00-9

197 Mackenberg, Sylvia: Die Quellstarke in der Sickerwasserprognose: Moéglichkeiten und
Grenzen von Labor- und Freilanduntersuchungen, 2010, ISBN 978-3-942036-01-6

198 Singh, Shailesh Kumar: Robust Parameter Estimation in Gauged and Ungauged Basins,
2010, ISBN 978-3-942036-02-3

199 Dogan, Mehmet Onur: Coupling of porous media flow with pipe flow, 2011,
ISBN 978-3-942036-03-0

200 Liu, Min: Study of Topographic Effects on Hydrological Patterns and the Implication on
Hydrological Modeling and Data Interpolation, 2011, ISBN 978-3-942036-04-7

201 Geleta, Habtamu Itefa: Watershed Sediment Yield Modeling for Data Scarce Areas,
2011, ISBN 978-3-942036-05-4

202 Franke, Jorg: Einfluss der Uberwachung auf die Versagenswahrscheinlichkeit von Stau-
stufen, 2011, ISBN 978-3-942036-06-1

203 Bakimchandra, Oinam: Integrated Fuzzy-GIS approach for assessing regional soil ero-
sion risks, 2011, ISBN 978-3-942036-07-8

204 Alam, Muhammad Mahboob: Statistical Downscaling of Extremes of Precipitation in

Mesoscale Catchments from Different RCMs and Their Effects on Local Hydrology,
2011, ISBN 978-3-942036-08-5
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Hrsg.: Koschitzky, Hans-Peter; Braun, Jirgen: VEGAS-Kolloquium 2011 Flache Ge-
othermie - Perspektiven und Risiken, Tagungsband zur Veranstaltung am 06. Oktober
2011 an der Universitat Stuttgart, Campus Stuttgart-Vaihingen, 2011, ISBN 978-3-
933761-09-2
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