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Dispersion of solutes has been studied widely in saturated porous media. However, un-
saturated porous media lacks substantial experimental data to provide correlation on the
saturation-dependency of hydrodynamic dispersion. This study aims to provide experi-
mental data through CaCl2 injections in unit hydraulic gradient unsaturated sandy porous
media at lab-scale columns (z = 37 cm). Dispersivity (α) as a function of wetting phase satu-
ration (Sw) are extracted from measured electrical conductivity at equidistant depths along
the column. Results show a clear non-monotonic α − Sw relation, with a maximum disper-
sivity of 1.32 cm at a saturation (Sw) of 0.43 [-] for a porous medium with D50 of 500 µm.
For both Sw <0.39 and Sw >0.43, α decreases. For higher saturations, α decreases until a sat-
urated α of 0.05 cm. For lower saturation, α decreases until only diffusion is the dominant
process of solute displacement. Tailing is observed in all unsaturated experiments, indicat-
ing stagnant zones in the flow domain. Comparison with literature shows a resemblance
for dispersivity values corresponding to Sw >0.43. For Sw <0.43, experimental results by
this study confirm numerical porenetwork results by Raoof and Hassanizadeh (2013) and
experimental results by Toride et al. (2003). The accuracy of dispersivity over the entire
range of saturation resulted in a general equation describing the phenomenon. Dispersivity
is calculated as a function of wetting phase saturation for a specific set of constants a,b, and
c by α = ae(−(Sw−b

c
)2). An approach for scaling the results of this study through intrinsic

soil parameters is proposed. Hopefully, results from this study help improve accuracy of
contaminant, virus, and colloids fate and transport in the unsaturated zone.
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1 Introduction

1.1 Unsaturated transport principles

Dispersion of a solute is the deviation of a solute from the mean displacement as a func-
tion of irregularities in the flow paths of the fluid. For a homogeneous soil and conserva-
tive solute, the hydrodynamic dispersion in one dimension is accurately described in the
advection-dispersion equation (ADE), (Bear, 1972).

D
∂2c

∂z2
− v ∂c

∂z
= R

∂c

∂t
(1.1)

Where D is the hydrodynamic dispersion coefficient [L2 T−1], c the solute concentration [M
L−3], z the (downward) direction of flow [L], v the pore-water flow velocity [L T−1], R the
retardation factor [-], and t is time [T]. The first term describes the concentration change by
hydrodynamic dispersion as a deviation from the second term, the advective term. Both are
calculated as a function of change over time and volumetric water content.

The degree of dispersion is a function of average flow velocity and saturation of the
porous medium. The previous is linearly related for saturated porous media, as proven by
Bear (1972).

D(v) = De + αv (1.2)

Where D is the dispersion coefficient [L2 T−1], De the effective diffusion coefficient [L2

T−1], α the dispersivity [L] and v the velocity [L T−1].

However, to account for the volumetric water content of the porous medium, the disper-
sion coefficient must be written as a function of both water content and velocity.

D(v, θ) = De(θ) + α(θ)v (1.3)

Diffusion is described as a fickian process of random motion where solutes follow a
gradient from high to low concentration, and is quantified by the tortuosity based model for
estimation of the effective diffusivity in unsaturated porous media (Eq. 1.4) (Millington and
Quirk, 1961).

De(θ) = D0
θ10/3

φ2
(1.4)

Where D0 is the aqueous diffusion coefficient [L2 T−1], φ is the porosity of the porous
medium [-], and θ is the volumetric water content [-]. The contribution of molecular diffu-
sion to the total dispersion coefficient is usually negligible for most flow velocities. How-
ever, it can become important at lower flow velocity conditions, as is evident from Equation
1.5. The relative effect of advection to molecular diffusion is typically quantified by the
Peclet number. Since the mechanical dispersion is linearly related to advection, this is also
the relative degree of influence of mechanical dispersion over molecular diffusion. The fol-
lowing expression quantifies this relative contribution, first presented in this form by Freeze
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and Cherry (1979):

Pe =
vd

De
(1.5)

Where v is the velocity of the fluid [L T−1], d is a characteristic length [L], i.e. the mean
soil particle radius, and De is the effective molecular diffusion coefficient [L2 T−1].

1.2 Literature on experimental unsaturated dispersivity

The relation between saturation of the porous medium and hydrodynamic dispersion has
not been properly validated to date, e.g. the effect of the saturation (Sw) on the dispersivity
(α) in Equation 1.3 is not established to an extent that is sufficient to describe in a mathematic
sense. Various studies indicates different relationships between the saturation of a porous
medium and dispersivity (Toride et al., 2003; Maraqa et al., 1997; Padilla et al., 1999; Kanzari
et al., 2015; Maciejewski, 1993). Maciejewski (1993) showed that the dispersivity increases
linearly with decreasing saturation, Kanzari et al. (2015) indicate an increasing dispersivity
with decreasing saturation, which can be described by a low power function. Whereas re-
sults by Toride et al. (2003) show a likewise trend. However, for that study, the dispersivity
also decreases after a certain intermediate saturation.

Literature on unsaturated hydrodynamic dispersion have shown a significant change
in the symmetry of the breakthrough curve when desaturating the porous medium (Gupta
et al., 1973; Krupp and Elrick, 1968; Toride et al., 2003; Maraqa et al., 1997; Kanzari et al.,
2015; Nützmann et al., 1998). This effect is labeled tailing and indicates that there are larger
heterogeneities in the flow field of the fluid as opposed to flow in saturated media, as well
as presence of immobile water (e.g. (De Smedt and Wierenga, 1984; Gupta et al., 1973)). Tail-
ing causes the shape of the breakthrough curve to change in the rising limb at the top, i.e.
flattening, while at the falling limb it extends the length of the breakthrough curve. These
changes during unsaturated flow indicate a higher hydrodynamic dispersion, first recog-
nized with a glass bead experiment by De Smedt and Wierenga (1984).

1.3 Objective

The main goal of this study is to quantify saturation dependent solute dispersivity. The
following steps are carried out in order to understand the characteristics of the sand, and
interpret the flow of fluids and solutes through the porous medium.

An experimental sand column with a length of 37 cm and diameter of 9.5 cm is prepared
to measure dispersivity as a function of saturation. The range of saturation is from 0.25
[-] to 1 [-] (saturated). Bulk electrical conductivity (ECb) is monitored at three equidistant
depths (z = 10.5, 18, and 25.5 cm) along the column. These measurements are fitted using
the analytical model CXTFIT (Toride et al., 1995), solving for the ADE model as well as the
Mobile-Immobile (MIM) model. In order to validate the conclusion of the experiment, the
data will be compared to the existing literature on unsaturated dispersivity by previously
mentioned authors (Toride et al., 2003; Maraqa et al., 1997; Padilla et al., 1999; Kanzari et al.,
2015; Maciejewski, 1993) as well as compared to a numerical pore scale model by Raoof and
Hassanizadeh (2013).
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By being able to mathematically express the relation of α with Sw, this study aims to
provide a solid foundation for unsaturated zone modelling. Dispersion of fluids can be
considered as a key factor influencing transport of viruses, colloids, and dissolved contami-
nants, therefore, the results of this study hopes to enable the scientific community to assess
a realistic scenario of residence times and storage of contaminants in the unsaturated zone.
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2 Experimental setup & Materials

2.1 Experimental setup

Figure 2.1 shows a schematic of the experimental setup. On top of the figure are two 10-liter
glass laboratory bottles [no. 1a & 1b]. These bottles are reservoirs for the degassed DI-water
and CaCl2-solution feed. Both influent solution bottles are connected to a variable flow
speed peristaltic pump [no. 2] (Master flex L/S pump, Cole-Parmer) via a three-way valve.
The influent solutions are applied onto a plastic filter that evenly distributes the solution
over the diameter of the column.

FIGURE 2.1: Schematic of experimental setup, numbers indicating various
components

On both sides of the 37-cm-long column [no. 3], sensors are installed [no. 7,8]. The
sensors on the left side of the column are tensiometers [no. 8, Rhizo Instruments (Wagenin-
gen)]. The tensiometers measure the pressure head at equidistant depth (z=10.5, 18, and
25.5 cm) along the column. On the right hand side, the 5TE sensors [no. 7, Decagon Devices,
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Inc., 2008] are inserted at equidistant depth equal to the depth of the tensiometers. Both
tensiometers and 5TE-sensors are directly transmitting electrical data to the datalogger. The
5TE sensors measure the permittivity (ε), bulk electrical conductivity (σb) and temperature
(T).

The bottom of the column [no. 3] is connected to a vacuum chamber [no. 4]. This vacuum
chamber applies a negative pressure (relative to atmospheric) to the column, simulating
unsaturated conditions. The vacuum chamber is also connected to the vacuum regulator
and pump [no. 5] for applying the negative pressure. Additionally, the vaccuum chamber
[no. 4] is connected to a effluent container [no. 6] by a peristaltic pump [no. 2].

2.2 Materials & measuring equipment

2.2.1 Column

The column itself is a 37 cm long custom-made plexiglas cilinder with a diameter of 9.5
cm. At the sides of the column, holes are situated at depths of 10.5, 18, and 25.5 cm for
horizontal accommodation of the sensors. A plastic filter is placed on top of the column to
evenly distribute influent solution over the whole radius of the column. The bottom of the
column is filtered by a 5 mm thick polyethylene hydrophilic porous membrane (see Section
2.3). The outlet of the column is attached to either a hanging column or vacuum chamber.

2.2.2 Tensiometer

The tensiometer measures the matric water potential relative to the potential in the shaft. A
small vacuum chamber, applied by a syringe makes sure that the pore suction pressure in
the shaft is near -1 atmosphere. The movement of water through the porous ceramic cup is
a function of the pressure difference between the tensiometer and the soil. When there is no
more flow through the ceramic cup, the tensiometer is at equilibrium. The actual measure-
ment of pore pressure head is converted to an electrical signal and sent to the datalogger.

FIGURE 2.2: Tensiometer used for soil moisture pressure measurements inside
the column
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2.2.3 5TE-sensor

The sensor used for monitoring solute concentration and saturation of the column is a di-
electric soil moisture sensor. The 5TE measures the capacitance of the porous medium be-
tween the sending and receiving end of the prongs (see Figure 2.3). The bulk electrical
conductivity is measured between the two screw arrays on the prongs of the 5TE by apply-
ing an alternating electrical current and measuring the resistance between the two arrays
(affected by water content, air content, solute concentration in wetting fluid and type of
porous medium). The volumetric water content and pore electrical conductivity are respec-
tively estimated by use of the Topp equation ((Topp et al., 1980)) and the linear approach of
Hilhorst (2000) to convert bulk EC to pore EC, see Eq. 3.7. Specifications of the 5TE sensor
are shown in Table E.1.

θ = 4.3× 10−6 × E3
a − 5.5× 10−4 × E2

a + 2.92× 10−2 × Ea − 5.3× 10−2 (2.1)

FIGURE 2.3: The 5TE-sensor used in the experiment, figure from Decagon De-
vices (2016).

2.3 Porous media characteristics

In this study, three different sand-textured porous media have been used. The first porous
medium is a coarse-grained sand (S1) with average grain size diameter of 500 µm. The sec-
ond porous medium is a fine-grained sand (S2) with an average grain size diameter of 215
µm. The third porous medium is a very fine-grained sand with an average grain size di-
ameter of 130 µm. Detailed grain size distribution of S1, S2, and S3 are displayed in Figure
2.4. Saturated conductivity (Ks1) of S1 is determined at 69.12 m d−1, whereas the saturated
conductivity of S2 (Ks2) is significantly less, at 14.41 m d−1, and S3 has a saturated conduc-
tivity (Ks3) of 3.32 m d−1. Characteristics of the porous media have been outlined in Table
2.1. A statistical analysis of the grain-size data also shows that the sands are all well sorted
porous media with similar sorting coefficients (Folk, 1966). Equation 2.2 is used to calculate
the sorting of the porous media.

σ1 =
Φ84 − Φ16

4
+

Φ95 − Φ5

6.6
(2.2)
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Where Φ is the logarithmic transformation to integers from the grain size data in mil-
limeters. The subscripted number denotes the particle size at that percentile of weight of the
sample. The calculation from particle size to Φ is given by Equation 2.3.

Φ = −log2d (2.3)

Where d is the particle diameter [mm]. The Φ value of the three sands are respectively,
0.198, 0.440, and 0.336 for S1, S2, and S3. Both S1 and S3 fall within the ’very well sorted’
category, whereas S2 is placed in the ’well sorted’ category.

TABLE 2.1: Porous media characteristics

Porous medium D50 [µm] Ks
a [m d−1] φa [-] ρs [kg m−3] ρab [kg m−3]

S1 500 69.12 0.373 2650 1662
S2 215 14.41 0.306 2650 1839
S3 130 3.32 0.380 2650 1643

a For methods of determinating these values, see Section 3.

FIGURE 2.4: Grain size distribution of S1
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3 Methods

3.1 Saturated flow experiment

The saturated hydraulic conductivity is determined by use of the constant-head method
(Fitts, 2002). A column is filled with 10 centimeters of sand, saturated, and a fixed water
level is maintained above the surface of the sand. The bottom of the column is covered with
a non-woven cloth preventing sand falling from the column, but allowing water to pass
through. The outflow from the column is measured over time. Along with the hydraulic
head, the height of sand and cross-sectional area, the hydraulic conductivity of the sand is
calculated. Figure 3.1 schematically shows the setup used in performing the constant head
method.

FIGURE 3.1: Schematic illustration of the constant head method

Flow of fluid in a saturated porous medium is analytically described by using Darcy’s
law for flow ((Fitts, 2002), Eq. 3.1)

q = −KdH

dz
(3.1)

If we rewrite Darcy’s law, it is possible to extract the saturated hydraulic conductivity of
the sand

K =
V

tvA

dz

dH
(3.2)

Where K is the hydraulic conductivity [L2 T−1], V is the outflow volume [L3], t is elapsed
time during collection of outflow volume [T], A is the area of the column [L2], dz is the
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height of the sand [L] and dH is the total hydraulic head over the height of the sand [L].

The saturated experiment is carried out for different fluxes to indicate the irrelevance
of flow velocity to dispersivity for saturated porous media for a constant set of boundary
conditions. The three-way valve in Figure 2.1 is switched from DI-water to CaCl2 for a short
duration. The pulse of CaCl2 solution is measured by the 5TE sensors and provides data to
observe breakthrough curves. These are analytically solved with the CXTFIT program, see
Section 3.6 (Toride et al., 1995).

3.2 Unsaturated flow experiment

The unsaturated hydraulic conductivity was initially estimated using retention data and
fitting software (RETC, van Genuchten et al. (1991)). Initial estimates of the unsaturated
hydraulic conductivity are used as initial condition in the unsaturated experiments. Af-
terwards, unsaturated hydraulic conductivity has been extracted from pore-water velocity
during the unsaturated experiments at unit-gradient. Figure 4.1 shows the relationship be-
tween unsaturated hydraulic conductivity and saturation of the porous medium.

Unsaturated flow for our three-dimensional domain will be described by a one-dimensio-

nal transient equation since we are only interested in transport of solutes along the ver-
tical axis of the column. This simplification is under the assumption that the domain is
completely homogeneous and isotropic. Darcy’s law for saturated flow is adjusted for un-
saturated domains, this is known as the Richard’s equation (Eq. 3.5)

∂θ

∂t
=

∂

∂z
[K(θ)

∂H

∂z
] (3.3)

Where ∂θ
∂t is the partial derivative of θ with time [-], ∂

∂z the partial derivate with space
[-], and ∂H

∂z the partial derivate of the hydraulic head with space [-]. Since the total head (H)
equals the pressure head (h or ψ) plus the elevation head (z), as shown in Eq. 3.4, we can
write Eq. 3.3 as Eq. 3.5

H = h+ z (3.4)

∂θ

dt
=

∂

∂z
[K(θ)[

∂h

∂z
+ 1]] (3.5)

From the richards equation, it is evident that for a unit hydraulic gradient (dHdz = 1), the
change in saturation is 0. This conditions is a prerequisite for the following unsaturated
displacement experiment.

Reproducible unsaturated flow experiments are known to be difficult to establish (Lewis
and Sjostrom, 2010; Toride et al., 2003). In pursuance of coherent data for unsaturated flow
conditions, a unit hydraulic gradient is fundamental. Unit-gradient conditions are estab-
lished by changing the influent solution flux at the top and the applied pressure at the bot-
tom, see Figure 2.1. For every degree of saturation there is a specific set of flux and suction
(see Figures 4.1 and 4.12). For every saturation, the experiment was conducted twice to ver-
ify and improve the precision of the data.

Each experiment, the column is slowly de-saturated to a specific saturation, using DI-
water as influent solution. Once unit-gradient conditions are established, i.e. constant
volumetric water content (θ) and matric potential (ψ) along the depth of the column, the
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unsaturated experiment is initiated. This change in head can be expressed in potential, as
seen in Figure 3.2. The three-way valve between the two input solutions is switched to the
0.08 M CaCl2-solution for a given period of time to ensure that the maximum concentra-
tion is measured by the 5TE sensors inside the column. Concentration measurement data
from three 5TE sensors are consequently solved for the advection-dispersion equation and
mobile-immobile equation in CXTFIT to retrieve the dispersion coefficient and mean veloc-
ity.

FIGURE 3.2: Schematic illustration of the starting condition (saturated; left),
and the initial condition for the unsaturated solute displacement experiment
(unsaturated; right). The position of the constant matric potential profile
varies with saturation of the porous medium. A lower saturation will shift
the matric potential to the left, whereas a higher saturation will move ψ to the

right.

3.3 Column preparation

The column used in all of the experiments is described in Section 2.2. Preparation of the
column is carried out in a few steps described below. First, the plexiglas column is custom-
made to accommodate horizontal insertion of the tensiometers and 5TE-sensors and at-
tached to an inlet and outlet module. A hydrophilic polyethylene porous membrane is fixed
at the bottom of the column and glued to the sides of the column to make sure water flows
exclusively through the porous membrane.

Before packing the column, all holes designated for insertion of the sensors are taped off,
preventing loss of sand during the packing. Packing the column with sand is done according
to best-practice packing techniques (Lewis and Sjostrom, 2010; Oliviera et al., 1996). The
column is packed by consecutively repeating the following series of actions. First, sand is
added with increments of 5 mm height, after which it is firmly pressed on with a custom-
made pestle and finally the surface of the sand is slightly scarified with a knife to prevent
horizontal layering. The column should now be as homogeneously as possible in terms of
vertical porosity distribution.

Most of the oxygen inside the pore space of the sand column is then replaced by flushing
it with CO2-gas for 2 hours. Before inserting the sensors, the sand is wetted with a syringe
in order to prevent any loss of sand. Both tensiometers and 5TE-sensor are then horizontally
inserted in to the column, any gaps between the opening in the column and the sensors are
glued with silicon glue. Saturation of the column with DI-water is slowly done from bottom
to top to diminish the possibility of trapping air in enclosed pore spaces.
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3.4 Retention data

Retention data of porous media are important to understand behaviour of fluids and solutes
during unsaturated conditions. Retention data for the porous media have been determined
by use of the HYPROP c© device (UMS, Munich, Germany) displayed in Figure 3.3. HYPROP
uses a modification of Wind’s evaporation method (Schindler et al., 2010), combining change
in mass and matric potential to create a retention curve.

Packing of the porous media for retention data determination is done in a 250 cm3 stain-
less steel soil ring, covered by a cloth on the bottom and flattened at the top. The soil core is
saturated over night, through the cloth-covered bottom of the soil ring in a container filled
with de-gassed DI-water. The level of the water is slowly increased over time until it is 5 mm
below the top of the soil core. The saturated soil core is subsequently inserted onto the sen-
sor unit (Figure 3.3). The core and sensor unit are entirely fixed onto a balance, measuring
the weight loss due evaporation over time. A connection from the pressure transducer to the
PC transfers matric potential data from two tensiometers at different depths in the core (see
Figure 3.3). Both change in mass and matric potential of the porous media are subsequently
used to construct a moisture retention curve, see Figures 4.12 and 4.13 in Section 4 for the
retention curve of S1 and S2. In turn, the retention data is solved with the van Genuchten
(1980) Equation

θ(h) = θr
θs− θr

[1 + |α∗h|n]m
(3.6)

Where θ is the volumetric water content as a function of matric suction [L3 L−3], θr and
θs respectively the residual and saturated volumetric water content [-], h the matric suction
[L], and α∗, n, and m are the van Genuchten parameters [-].

FIGURE 3.3: Schematic figure of the HYPROP device for measuring retention
data. Figure reproduced with permission from Schindler et al. (2010)
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3.5 Conductivity measurements

5TE-sensors measure ECb, whereas we are interested in pore-water concentration values.
Calculations involving conversion of bulk EC to pore EC prove to be subject to either spe-
cific sets of conditions or inaccurate (Hilhorst, 2000). However, a linear distribution between
concentration of the solute and the measured ECb is a fair assumption for low concentration
differences (0-0.1M).

Initially, the pore-water electrical conductivity was calculated from bulk electrical con-
ductivity measurements (Hilhorst, 2000).

ECp =
Ep ∗ ECb
Eb − Eb0

(3.7)

Where ECp is the pore electrical conductivity [µS cm−1], Ep is the real portion of the
dielectric permittivity of the soil pore water [-], ECb denotes the bulk electrical conductivity
of the soil [µS cm−1], Eb is the dielectric permittivity [-] and Eb0 is the dielectric permittivity
of the dry soil [-].

This equation uses the permittivity as a proportionality for varying saturation to convert
bulk electrical conductivity (ECb) to pore electrical conductivity (ECp). However, results
showed that permittivity of the soil is not only a function of water content. The amount of
dissolved solutes in the fluid had a considerable effect on the permittivity as well. Therefore,
Equation 3.7 is not valid (see Appendix B).

Hence, calibration curves must be developed to relate ECb measurements to the concen-
tration of the input solution. The ECb-c calibration curves have been developed for each
sensor to accurately describe a relationship between the bulk EC and the solution EC. So-
lution EC (ECp) is linearly related to concentration of the solution, therefore we can relate
ECb to c. However, this holds only under the assumption that θ is constant throughout the
experiment. The previous can be described in a simple equation in the form of

c(x, t) = A0ECb(x, t) +B0 (3.8)

Where for each individual sensor there is a specific set of constant A0 and A0. The cali-
bration curves are shown in Figure A.1 in Appendix A.

3.6 Data analysis

This chapter covers the analysis of the data acquired through experiments. Numerical fitting
techniques used by the CXTFIT program provide a clear estimate of the pore-water velocity
and hydrodynamic dispersion coefficient. Initial estimates of the pore-water velocity are
calculated through measured flux data during the experiment. Results are based on the
fitted pore-water velocity value. Both conditions give rise to the assumption that volumetric
water content is equal throughout the column, which was a prerequisite for unit-gradient
flow.

3.6.1 Advection-Dispersion model

One of the solution applied to the experimental data is the advection-dispersion equation
(ADE). Using Equation 1.1 it simulates the spread of solutes based upon advection and hy-
drodynamic dispersion as well as retardation due to partitioning of solutes between solid
and fluid phase in a one-dimensional line. Since we use a conservative tracer, retardation
is neglected. Although the flow domain in this study is three-dimensional, we assume
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isotropic and homogeneous conditions in the porous medium. This allows for a simplifi-
cation in terms of modeling concentration through time and space. The one-dimensional
ADE model therefore simulates the average concentration of the plane perpendicular to the
flow direction. In general, the ADE model is sufficiently accurate for a relatively high mobile
water content (θm). However, in unsaturated soils with a lower saturation, different condi-
tions may arise. In order to quantify the conditions in unsaturated soils where the ADE
analytical solution may not be accurate enough, we also employ a Mobile-Immobile model
(see Section 3.6.2).

3.6.2 Mobile-Immobile model

At lower saturation, near residual water content, the mobile water content decreases and an
alternative approach to to the ADE model may better describe the characteristics of flow in
the porous medium. The Mobile-Immobile (MIM) takes into account immobile portions of
the flow region to accommodate a better fit of the elongated concentration profile.

The two-region non-equilibrium transport model for a homogeneous soil in one dimen-
sion, without adsorption to the solid phase and degradation (conservative solutes) is de-
scribed by (Toride et al., 1995):

θm
∂cm
∂t

= θmDm
∂2cm
∂z2

− q∂cm
∂z

(3.9)

θim
∂cim
∂t

= ω(cm − cim) (3.10)

Where θm and θim are respectively the mobile and immobile fractions of total volumetric
water content [-], cm and cim are the concentration of solutes in respectively the mobile and
immobile fraction [M L3], Dm is the dispersion coefficient of the mobile region [L2 T−1] and
ω is the first-order transfer coefficient between the mobile and immobile region [T−1].

Initial conditions for the MIM-model are similar to the ADE-model. However, in addi-
tion to the velocity and dispersion coefficient, MIM also requires initial conditions for the
partitioning between the mobile and immobile regions β [-], as well as a first-order transfer
coefficient between the two regions, ω [T−1]. As a result, this model takes in account two
region flow with exchange of solutes described as a first-order process.

TABLE 3.1: Advection-Dispersion & Mobile-Immobile conditions
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4 Results

4.1 Unsaturated hydraulic conductivity

The unsaturated hydraulic conductivity was first estimated using retention data and fit-
ting software (RETC, (van Genuchten et al., 1991)), and later determined with pore-water
velocity from unsaturated experiments. Figure 4.1 shows the hydraulic conductivity as a
function of saturation as a result of the unsaturated experiments. The relation is plotted on
a semi-logarithmic graph to visualize the exponential nature of the relation.

FIGURE 4.1: Hydraulic conductivity as a function of saturation for S1

4.2 Analysis of experimental data

4.2.1 Modelling by Advection-Dispersion model

Breakthrough curves in Figures 4.2, 4.3, and 4.4 show the results from the experiments at dif-
ferent saturation of the porous medium. For all breakthrough curves, the concentration has
been normalized to the maximum concentration (concentration of influent CaCl2-solution)
by the following equation.

Cn =
C − C0

C1 − C0
(4.1)

Where Cn is the normalized concentration [-], C is the measured concentration [M L3],
C1 is the input concentration [M L3], and C0 is the initial concentration [M L3].
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TABLE 4.1: Experimental data from saturated flow experiments for three
porous media, all values are from the middle section of the column (z = 18

cm)

Table 4.1 shows the results from modeling saturated flow experiment data with the ADE
through the porous media. Both velocity and dispersion coefficient are point-averaged val-
ues representing an average value for the entire flow domain at the particular location
(depth = 18 cm). Interestingly, there is a direct proportional correlation between the sat-
urated dispersivity and the average grain size diameter of the porous media (see Tables 4.1
and 2.1). However, it seems that this only holds if the variance of the particle size distribu-
tion of the sands are similar.

FIGURE 4.2: Breakthrough curves under saturated condition (Sw=1) at three
locations (11.5, 19 and 26.5 cm) from inlet. Flux = 0.341 cm min−1. Points

indicate data, lines indicate fit by ADE-model in CXTFIT

Figure 4.2 displays the breakthrough curves for three different locations (z=11.5, 19 and
26.5 cm) for the saturated porous medium. The graphs clearly show a Gaussian distribu-
tion, indicating that there are few irregularities in the flow paths and a high mobile water
content. Each individual location is shown to have the same dispersivity reference to table
with all the data for all experiments, showing that the sand in the column is distributed
quite homogeneous and has a porosity-profile that is equal at all depths. Interestingly, the
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dispersivity increases slightly with increasing travel distance. This is arguably due to the
scale effect of dispersion (Khan and Jury, 1990).

FIGURE 4.3: Breakthrough curves under unsaturated condition (Sw=0.5) at
three locations (10.5, 18 and 25.5 cm) from inlet. Flux = 0.420 cm min−1. Matric
potential = -16.7±0.5 cm. Points indicate data, lines indicate fit by ADE-model

in CXTFIT

FIGURE 4.4: Breakthrough curves under unsaturated condition (Sw=0.25) at
three locations (10.5, 18 and 25.5 cm) from inlet. Flux = 0.010 cm min−1. Matric
potential = -23.35±0.3 cm. Points indicate data, lines indicate fit by ADE-

model in CXTFIT
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The breakthrough curves shown in figure 4.3 show a different concentration profile than
for the saturated condition in figure 4.2. The shape of the breakthrough curve shows signs
of immobile water content and a higher dispersion coefficient. In the rising limb of the
breakthrough curve a flattening near the top can be seen. Whereas in the falling limb, there
is evidence of tailing. The sensor at a depth of 10.5 cm shows measurements that deviate
from what is expected at t = 6 minutes to t = 12 minutes. This is most likely due to some
heterogeneities at the top of the column.

The breakthrough curves for a saturation (Sw) of 0.25, shown in Figure 4.4 Still show
quite a large effect of dispersion to the concentration distribution over time. However, dis-
persivity for this saturation is lower than for a saturation of 0.5 (see Figure 4.3). The shape
of the curves show a similar distribution as the other unsaturated breakthrough curve, in-
cluding considerable tailing as an effect of stagnant zones or immobile water content.

Interestingly, breakthrough curve data from the furthest position show an elevated ve-
locity with respect to the first two measurement depths, as well as a lower dispersion co-
efficient. For the latter, this is contrary to the expected increase in dispersion coefficient as
result of scale-effects (Gelhar et al., 1992). Figure 4.5 shows a possible interpretation of the
phenomena that caused variation in the measurements at 5TE-3 sensor. The non-unit gradi-
ent conditions near the bottom of the column likely influence the dispersion coefficient due
to a higher water content, as well as the velocity due to a higher hydraulic gradient.

FIGURE 4.5: Schematic pressure diagram showing the position of furthest 5TE
sensor from inlet. non-unit gradient conditions below the sensor influence the

dispersion coefficient.

4.2.2 Modelling by Mobile-Immobile model

In an effort to increase the accuracy of the model results from the experimental data, we
employ another model, supposedly more suitable for modelling transport of solutes under
unsaturated conditions. The mobile-Immobile model considers a division in mobile and im-
mobile water content and applies an exchange parameter between the two regions. Results
in this section show the mobile water content as a function of the saturation, as well as a
dispersivity-saturation plot for the mobile portion of the domain. The results are distinc-
tively different than the results from the advection-dispersion model. The mobile-immobile



Chapter 4. Results 18

model shows that the dispersivity for the mobile region increases with decreasing satura-
tion up to a saturation of 0.35 (Figure 4.6 and Table 4.2), whereas the ADE-model has a peak
dispersivity at a saturation of 0.43 (Figure 4.8 and Table 4.3). However, the mobile water
content decreases drastically after an intermediate saturation (Figure 4.7). Therefore, the
overall dispersive behaviour for low saturation of the porous medium is lower with the
MIM-model than with the ADE-model.

FIGURE 4.6: Shows the Mobile dispersivity (αm) as a function of saturation,
the data is from the middle of column (z = 18 cm)

The mobile water content of the sand is estimated through the MIM equations (Eq. 3.9
& 3.10) by a least squares regression analysis. The mobile water content is defined as the
fraction of water content that is in flow, as shown in Equation 4.2.

β =
θm
θ

(4.2)

where θ is defined as θm + θim. whats interesting about the mobile water content is that
with decreasing saturation, it only decreases. The amount of stagnant water zones is there-
fore larger in a low-saturation flow domain, according to the MIM model output.

Padilla et al. (1999) showed that greater velocities enhance the mass transfer rates by
causing faster mixing between the two regions. Data by this study does not show a signifi-
cant trend in mass transfer rates. However, the lowest saturations
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FIGURE 4.7: Shows the Mobile water content fraction (β) as a function of sat-
uration, the data is from the middle of column (z = 18 cm)

TABLE 4.2: MIM-model results

4.3 Analysis of saturation dependency

The primary goal of this study is to quantify the saturation dependency of dispersivity. For
S1, the saturated and unsaturated dispersivity has been extensively measured over the en-
tire range of saturation. As a result, Figure 4.8 shows the calculated dispersivity from each
breakthrough curve for 5TE-1 (z=10.5 cm) and 5TE-2 (z=18 cm). Results show indisputable
evidence for a non-monotonic behaviour of dispersivity as a function of saturation. For
high saturation, dispersivity is low, since the variation in flow paths is minimal for (near-
)saturated flow. when a soil is desaturated towards intermediate saturation, dispersivity
increases, with a maximum of 1.32 cm at a saturation of 0.43. Figure 4.9 shows a schematic
representation of intermediate saturation (middle figure). In this figure, both the larger
(macro-) as well as smaller (micro-) pores are partially saturated. As a result, the relatively
high variability of flow paths in the porous medium increases the dispersion coefficient.
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TABLE 4.3: Experimental data from unsaturated flow experiments for porous
medium S1, at depth z = 18 cm (5TE-2)

Furthermore, for Sw <0.43, dispersivity decreases. In low saturation of a porous medium
(Sw,r <Sw < 0.43), macropore flow is not dominant (or is completely absent) in displacement
of fluids (see Figure 4.10). Micropore flow becomes the dominant flow regime (see top figure
in Figure 4.9). Inside the smaller pore spaces, there is a higher capillary interaction with the
solids. Therefore, pores in these flow paths are able to retain water, yet the wetting phase
remains transient in terms of flow through these pores, largely due to the applied suction
at the bottom of our flow domain. Since flow is limited to generally fewer flow paths (and
more homogeneous flow regimes), the variation in flow becomes less significant. These fac-
tors influence the total dispersion coefficient for a specific saturation.

For porous medium S1, an α-Sw (Figure 4.8) plot describes the variation of dispersivity
for that porous medium with a specific set of characteristics. However, it would be useful
to quantify these results as a function of the characteristics of the porous medium. Possible
ways to quantify the α-Sw relation would be to make it dependent on physical properties
such as mean particle size, average pore radius, or variance of particle sizes.
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FIGURE 4.8: Dispersivity distribution as a function of saturation, data points indicating dispersivity for a certain saturation for depths
of 10.5, 18, and 25 cm
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FIGURE 4.9: Pore space distribution under varying conditions. top: (near-)
residual saturation; middle: intermediate saturation; bottom: saturated.
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FIGURE 4.10: Representation of porous medium, slightly exaggerated differ-
ences between pore radii to illustrate hydrodynamic dispersion under unsat-
urated conditions. Left: mesopore flow; middle: macropore flow; right: mi-

cropore flow.

Despite the non-monotonic trend of αwith regard to saturation at all three depths, not all
measurements show the same distinct behaviour. Data from 5TE-3 shows a non-monotonic
α-Sw relation, however, the shape is slightly flattened with respect to data from 5TE-1 and
5TE-2, i.e. the maximum dispersivity is lower at 5TE-3. Possible explanations of this phe-
nomenon are explained in Section 5. Results from all three sensors, including a fitted func-
tion of the data is shown in Appendix C. The function describing the α-Sw relation is of a
gaussian nature (Eq. 4.3).

α(Sw) = ae
−(Sw−b

c0
)2 (4.3)

Where α is the dispersivity [L], Sw is the wetting phase saturation [-], and a, b, and c0 are
constants.

The constant a, b, and c0 are respectively 1.14, 0.419, and 0.280 When solving for the data
acquired at the center of the flow domain of porous medium S1 (z = 18 cm). The most inter-
esting shape parameters of Eq. 4.3 are a and c0. These parameters influence the slope of the
curve as well as the maximum value. Therefore, if causality between for example average
grain size diameter (D50) and maximum unsaturated dispersivity of a porous medium can
be proven, the equation is suitable to estimate entire dispersivity ranges across a wide range
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of homogeneous sandy porous media. Consequently, this has interesting implications for
unsaturated zone modelling.

4.4 Analysis of scale-effect

Dispersion coefficient increase with scale of domain has been proven to in field-scale exper-
iments (Gelhar et al., 1992). A study by (Khan and Jury, 1990) shows indifferent results, not
proving evident scale effects of dispersivity due to domain length or amount of influent flux.
Figure 4.11 shows the dispersion coefficient result of 5TE-2 as a fraction of the dispersion co-
efficient of 5TE-1. The result shows an overall increasing trend in the dispersion coefficient.
The comparison between 5TE-3 and 5TE-2 is not carried out due to the non-unit gradient
near the third sensor. Therefore, we cannot make a reasonable comparison between these
two measurement points.

FIGURE 4.11: Scale effect of the dispersion coefficient

4.5 Retention data

Retention data of S1 is displayed in Figure 4.12. The retention data shows that the porous
medium has a narrow range of particle sizes. As well, it shows that the effective range of
soil water potential extends from 0 to -25 cm.

Figure 4.13 shows the retention data and van Genuchten fit for the porous medium S3.
The van genuchten parameters are shown in the figure. The retention curve suggests this
sand has more or less the same variation in grain sizes. However, due to the much finer
particles, a higher suction has to be applied for the medium to desaturate.
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FIGURE 4.12: Retention curve of S1, fitted with the van Genuchten equation
(van Genuchten, 1980).

FIGURE 4.13: Retention curve of S3, fitted with the van Genuchten equation
(van Genuchten, 1980).
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5 Discussion

In this section, the uncertainties and arguable accuracy or precision of the methods em-
ployed in this study will be put in perspective with the results in order to specify the sig-
nificance. First, main findings of the study are highlighted, after which the significance
of the results are put in perspective. Secondly, any unanticipated findings are explained.
Moreover, potential limitations or weaknesses in this study are identified and related to the
results as a measure for validity, and finally, the results of the study will be summarized
regardless of significance.

The results from this study show a clear non-monotonic behaviour of the dipersivity
versus saturation relationship for coarse-grained sand. This relation provides significant in-
formation about solute transport in the vadose zone. In comparison with other studies D,
it shows a better trend in dispersivity over the whole range (Maciejewski and Joswig, 2002;
Maraqa et al., 1997; Padilla et al., 1999) and a higher accuracy over a larger range (Toride
et al., 2003). As well, the results from this experimental work relates closely to numerical
calculations done by (Raoof and Hassanizadeh, 2013). The nice relation between the In ad-
dition, this study attempts to relate the dispersivity-saturation relationship to the median
grain size of the porous media. As a result, the conclusion of this study might have implica-
tions for the accuracy of modelling of vadose zone solute transport.

The equation that is developed to describe the change in dispersivity with saturation (Eq.
4.3), gives a general estimate for the range of saturation in which flow occurs in a porous
medium (θr <θ <θs). However, for theoretical water content below the residual saturation
of a porous medium, the dispersivity is most likely not described accurately. In order to
still be able to use the general dispersivity-saturation equation, we limit the equation’s ap-
plicability to the residual saturation of the porous medium. For purposes where we need
to know the dispersivity for saturations lower than the residual (pore-scale modelling), one
should assume the dispersivity to be equal to only the first part of Equation 1.2, the effective
diffusion coefficient.

During the experimental work, limitations of measuring in-situ pore-water electrical
conductivity became evident. Concentration effects on the dielectric constant of the bulk
soil were not incorporated in the calculation of pore-water electrical conductivity, hence, the
calculation resulted in erroneous results. As a consequence, we assume that the bulk electri-
cal conductivity is linearly related to the pore-water electrical conductivity and therefore the
concentration, for a constant saturation. Combined with a calibration for each 5TE sensor,
the bulk electrical conductivity can be converted to concentration (see Eq. 3.8 and Figure
A.1).

As shown in Appendix E.1, the sensors and related employed empirical calculations
(Equations 3.7, 2.1) are subject to uncertainties. Although, as we are more interested in ei-
ther measuring a value that is constant over time (saturation), or the change of a value over
time (concentration), we assume that the influence of the (in)accuracy of sensors is minor in
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comparison to the assumption that the water content is exactly equal at all depths.

Results from analyzing the breakthrough curves of the sensor in close vicinity (5TE-3)
to the bottom of the column show that there is a slight increase in pore-water velocity. The
dispersion coefficient is also lower for each saturation. These results led to believe that the
unit-gradient condition is not valid for the bottom the part of the column. Therefore, results
from this sensor are not used in concluding the research question of this study. However,
these results do show a good perspective with the results from sensor 1 (z=10.5 cm) and
sensor 2 (z=18 cm). Because the results from z=10.5 and z=18 cm correlate, these results will
be used in assessing the dispersivity-saturation analysis for unit-gradient condition.

Mindful readers probably noticed differences between measured θr in the retention data
and the θ values for saturated flow experiments displayed in Table 4.1. In part, this can be
attributed to packing density differences between the sample for the retention curve and the
experimental column. Another cause is the error margin of the 5TE sensors for calculating
volumetric water content, as evident from Equation 2.1 and Figure E.1.

As mentioned in Section 4, Equation 4.3 is constructed from experimental data of one
porous medium. In order to validate the relation constructed for this porous medium, more
experiments must be carried out for finer and coarser sands. If a correlation can be found
between for example average grain size diameter and unsaturated dispersivity - as has been
shown for the saturated dispersivity (see 4, the equation can be adapted to incorporate a
change in grain size diameter. This way, the change unsaturated dispersivity is accounted
for by the average grain size diameter. However, it should be noted that the heterogeneity
of the sand (i.e. the variance of the particle size distribution) has a very high influence on
the saturated dispersivity (Huang et al., 1995). As well, the relative change of dispersivity
from saturated to unsaturated condition for a heterogeneous sand is much less (Raoof and
Hassanizadeh, 2013). Therefore, it would be interesting to see what the effect of particle size
variation as well as magnitude of D50 is on the dispersivity-saturation relationship.
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6 Conclusion

This study proposed to formulate a function of dispersivity under varying saturation of mul-
tiple porous media. In pursuit of this, solute displacement has been monitored throughout
an experimental column at various depths. The concentration measurements as a function
of time, analytically processed using modelling software (CXTFIT, (Toride et al., 1995), pro-
vide the dispersion coefficient as a function of saturation. As a result, a relation between
dispersivity and soil saturation has been established. Data in this study shows a coherence
with some previous studies (Toride et al., 2003; Raoof and Hassanizadeh, 2013), while dis-
agreeing with others (Kanzari et al., 2015; Sato, 2003; Maciejewski, 1993). The increase of α
with decreasing Sw down to a saturation of about 0.50 seems to be recorded in every study.
However, for lower saturations it confirms the presumption that dispersivity decreases after
a certain saturation.

Results from the Advection Dispersion model show that porous medium S1 has a satu-
rated dispersivity value of 0.05 cm. In comparison with the similary homogeneous porous
media S2 and S3, the saturated dispersivity increases almost directly proportional with av-
erage grain size diameter (D50). Unsaturated dispersivity for S1 increases with decreasing
saturation from the saturated dispersivity until the maximum value of α = 1.32 cm at a satu-
ration of Sw = 0.43. Dispersivity increases from intermediate saturation towards α = 0.55 cm
at a saturation, Sw = 0.27. Measurements at lower saturations were not possible since this
saturation was already near residual saturation. It is expected that dispersivity decreases
even more with de-saturation until the residual saturation, at which point diffusion will be
the dominant process of displacing solutes within the porous medium. An increase of the
dispersion coefficient is measured between the first two measurements depths, where the
dispersion increased with an average of 15 percent over 7.5 cm. Whether this can be solely
attributed to the so called scale-effect is not likely. Results from the Mobile-Immobile model
are similar to the ADE model in terms of the increase of dispersivity towards an interme-
diate saturation. However, dispersivity decreases at a lower saturation with respect to the
ADE (0.35 to 0.43). αm is also lower than α, however this is due to the fact that the MIM
model takes into account the fractionation of mobile and immobile water portions.

A function is developed to describe the variation of dispersivity with saturation for the
porous medium S1 [D50 = 500 µm]. Further research for finer and coarser porous media
(with the same variance in particle size distribution) must show if this function can be ex-
trapolated through intrinsic porous media characteristics (e.g. D50). It is hoped that this
study will provide more insight in the mechanics of solute dispersion in unsaturated soils
and improve estimation of dispersion in homogeneous soils.
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A Calibration data

FIGURE A.1: Showing three graphs, each one representing the calibration
curve for measured ECb versus concentration. Top figure: 5TE-1, Middle fig-

ure: 5TE-2, bottom figure: 5TE-3.



30

B Concentration effect on permittivity

FIGURE B.1: Showing ECp values as calculated with the equation developed
by Hilhorst (Eq. 3.7)

Figure B.1 shows the normalized pore-water concentration as a result of the calculation
with Equation 3.7. Here, we can see that the the data is not coherent with what we ex-
pect to happen. As can be seen from the 5TE3, it surpasses the concentration from 5TE2,
which is most likely not true for a homogeneous porous medium, as we expect 5TE2 to
reach maximum concentration before 5TE3. Also, the concentration spike at t = 42, 46, and
50, respectively for the first, third, and second sensor, is a result of permittivity change due
concentration effect of the inserted tracer. It should be noted that this effect is lower at con-
centrations up to 0.02 M, however, for these concentrations we do not measure accurate
breakthrough curves, since the measurement resolution is too large.
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C Dispersivity-Saturation relation at three different depths

FIGURE C.1: Showing the α - Sw relation for all three depths, including a separately fitted Gaussian function
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D Dispersivity-Saturation relation compared to literature

FIGURE D.1: Showing the α - Sw relation for the results from this study, the model values using Equation 4.3, the experimental results
by Toride et al. (2003), Padilla et al. (1999) and pore-scale results by Raoof and Hassanizadeh (2013)
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E 5TE Specifications

FIGURE E.1: Shows specifications of the 5TE sensor used for measuring
permittivity, electrical conductivity and temperature, from Decagon Devices

(2016)
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