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Abstract

The paper presents a 2D upward infiltration experiment performed
on a model porous medium consisting of fine sand background with two
inclusions made of coarser sands. The purpose of the experiment was to
investigate the effects of structural air trapping, which occurs during in-
filtration as a result of heterogeneous material structure. The experiment
shows that a significant amount of air becomes trapped in each of the in-
clusions. Numerical simulations were carried out using the two-phase
water-air flow model and the Richards equation. The experimental re-
sults can be reproduced with good accuracy only using a two-phase flow
model, which accounts for both structural and pore-scale trapping. On
the other hand, the Richards equation was not able to represent the struc-
tural trapping caused by material heterogeneity.
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1. INTRODUCTION

The pore space of soils and rocks in the vadose zone is filled partly with wa-
ter and partly with air. In many practical problems, the focus is primarily on
the flow of water and the air flow is neglected. This approach is justified by
assuming that the pore air is continuous, connected to the atmospheric air
and much more mobile than the pore water. This implies that any perturba-
tion of the air pressure instantly equilibrates with the atmosphere and the
pore air remains essentially at constant atmospheric pressure. In such a case
the water flow can be described by a single equation, known as the Richards
equation (RE) (Richards 1931). In contrast, if the above assumptions are not
satisfied, one should use a full two phase model (2PH), which accounts ex-
plicitly for the flow of both water and air, caused by potential gradients
within each phase (e.g., Helmig 1997).

While the RE is commonly used in hydrological and geotechnical model-
ing, a number of authors showed its limitations caused by various factors.
First, the mobility ratio between air and water is not infinite and even at me-
dium water saturation levels there are some discrepancies in the results ob-
tained with RE and 2PH approaches, e.g., Tegnander (2001). Close to full
water saturation, the smaller viscosity of air is offset by its smaller relative
permeability, which makes the mobilities of the two fluids similar. In such a
case, important differences between the models can be observed (Forsyth
1988). Other well known situations where RE is not applicable concern infil-
tration in laboratory columns with sealed bottom (Vachaud ef al. 1973,
Touma et al. 1984, Touma and Vauclin 1986), ponded infiltration over large
area (Hammecker et al. 2003, Delfs et al. 2013) or overtopping of earth
dikes by flood wave (Bogacz ef al. 2006, Le$niewska et al. 2008).

Attention has been also directed to the impact of heterogeneous soil
structure on the patterns of air and water flow. In this context the importance
of the so-called air-entry barriers has been emphasized (Silliman ef al. 2002).
They are regions of fine textured material, remaining fully or nearly fully
water-saturated even at significant negative water pressures, until their char-
acteristic value of the air entry pressure is exceeded. Experiments in a two-
dimensional flume described in (Silliman et al. 2002) showed that thin layers
or inclusions of coarse material present in the capillary fringe did not drain
due to the presence of quasi saturated fine material around them, and provid-
ed important paths for horizontal tracer migration. Other experiments
(Kuang et al. 2011) showed that drainage from a laboratory column filled
with coarse sand is significantly hampered by the presence of a thin layer of
fine sand at the upper surface of sand. The fine layer remained quasi-
saturated with water and consequently had very low permeability to air,
causing retarded drainage, while the suction in the coarse sand remained
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higher than it would result from the water retention curve. Several contribu-
tions focused on heterogeneity patterns consisting of coarse textured inclu-
sions embedded in fine textured background (Dunn and Silliman 2003, Dunn
2005, Vasin et al. 2008, Szymkiewicz et al. 2012, 2014; Haberer et al.
2015). If the inclusions are disconnected from each other and from the at-
mospheric air, two types of interesting phenomena can be observed. First, if
the heterogeneous medium is subject to drainage starting from full water sat-
uration, the inclusions remain saturated until the suction exceeds the entry
pressure of the fine background material, which can be much larger than
their own entry pressure. Second, during imbibition the background material
becomes fully or quasi fully saturated at relatively large negative pressure,
corresponding to a much lower saturation in the coarse material. However,
once the pores of the background material are completely filled with water,
the air from coarse inclusions cannot escape. Even if the water pressure in
the system becomes positive (larger than atmospheric), the inclusions remain
unsaturated. Both types of behavior were confirmed by laboratory experi-
ments and numerical analyses (Dunn and Silliman 2003, Dunn 2005, Vasin
et al. 2008). Such effects were also investigated for other types of two phase
flow, e.g., in water-NAPL or water-CO2 systems (Dunn 2005, Szymkiewicz
et al. 2011, Saadatpoor et al. 2009). If the heterogeneous medium contains a
large number of inclusions, it is possible to derive an upscaled model with
effective parameters, which is characterized by hysteresis of the water reten-
tion function and the phase permeability functions (Mikelic et al. 2002, van
Duijn et al. 2007, Schweizer 2008, Szymkiewicz et al. 2011, 2012; Szym-
kiewicz 2013). One should also note that the effects occurring on coarse-fine
soil interfaces are used in capillary barriers protecting waste storage site
from infiltration or in the drainage layers placed under lawns. These struc-
tures are composed of a fine-textured soil layer supporting vegetation with
underlying coarse grained material. In unsaturated conditions the coarse ma-
terial has very low permeability, which effectively limits the downward infil-
tration. Only if the water pressure at the interface reaches values close to
zero, a significant amount of water can enter the coarse material and is rapid-
ly transmitted by this layer. Capillary barriers were a subject of numerous
modeling studies (e.g., Oldenburg and Pruess 1993, Aubertin et al. 2009,
Prédélus et al. 2015). Assuming that the air in coarse layer can move unob-
structed downward and laterally, the Richards’ equation can be used with
sufficient accuracy for such analyses (Webb 1998).

The entrapment of air in coarse inclusions during imbibition, which will
be called here structural trapping, is a phenomenon qualitatively distinct
from the pore-scale entrapment of isolated air bubbles. The latter process is
well recognized in the literature and has been a subject of several studies,
e.g., Marinas et al. (2013), McLeod et al. (2015). Air bubbles in pores typi-
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cally arise during infiltration, but may be also products of various biological
and chemical processes in porous medium. In order to account for their pres-
ence, the concept of “field-saturated” conditions is often used in vadose zone
modeling. The maximum attainable value of the volumetric water content
6, is smaller than the porosity ¢. The residual air saturation varies in a wide
range, from 4 to 54% of the soil porosity (Marinas et al. 2013). Consequent-
ly, the field-saturated hydraulic conductivity is also smaller than the “true”
saturated conductivity, even up to 10 times (Marinas et al. 2013).

In natural soils we can expect overlapped effects of structural and pore-
scale air trapping, occurring especially in the zone of water table fluctuations
and the adjacent capillary fringe. This transition zone, termed “partially satu-
rated fringe” (Berkowitz et al. 2004) is increasingly recognized as crucial for
contaminant transport and various biochemical processes in soils (Berkowitz
et al. 2004, Silliman et al. 2002, Yakirevich et al. 2010), since the entrapped
air determines oxygen availability (Haberer et al. 2015). More research is
needed to better understand the air and water dynamics in the vicinity of the
water table. This paper presents the results of a laboratory experiment on a
model porous medium with separated coarse inclusions, subject to upward
infiltration. We focus on the combined effects of structural and pore scale
trapping. Moreover, we compare numerical solutions obtained with the
Richards equation and the two phase flow model. To the best of our
knowledge, such a comparison of RE and 2PH models with experimental re-
sults for heterogeneous media has not been undertaken before, since in pre-
vious contributions only one of those two approaches was used, e.g., 2PH
model in (Dunn 2005) or RE in (Vasin et al. 2008).

2. EXPERIMENTS

Experiments were carried out in the laboratory of the Institute of Fluid Me-
chanics and Environmental Physics in Civil Engineering, Leibniz University,
Hannover (Szymanska 2012). The main part of the experimental setup was a
glass flume having dimensions 55 cm by 29 cm by 1.2 cm, which allowed to
impose conditions of two-dimensional flow. Three types of well sorted sand
were used, which will be denoted here as fine, medium and coarse (see Ta-
ble 1). Fine sand was used as the background material, filling most of the
flume, while medium and coarse sands formed two inclusions placed sym-
metrically (Fig. 1). The purpose of the experiment was to investigate the air
trapping in inclusions during upward infiltration. Water entered the flume
from two inlets located at the bottom of the device.

In order to facilitate observation of the changing saturation field, water
was dyed to a blue colour. During the experiment, pictures of the flume were
taken by a camera placed in front of it. The saturation field was obtained by
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Table 1
Parameters of three sands used in the experiment
Parameter Unit Coarse Medium Fine
d [mm] 0.7t0 1.2 041t00.8 0.1t00.3
¢ -] 0.540 0.450 0.370
MVG — measurements
Oy -] - 0.360 0.280
0,y -] 0.00 0.00 0.02
Pad [Pa] 1143 1990 4004
Daii [Pa] 565 - -
n -] 6.07 4.86 3.35
k, [m?] 1.57-107" 8.66:10"* 44810
BCBO — first estimation
Oy -] 0.540 0.450 0.370
0,y -] 0.00 0.00 0.00
Deii [Pa] 388 746 1582
A -] 2.86 2.25 1.47
k, [m?] 1.57-107" 8.66-10'* 44810
BCBI1 — best fit
Oy [-] 0.443 0.370 0.355
0, [-] 0.00 0.00 0.00
Pei [Pa] 300 500 1100
A -] 4.0 4.0 2.8
k, [m?] 2.56:10" 1.86:10" 1.44-10"

image analysis techniques. A digital camera (Nikon D90) was placed in front
of the experimental device. Still pictures were taken in 10 s time intervals.
The resolution of the pictures was 4288 by 2848 pixels. During image proc-
essing, the number of pixels representing dyed water was used to obtain the
average saturation in each of the three materials. The reference level of satu-
ration was obtained from an independent experiment, where the flume was
filled with sands forming three vertical strips parallel to each other, and hav-
ing the same porosity as in the main experiment. In contrast to the principal
experiment, the device was flushed with CO, and slowly saturated by up-
ward water infiltration. In such conditions, no structural trapping could occur
and the pore trapping was negligibly small, so it was assumed that the image
parameters correspond to full saturation in each material. The total volume
of water in the flume was monitored with a balance.
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Fig. 1. Scheme of the experimental setup (top) and picture of the flume after packing

(bottom). Dimensions in cm.

Initially all three sands were in air dry conditions. After filling the flume,
the inlets were connected to a water-filled reservoir with water level at the
same elevation as the bottom of the flume. The water level in reservoir was
kept constant for 12 hours, in order to approach the state of capillary equilib-
rium. During this time, capillary forces caused significant increase of satura-
tion in the fine material; however, the two inclusions remained virtually dry

(Fig. 2, 1= 0).
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Fig. 2. Distribution of dyed water in the flume at four stages of the experiment.

The actual experiment was started by rising the reservoir with water in
such a way that the water level corresponded to the upper surface of the fine
sand in the flume. The rising took about 10 s. The resulting increase of posi-
tive water pressure at the bottom of the flume caused upward infiltration.
Water distribution at various stages of infiltration is shown in Fig. 2 (z = 240,
420, and 900 s). A stable configuration of water distribution was achieved
about 600 s after the rising of the water table started. The observations were
continued for another 25 min, without any visible changes in the saturation
distribution inside the sand. At about 900 s a thin layer of free water ap-
peared at the surface of fine sand, indicating that equilibrium with supplying
water reservoir had been reached.

From Fig. 2 it can be clearly seen that the upward movement of water
occurs principally in fine sand, where capillary forces are relatively strong.
The saturation process in the inclusions starts from the bottom, where the
water pressure is high enough to ensure sufficient hydraulic conductivity to
enter the coarse porous medium. A clear horizontal boundary can be seen be-
tween the saturated and dry zone in the inclusions. There is apparently no
flow into the inclusions from the upper part of their perimeter, even though
they contact fine sand at relatively high saturation. Only in the later stages of
infiltration, the boundary between dry and wet zone becomes more diffuse.
The inclusions remain only partly saturated till the end of the experiment.
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Fig. 3. Evolution of average water saturation in four regions of the flume during the
experiment, as obtained by image analysis.

One can clearly see an unsaturated region at the top of each inclusion, and
also many small air bubbles in the lower parts of inclusions. This indicates
the occurrence of both structural trapping and pore scale trapping.

Figure 3 presents plots of the average saturation evolution in time, as ob-
tained from the image analysis. There are four average values, corresponding
to four regions of the plume. The fine sand background was divided into two
regions, the left-hand one, BG1, around the medium sand inclusion INCI,
and the right-hand one, BG2, around the coarse sand inclusion INC2. These
plots confirm visual observations. It can be seen that at = 0, when the me-
dium is in a state close to hydrostatic equilibrium, the average saturation in
the fine sand is close to 0.5, while the saturation in inclusions is practically
zero. After the rising of the water table saturation in all regions increases,
with higher increase rate in inclusions than in the background material. Nei-
ther the background nor inclusions become fully saturated during the exper-
iment, however the background material becomes very close to full
saturation, with the maximum saturation value about 0.97. On the other
hand, the final values of saturation in inclusions are 0.73 for the medium
sand and 0.69 for the coarse sand. These are average values, which account
for both structural and pore-scale trapping. Starting from about 600 s, a sta-
ble state of saturation is reached, which lasts till the end of the experiment.
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3. NUMERICAL MODELING

The two phase flow model used in this paper is based on the following as-
sumptions: the fluids are immiscible (due to the short time of the experi-
ments the dissolution of air in water is not modelled); the flow is isothermal;
each porous material is rigid and has isotropic permeability. Under these as-
sumptions the governing equations for either water or air, representing the
mass balance principle for each fluid, can be written as follows (e.g., Helmig
1997):

0

(P 95.)+V(p,v,)=0., Q)
where o is the fluid phase index (a = air, w = water), p, the fluid density, ¢
the porosity of the medium, S, the fluid saturation and v, the volumetric
fluid flux (or seepage velocity). According to the Darcy’s law for isotropic
medium the flux can be defined as:

v, =-5he (vp, - p,g) @
where £; is the intrinsic permeability, &, the relative permeability for phase
o, u, fluid viscosity, p, fluid pressure (or, more generally, pressure poten-
tial), and g the gravitational acceleration vector.

The governing equations have to be completed by additional relation-
ships. The difference in pressure potentials between air and water is known
as the capillary pressure or suction and is related to the water saturation via
the water retention function. Moreover, the relative permeabilities depend on
the fluid saturations. These interdependencies are commonly described using
the Mualem—van Genuchten (MVG) model (Mualem 1976, van Genuchten

1980):
S, = 1+[&J (3)
Py

k,, =[S, [1—(1—55/"’)'"}2 )
k, =1-S, (18" )" (5)

where S, is the effective water saturation, p,. the capillary pressure or suction
(pec = pa—pw), Pe the pressure scaling parameter, and n, m are shape parame-
ters (m =1 - 1/n). The effective water saturation represents values of satura-
tion normalized between residual states of water and air:
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where S,,, and S,, are residual saturations of water and air, respectively, 6,, is
the volumetric water content, ., the residual water saturation, and 6,,, is the
water content at apparent saturation, with air phase at residual state.

Another widely used set of functions is the Brooks—Corey—Burdine
(BCB) model (Brooks and Corey 1964, Burdine 1953):

A
g:(ijifﬂ>ﬂ o
1 if p. <p,
k=827 ®)
k,=(1-8,) (1-5%"7) ©)

where p, is the air-entry pressure, and A is the shape parameter. In the BCB
model the air entry effect is explicitly represented, i.e., the porous material
remains saturated with water until a specific value of the capillary pressure is
exceeded. In the MVG model the air entry pressure is not accounted for, al-
though for large values of n the effective water saturation remains close to 1
for a range of positive capillary pressure values. The following relationships
between parameters of the two models have been suggested (Lenhard et al.
1989):

A=(n-1)(1-0.5""") (10)
po=p (s 1) (a
=0.72-035exp(-n") (12)

The Richards’ equation (Richards 1931) represents a special case of two-
phase model, obtained for the assumption of constant air pressure. In such a
case the capillary pressure is uniquely defined by the water pressure and the
relative permeability and water saturation depend only on the water pressure.
Mass balance is considered only for the water phase.

In order to facilitate comparisons, all numerical simulations described in
this paper and the following sections were carried out using the same ap-
proach to discretize 2PH and RE mathematical models. The algorithm is
based on vertex centered finite volume discretization in space and fully im-
plicit first-order finite difference discretization in time. For each mathemati-
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cal model the discretization results in a system of nonlinear algebraic equa-
tions, which must be solved with respect to the primary unknowns. These
unknowns represent the nodal values of the water pressure, and additionally
for 2PH also nodal values of the water saturation. The grid consisted of uni-
form square cells, 1 cm by 1 cm. The computational nodes correspond to
grid vertices, while the material properties are assigned to grid cells since the
material properties are assigned to grid cells and not to vertices (nodes), the
water saturation was discontinuous at vertices positioned on inclusion
boundaries. For these nodes, as the primary variable we chose the saturation
from the material with the lowest value of the entry pressure and we calcu-
late the saturation in the other material from the extended capillary equilibri-
um condition (de Neef and Molenaar 1997). Further details of the algorithm
can be found in Szymkiewicz (2013).

In all simulations the same initial and boundary conditions were used. As
the initial condition we assumed a uniform value of air pressure (p, atmos-
pheric) and hydrostatic distribution of water pressure, with p,, at the initial
position of the water table (Fig. 1). The boundary condition at the bottom
was given in terms of the water pressure calculated from the position of the
water table in the supplying reservoir. The value increased from the initial
one to the final one within 10 s and then was kept constant till the end of the
simulations. The water saturation at the bottom was assumed to be S, =1
for the whole duration of the experiment. These values of water pressure and
saturation were applied along the whole bottom edge of the flume, even
though in reality the water was supplied from two inlets located at the sides
of flume just above the bottom. However, visual examination shows a rather
uniform upward movement of the infiltration front in fine sand (Fig. 2),
which justifies the application of a uniform boundary condition along the
bottom of the flume. At the top of the flume a no-flow condition was speci-
fied for water, while air was kept at a constant atmospheric pressure. The
vertical sides of the flume were modeled as impermeable to both water and
air.

4. INITIAL ESTIMATION OF MATERIAL PARAMETERS

In order to obtain hydraulic characteristics of the three sands, experiments
were carried out at the Helmholtz Centre for Environmental Research —
UFZ. The retention curve for each sand was obtained from multistep outflow
experiments, starting from fully saturated conditions. Additionally, the satu-
rated hydraulic conductivity of each sand was also measured. The parame-
ters of MVG model were fitted to the results of the outflow experiment. The
obtained values are listed in Table 1 (denoted by MVG model — measure-
ments).
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The parameters obtained in drainage (outflow) experiments cannot be
used directly in infiltration experiments, due to hysteresis of the water reten-
tion curve (e.g., Luckner et al. 1989). Also, the samples of sand used in the
independent experiments were more compacted than the sand in 2D flume,
as indicated by the comparison of 8, for MVG with porosity ¢ in Table 1
(the outflow experiments started with full saturation, so 6, corresponds to
the porosity in this case). It is well known that the porosity and packing
method significantly affects hydraulic parameters of soils.

For our preliminary numerical simulations we derived a set of hydraulic
parameters based on the independent experiments described above and the
following assumptions:

0 The MVG water retention functions for imbibition are characterized by
the same values of the parameter » as for drainage, while the values of the
pressure scaling parameter p, are two times smaller. The latter assump-
tion is supported by the literature (Luckner et al. 1989, Likos et al. 2014)
and by measurements of the water retention curve in imbibition condi-
tions for the coarse sand, which yielded p,;= 565 Pa, i.e., nearly exactly
pg,.d/z.

O In order to account explicitly for the air entry pressure, the water reten-
tion functions described by MVG model are converted to functions de-
scribed by BCB model, according to Eqs. 10-12. Preliminary numerical
experiments (Szymanska 2012) showed that the BCB model was more
suitable than the MVG model to represent the macroscopic air trapping
caused by material heterogeneities. Note that due to looser packing of
sand in the 2D flume experiments, resulting in larger pores, the real val-
ues of the entry pressure can be expected to be smaller than the estimated
ones.

Q The residual saturations of both water and air are set to zero, which
means that the value of the saturated water content was equal to the po-
rosity.

O The relative permeability functions for water and air in each type of sand
are assumed to follow the BCB model, Egs. 8-9.

O The intrinsic permeability of each medium corresponds to the value ob-
tained in the independent experiments (again, due to larger pores, one can
expect the real values to be higher).

The parameters based on the above assumptions are listed in Table 1 and
denoted as BCBO — first estimation. The results of the simulations with 2PH
model for BCBO parameters are shown in Figs. 4 and 5. Comparing satura-
tion distribution in Fig. 4 with the one observed in the experiments one can
note a qualitative agreement regarding the effect of structural trapping, i.e.,
the upper parts of inclusions remain at low water saturation. However, in the
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Fig. 4. Distribution of water saturation in the flume at four stages of the experiment,
simulations with 2PH model with BCBO set of parameters.
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Fig. 5. Evolution of water saturation in four regions of the flume, simulations with
2PH model with BCBO set of parameters.

numerical simulations steady state is not reached even for #=900s, as there
is still some air flowing out of the background material above the coarse in-
clusion. Comparison of the evolution of average saturation in each material
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Fig. 6. Distribution of water saturation in the flume at four stages of the experiment,
simulations with RE model with BCBO set of parameters.
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Fig. 7. Evolution of average water saturation in four regions of the flume, simula-

tions with RE model with BCBO set of parameters.

region (Fig. 5) also shows that the numerical simulations predict changes in
the background material saturations long after the development of steady
state in the experiments. On the other hand, the saturation in the inclusions
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becomes stable before the end of the simulation, but later than in the experi-
ments. The amount of air trapped in inclusions is smaller according to the
simulations, as compared to observations (ca. 12% of the pore volume in the
simulations versus ca. 30% in the experiment). Also, BCBO parameters lead
to higher initial saturations in all four regions (by about 15 to 20% of pore
volume). In the fine sand, the simulations predict much slower increase in
saturation, compared to the experiment in the initial stage of infiltration. In
the medium and coarse sand, the rate of saturation change is similar accord-
ing to the simulations and experiment.

For the same parameter set BCBO we also carried out a simulation using
RE and the results are shown in Figs. 6 and 7. For 900 s the medium sand in-
clusion is fully saturated, while the coarse sand inclusion is still unsaturated
in its upper part, but it is clear that the saturation in the coarse inclusion
steadily increases (Fig. 7). For a longer time of about 1200 s both inclusions
become fully saturated (results not shown here). RE does not account for the
fact that water saturation can be increased only if there is a possibility for
pore air to flow out. Consequently, saturation increases everywhere, even if
the cells are fully surrounded with water. However, for the initial phase of
infiltration, before the structural air trapping effects occur (at time of about
400 s), the results obtained with 2PH and RE models are very close to each
other.

The major findings from these preliminary simulations were as follows.
First, it was clear that the parameters from different experiment do not pro-
vide accurate results. This could, however, be expected because of different
sand porosity. Second, the Richards equation could not qualitatively correct-
ly capture the trapping effect, while the two phase model was able to do so.

5. PARAMETER FITTING

In order to improve the fit between the two-phase model and the experimen-
tal results we adjusted the hydraulic parameters by a trial and error proce-
dure, based on the following assumptions:

O due to larger porosity in each material the permeability should be in-
creased, while the air entry pressure should be decreased in each material;

O parameter 4 can be increased, since all sands have rather uniform, well
sorted grains, which implies a sharp decrease in saturation just above the
air entry value;

O the residual air saturation in all types of sand should be non-zero, i.e., the
saturated water content &, should be smaller than the porosity ¢; the re-
sidual air saturation should be larger in the inclusions than in the back-
ground material.
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Fig. 8. Distribution of water saturation in the flume at four stages of the experiment,
simulations with 2PH model with best-fitted hydraulic parameters BCB1, including
pore-scale trapping.
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Fig. 9. Evolution of average water saturation in four regions of the flume, simula-
tions with 2PH model with fitted hydraulic parameters BCB1, including pore-scale

trapping.

By performing a large number of numerical tests we arrived at the set of
parameters shown in Table 1 as BCB1 — best fit). While these parameters are
clearly different from the initial estimation, the discrepancy seems accepta-
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Fig. 10. Distribution of water saturation in the flume at four stages of the experi-
ment, simulations with RE model with best-fitted hydraulic parameters BCB1, in-
cluding pore-scale trapping.
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Fig. 11. Evolution of average water saturation in four regions of the flume, simula-
tions with RE model with best-fitted hydraulic parameters BCB1, including pore-
scale trapping.

ble in view of the assumptions listed above. The intrinsic permeability in-
creased about 4 times for the fine sand and about 2 times for the other sands,
while the entry pressure decreased by about 30% for each of the materials.
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Fig. 12. Distribution of water saturation in the flume at four stages of the experi-
ment, simulations with 2PH model with best-fitted hydraulic parameters, assuming
no pore-scale air trapping.

1

0.9
0.8
0.7
E 0.6
2
3
T 05
&
g 04 |
N ! BG-1-sim ——
/ BG-2-sim ======- |
h / INC-1-sim ——
J INC-2-8im =======
0.2 o - |
BG-2-exp =
: INC-1-exp  © ]
a INC-2-exp ®
0 I . ! L 4 1 1 |
0 100 200 300 400 500 600 700 8OO 900

time [s]

Fig. 13. Evolution of average water saturation in four regions of the flume, simula-
tions with 2PH model with best-fitted hydraulic parameters, assuming no pore-scale

trapping.

The fitted residual air content 6,= ¢— 6, ranges from 0.015 in the fine
material to 0.097 in the coarse material.
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The results of the simulations performed with fitted BCB1 parameters
are present in Figs. 8 and 9. They are in a good agreement with the results
obtained from experiments. The initial saturation, saturation change rate,
time to steady state and steady state saturation are generally well represent-
ed. Some discrepancies can be observed for the medium sand inclusion
(INC1) and the surrounding fine sand (BG1). In the experiments, BG1 re-
gion saturation was significantly lower than BG2 saturation for time between
200 and 300 s. However, we were not able to represent this effect in any of
the tested combinations of parameters. It could be caused by local heteroge-
neities within the background sand or by non-uniform water supply from the
bottom.

The same set of parameters was used in a simulation with RE. The re-
sults are presented in Figs. 10 and 11. In this case there is no structural trap-
ping effect and only pore scale air trapping occurs. At the final steady state,
each inclusion has a uniform saturation, corresponding to its 6, value, which
does not agree with the non-uniform distribution of water saturation ob-
served in the experiments. On the other hand, the evolution of average satu-
ration is in a qualitatively good agreement with the experiment, but the final
values of water saturation in the inclusions are higher than observed. A bet-
ter agreement of the saturation curves can be obtained for RE if the residual
air saturation for coarse and medium sand is increased (results not shown
here). However, it does not affect the final distribution of saturation in inclu-
sions, which is still uniform, in contrast to the experimental results.

In order to further investigate the interplay between structural and pore
scale air trapping we performed an additional simulation using 2PH model
with a modified set of parameters BCB1 with residual air saturations set to 0
for each material. The results are shown in Figs. 12 and 13. This set of pa-
rameters produced a better fit than BCBO0, but worse than BCBI. It can be
seen that the effect of structural trapping is well represented, with unsaturat-
ed zones in the upper parts of inclusions, but the total amount of trapped air
is smaller than in the experiments, due to the neglecting of pore scale air
trapping. The structural trapping accounts for about 10% of pore volume in
inclusions.

6. CONCLUSIONS

The experiment described in this paper provided additional evidence for the
importance of local-scale heterogeneities for water and air flow in porous
materials. During infiltration a significant amount of air was trapped in the
coarse textures inclusions, both in the form of isolated bubbles in pores and
larger unsaturated regions in the upper part of each inclusions. These results
are in agreement with earlier experiments (Dunn and Silliman 2003, Dunn
2005) and with theoretical and numerical analyses (Szymkiewicz et al. 2012,
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2014). The experimental results were reproduced with numerical simulations
based on a two phase flow model with fitted parameters. The values of pa-
rameters obtained by the fitting procedure were in the range expected for the
material used in the experiments, although they were different from the val-
ues obtained from independent measurements. The discrepancy can be ex-
plained by different porosity of sand and flow conditions (imbibition versus
drainage). A satisfactory agreement with experimental results could be
achieved only if both structural air trapping and pore scale air trapping were
included in the model. In contrast, the results obtained with the Richards
equation did not match the experiment. In RE only the pore scale trapping
effect can be included, by reducing the apparent saturated water content with
regard to porosity. However, the resulting final distribution of saturation in
inclusions was uniform and the presence of unsaturated regions in the upper
part of inclusions could not be reproduced, because RE cannot describe air
entry barriers well. These macroscopic trapping effects could be mimicked
by an apparent residual air saturation in the RE. However, this modeling ap-
proach would be quite unsatisfactory, as the parameters are specific to the
initial and boundary conditions in the scenario considered and would need to
be changed for different conditions. The 2PH model is able to predict the
macroscopic trapping with unique model parameters. These finding seem to
be important for modeling of flow and mass transport in the capillary fringe
and water table fluctuation zone.
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