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Abstract

This study investigates the applicability of statically measured hydraulic properties of a compressed thin
nonwoven fibrous layer, to predict unsaturated dynamic fluid flow conditions. The autoporosimetry
technique was used to perform both quasi-static and dynamic inflow and outflow experiments. In the
quasi-static experiments, air pressure is increased or decreased in small increments to identify static
water retention curve parameters. During dynamic experiments, one large pressure step was applied,
after which the saturation of the fabric sample through time was recorded. Three different types of
models to simulate the dynamic experiments have been examined: a Richards equation-based model, a
two-phase flow Darcy-based model, and a Reduced Continua Model (RCM). Traditional continuum-
scale Richards and Darcy based models are in good agreement with laboratory data for fabric layers
without surficial bonding patterns. However, the initial moment of inflow experiments had a clear time
delay comparing to continuum-scale modeling results for materials with bonding patterns. Including the
effect of dynamic capillarity and modification of the relative permeability function, within the 2D
axisymmetric Darcy model, yields satisfactory results. However, these modifications to the model are
arbitrary and inconsistent. A recently developed model for modeling multiphase flow through a stack of
thin porous layers, called the RCM, is employed to account for the effect of interlayer pore space
between the thin fabric and membrane. The interlayer space effect is accounted for within the mass
transfer function of the RCM. It was found that the interlayer space effect can explain the mentioned
delay of initial wetting. Perfect match between experimental and modeling results are obtained, after
considering a low interface transfer rate coefficient in the RCM simulations of the fabric layers with
surficial bonding patterns. The dynamic outflow experiments are modeled with the same mass transfer
functions as the inflow experiments, also yielding results that are in good agreement with experimental
outflow data. This study shows that the RCM is more accurate and computationally more affordable
compared to traditional continuum-scale models, when it comes to modeling flow through a stack of
thin porous layers.
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1 Introduction

Thin nonwoven fabrics have a wide range of applications. Examples are hygiene products, filters, and
fuel cells. The performances of fibrous products depend primarily on the hydraulic characteristics of the
used thin fibrous layer. In order to optimize the performance of fibrous products, it is crucial to gain
knowledge on the hydraulic properties of thin fabrics. One of such hydraulic properties is the capillary
pressure-saturation relationship, P¢(S), during fluid flow in a thin porous layer under unsaturated
conditions. Research focusing on measurements of this P¢(S) relationship predominantly concern gas
diffusion layers (GDL) of polymer electrolyte fuel cells (PEFC) (Gostick et al., 2006, 2008; Nguyen et
al., 2008), as well as hydrophilic fabrics used in medical and hygienic absorbent products (Landeryou
et al., 2005; Tavangarrad et al., 2018).

The hydrological behavior of thin porous layers differs from that of thicker porous media. This is often
so because physical processes of fluid flow that are negligible in a thick porous media, may become
dominant in a thin medium (Prat & Agaésse, 2015). For example, gravity forces can be expected to be
negligible in thin porous medium. As a result, the competition between viscous forces and capillary
forces, become even more dominant.

In order to understanding the behavior of unsaturated fluid flow through a thin porous media, modeling
research has been conducted with both continuum-scale models (Landeryou et al., 2005; Qin et al., 2012;
Ye & Nguyen, 2007) and pore scale models (Ashari & Tafreshi, 2009; Aslannejad & Hassanizadeh,
2017; Jaganathan et al., 2009). 3D Pore-scale modeling has been used to determine the capillary
pressure-saturation curve of thin fibrous paper (Aslannejad & Hassanizadeh, 2017). Ashari & Tafreshi
(2009) simulated the quasi-static distribution of water and air for an arbitrary capillary pressure using
3D microstructures resembling the internal geometry of fibrous sheets. They developed general
mathematical relationships for capillary pressure and relative permeability in terms of saturation for
fibrous sheets.

Traditional continuum-scale Darcy-based models have been used to simulate water infiltration and
drainage (Landeryou et al., 2005; Qin et al., 2012; Ye & Nguyen, 2007) . Landeryou et al. (2005) studied
the in-plane infiltration in horizontal and inclined thin fibrous sheets experimentally and numerically,
using a Richards equation-based model. Ye & Nguyen (2007) developed a 3D two-phase transport
model to predict water saturation in PEFCs. They incorporated experimentally measured capillary
pressure functions in their model.

Rebai and Prat (2009) used traditional continuum models and a pore network model to predict the water
distribution across a thin layer. They stated that traditional continuum-scale modeling cannot be relied
on to compute the water distribution along the thickness of thin layers, because the pore size is
comparable to the thickness. Qin & Hassanizadeh (2014) also indicated that the applicability of
continuum-scale Darcy-based models to these extremely thin porous layers, is very questionable.
Continuum description of a multiphase porous medium at the Darcy scale implies that the relevant
physical quantities defined at a given point, represent averages taken over a pore-scale representative
elementary volume (REV) associated with that point. The size of the REV must be significantly larger
than the pore-scale dimensions (Bear, 1972). For thin porous layers this is often not the case. If the layer
thickness is less than one order of magnitude larger than the mean pore size, the REV length scale
requirements are not satisfied (Qin & Hassanizadeh, 2014). Such layers are defined as ‘physically thin
porous layers’. Layers for which the REV scale requirements are satisfied, but for which the in-plane
dimension is much larger than the through-plane dimension (thickness), are defined as ‘geometrically
thin porous layers’.

To overcome the shortcomings in the traditional Darcy-based continuum-scale models when it comes
to the simulation of multiphase flow through a stack of thin porous layers, Qin & Hassanizadeh (2014)
developed the Reduced Continua Model (RCM). In this modeling approach, each layer is modeled as a
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2D domain with governing equations formulated in terms of thickness-averaged properties. The inter
layer interactions are accounted for by a transfer term of mass, heat and momentum. Qin & Hassanizadeh
(2015) used the RCM to model liquid water flooding in the GDL and micro porous layer (MPL) of a
PEFC. They found that the RCM simulates similar fluid flow dynamics in the MPL (which is a
geometrically thin porous layer), but also simulates a lower steady-state water saturation in the GDL
(which is a physically thin porous layer), when compared to simulations with a Richards equation-based
model. Tavangarrad et al. (2018) monitored the change of saturation during the dynamic drainage of a
thin fibrous layer by placing a fully saturated layer of nonwoven fabric on top of a dry layer. Both a
Richards equation-based model and a RCM were used to simulate the experiment. The traditional
Richards equation-based model could not simulate the experimental results satisfactory. Only after
including a dynamic capillarity term, as described by Hassanizadeh & Gray (1993), satisfactory results
were obtained. The RCM simulations were in good agreement with experimental results, also without
the addition of a dynamic capillarity term. Moreover, the computational efforts of the RCM are
significantly lower than those of traditional continuum-scale models (Qin & Hassanizadeh, 2015;
Tavangarrad et al., 2018).

Studies on two-phase flow behavior in granular soils have indicated that capillary pressure-saturation
relationships depend on the fluid flow dynamics (Hassanizadeh & Gray, 1993; Beliav & Hassanizadeh,
2001; Hassanizadeh et al., 1997). It has been investigated how soil retention curves that are measured
under static conditions can be applied to simulate transient one step inflow/outflow experiments. It was
found that the differences between statically or dynamically measured Pc(S) curves depend on the rate
of change of saturation. Most studies that include dynamic effects concern research on granular soils.
To the best of our knowledge, no studies exist on how capillary pressure-saturation function of
nonwoven fabric may change during dynamic flow conditions.

In this study, inflow and outflow experiments have been carried out to investigate the applicability of
statically measured hydraulic properties of a compressed thin nonwoven fibrous layer to simulate
dynamic fluid flow conditions. An autoporosimetry technique developed by Miller and Tyomkin (1994)
was used to measure both the quasi-static and dynamic inflow/outflow water retention curve. In the
guasi-static experiments, the pressure gradient was changed in a stepwise manner to measure the static
water retention parameters after reaching equilibrium. For the dynamic experiments one large, almost
instantaneous, pressure step was applied. The statically measured hydraulic properties were then used
to model the dynamic fluid flow conditions. Three different types of models have been examined: a) a
Richards equation-based model; b) a two-phase flow Darcy-based model; and c¢) a Reduced Continua
Model (RCM).

2 Methodology

2.1 Experimental setup and materials

2.1.1 Materials

Six hydrophilic thin nonwoven fibrous layers, of which two polypropylene layers, two polyester layers,
a cellulose layer and a glass fiber layer, were used for this study. Properties of these layers, under 0.3
psi overburden pressure, are shown in Table 1. Porosities were calculated based on maximum water
uptake of each layer. Permeabilities were measured using the falling head method. Permeability values
vary within a range of two orders of magnitude.

The layers were named based on the type of material and their basis weight. The polypropylene PP-25
layer was thermally bonded with a lozenge bonding pattern. The PP-10 was spunbonded in a circular
pattern. Surfactant was added to the two polypropylene layers to make them hydrophilic. The polyester
P-86 layer was bonded in a circular pattern in some regions. Fig. 1a and 1c illustrate how this bonding
process has impacted the surface structure. PP-25, PP-10, and P-86 are three fibrous materials for which
the surficial structure has been affected by a bonding process. The polyester P-60, cellulosic C-155, and
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glass fiber G-120 layers have been subjected to other bonding processes which did not alter their surficial
structure (Fig. 1b). The membrane that was used underneath the fibrous layers in the experimental setup
was made of cellulosic esters. This membrane had a porosity of 0.82, and a permeability of 6.1e-14 m?,

The liquid phase solution used in the experiment consisted of 0.9 % by weight NaCl and distilled water
solution. This liquid had a density of 1.005 g/cm?, a viscosity of 1.019 mPa.s, and a surface tension of
72.2 mN/m.

Material Porosity Permel?bility Th['r?m]e 53 Basis weight #Code Sutr)];agir?;ﬁ(ged
[] [m"2] at 0.3 kPa [gsm] process
Polypropylene 0.84 8.3e-11 0.170 25 PP-25 Yes
Polypropylene 0.88 29e-11 0.136 10 PP-10 Yes
Polyester 0.93 15e9 0.956 60 P-60 No
Polyester 0.83 1.2e-10 0.565 86 P-86 Yes
Cellulose 0.9 9.0e-11 1.280 155 C-155 No
Glass fiber 0.95 9.1e-12 1.098 120 G-120 No

2.1.2 Autoporosimeter setup

The Pore Volume Distribution Autoporosimeter (PVD-Autoporosimeter) setup, developed by Miller &
Tyomkin (1994), shown in Fig. 2, was used to execute both the quasi-static and dynamic inflow/outflow
experiments. The setup consisted of a sample chamber and a solution reservoir. The sample chamber
contained a glass frit topped by the membrane. On top of the membrane a 50 mm diameter fibrous
sample was positioned. A weight was placed on top of the sample to apply a 0.3 psi overburden pressure.
The sample chamber was connected to an automatic system that controlled the overhead air pressure
and temperature in the chamber.

A tube at the bottom of the sample chamber was connected to the reservoir chamber. The initial water
level in the reservoir was at the same height as the top of the membrane in the sample chamber.
Evaporation in the reservoir was minimized by a lid, such that the reservoir was still subjected to
atmospheric air pressure. The solution reservoir was placed on a high precision balance. The mass loss
or gain of the solution reservoir related to the change in saturation in the sample.
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2.1.3 One-step and multistep inflow/outflow experimental setup

The PVD-Autoporosimeter was originally designed for multistep inflow and outflow experiments. In
such experiments air pressure is increased or decreased in small increments. After each increment, the
air pressure was kept constant until capillary fluid flow had ceased, meaning that equilibrium was
reached. Next, saturation data points were measured and linked to a given capillary pressure, under the
assumption that the water pressure at the top of the membrane was approximately equal to atmospheric
pressure. Due to the applied 0.3 psi overburden pressure, air could only enter the sample at its sides. The
time it took before equilibrium was reached was in the order of a couple of minutes. It took up to a few
hours in order to measure the full quasi-static imbibition and drainage P¢(S) curves for one layer.

By performing dynamic inflow and outflow experiments, transient unsaturated fluid flow conditions
were evaluated. These kind of dynamic experiments required the application of one large and continuous
air pressure change step, during which flow conditions did not reach equilibrium state. The large change
in pressure during this experiment was fast, but not instant. Hence, the autoporosimeter software could
be used to measure the change in air pressure in the overhead space of the sample chamber over time.
Because the water pressure in the sample did not remain equal to the atmospheric pressure during this
dynamic experiment, capillary pressure could not be derived solely from the applied air pressure. The
obtained data for both the quasi-static and dynamic experiments can be used to examine the possibilities
for predicting the dynamic saturation processes using statically measured hydraulic properties.

2.2 Modelling approaches
The COMSOL Multiphysics® program was used to perform the modelling. This program allows
coupled systems of partial differential equations (PDES) to be solved, using the finite element method.

A total of three different types of models have been explored. Two of these models are commonly used
in research on granular soils, namely the Darcy-based two-phase flow model and the Richards equation-
based model. Also the reduced continua model (RCM), which has been specifically developed to
simulate the water transport between a stack of thin fibrous layers (Qin & Hassanizadeh, 2015), was
used.

A total of eight individual models were constructed. A brief description of all eight models is tabulated
in Table 2. It should be noted that the RCM models can be based on either single-phase flow equations,
which only include the water phase as variable, or on two-phase flow equations, which include both the
water and air phase as variables. For convenience, this paper will refer to the models by their model
code given in Table 2. As first stage of the modelling study, data of the P-86 layer was used to examine
which of these eight models is most suitable to model the conducted experiments.

MSc. Thesis | Ruben Boelens | Utrecht | December 2018
11



Model code Model Description

1D-R 1D Richards equation-based continuum-scale model

1D-TPD 1D two-phase flow Darcy-based continuum-scale model

2D-R 2D axisymmetric Richards equation-based continuum-scale model
2D-TPD 2D axisymmetric two-phase flow Darcy-based continuum-scale model

1D-RCM(SP) 1D single-phase flow RCM
1D-RCM(TP) 1D two-phase flow RCM
2D-RCM(SP) 2D single-phase flow RCM
2D-RCM(TP) 2D two-phase flow RCM

2.2.1 Governing equations and numerical simulations

2.2.1.1 Two-phase flow Darcy-based model governing equations

Application of the mass conservation principle to a Darcy scale representative elementary volume yields
the governing equation for two-phase flow in a porous medium. This mass conservation principle means
that the change in the total mass of fluid phase within this REV must be balanced by the total mass flux
over the REV boundary. This can be written as the following differential equation:

%((ppﬂSﬂHV'(pﬂvﬁ) =0 @

Where pPis the mass density of fluid phase 8, ¢ is the porosity, S? is the saturation of fluid phase 3,
and v# is the velocity of the fluid phase relative to the solid phase. When neglecting the gravity effect,
which is possible due to the small vertical dimension of computational domain, v# is given by the
Darcy’s law:

VPP (2)

Where K is the intrinsic permeability, kf is the relative permeability of phase 8, p# is the dynamic
viscosity of phase 8, and VPP is the pressure gradient of phase 8. For a scenario where water and air
are the two considered fluid phases, the following system of two coupled partial differential equations
is obtained:

5 @p"s™) =V (o7 =5 PY) = 0 ©)
9 (ppsy —v-(pa K5 gpa) = ¢ 4
at(<pp ) P a 4)

If the compressibility of both fluids and the porous medium is neglected, the governing equations can
be rewritten as:

9s™ Kky
0s* v Kk VP2 ) =0
Yot e - (6)
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Air and water saturation can be related with the following equation:

SW+St=1 (7)

The macroscopic capillary pressure is commonly used to couple the water and air pressures in the
following way:

p* — pw = p°¢ (8)

Where P is the air pressure, P* is the water pressure, and P€ is the capillary pressure. In this traditional
approach the capillary pressure is assumed to be solely a function of saturation. However, it has been
indicated that capillary pressure-saturation relationships depend on the flow dynamics (Beliav &
Hassanizadeh, 2001; Hassanizadeh & Gray, 1990, 1993; Hassanizadeh et al., 1997; Mirzaei & Das,
2007). Hassanizadeh & Gray (1993) proposed a linear approximation for the change in fluid pressures
under dynamic conditions, where the dynamic capillary pressure is a function of P%, P%¥, and the time
derivative of the water phase saturation:

asv
P —PY = PE(SY) —1— ©)

Where 7 is an experimentally determined material coefficient. Based on experiments on granular soils
it appeared that soil properties such as grain size distribution, porosity, and permeability, as well as fluid
properties, determine the importance of dynamic effect and therefore the value of the . Stauffer (1978)
suggested the following empirical relationship:

_ a(BgC)EH pe(B&C)
kAacy = P9
Where agg,c is assumed to be constant and equal to 0.1, € is porosity, u is viscosity, pe(B&C) and A(ggc)

are coefficients in the Brook and Corey (1964) formula for the Pc(S) relation, and k is the saturated
permeability coefficient.

(10)

A well-known nonlinear relation, introduced by Van Genuchten (1980), describes the capillary pressure
as a function of saturation:

1
PE(SY) = — (s =t (12)

Where a and n are fitting parameters, and with m = 1 — 1/n. The a parameter, sometimes replaced by
its inverse P9 = 1/a, is related to the average pore size. The value of P9 approximately corresponds to
the infliction point of the P¢(S) curve. The parameters n and m are fitting parameters that are related to
the pore size distribution. The effective water saturation, S2, is defined as:

Se' = (¥ =5/ =59 =5 (12)
Where S}” is the residual water saturation and S; is the residual air saturation.

The following formulas by Van Genuchten (1980) are used to describe the water and air relative
permeabilities as a function of saturation:

1 m
kY = swh(1 - (1 - sg,”m) )2 (13)
2m

1
k& = (1 —S¥)k (1 - sgvm) (14)
Where L = 0.5and k = 1/3.
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2.2.1.2 1D-TPD model domain, boundary conditions and initial conditions

For this model, only the z-dimension of the experimental setup is considered, as illustrated in Fig. 3.
The domain consists of two different materials: the fabric layer and the membrane layer. The system of
general equations, as described in the previous section, applies to the fabric layer. The water pressure in
the fabric layer is indicated with P¢”. The water pressure in the membrane layer is indicated as Py, . Over
the membrane layer, the following Darcy-based general equation is considered, since this layer is always
fully saturated:

Km w

The domain consists of three boundary nodes: the top of the fabric layer, the interface between the fabric
and the membrane, and the bottom of the membrane layer. The boundary condition that represents the
change in overhead air pressure at the edge of the fabric sample (P&,crneqa(t)) is applied to the top
node of the domain. Therefore, the model simulates a situation in which the pressure drop is applied
over the top of the fabric layer instead of the side. Further boundary and initial conditions are given in
Fig. 3.

Boundary conditions
Node 1:

pP* = ngerhead ®

N Node 1 —n-<—ka‘rNVPW>=O

w

Node 2:
Kn kY K kY
ne (-G UR) = e (SR

K k2
—n-(— ! TVP“):O

pa
Node 3:
Pr‘g bottom(t) =0

J1igEl

Initial conditions
Fabric:

P'a't:ngerea =0
. NDdE 2 ini h d(t )

ijinit =0

Phic = Piic — PP
Sinie = 1+ (aPi)™™ = (1 + (a(Pipie — P;Vinit)n)_m
Sil:lzit =1—Shit
Membrane:
PY =0

gUelqLuaLu

[ Node 3
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2.2.1.3 2D-TPD model domain, boundary conditions and initial conditions

In the 2D-TPD, a two dimensional axisymmetric domain is used instead of a three dimensional domain,
to reduce the computational efforts. A schematic representation of the model domain, which is a vertical
cross section of the experimental setup, is given in Fig. 4. Since a weight is placed on the top of the
fabric, a no flux boundary condition is specified for the top of the fabric domain (Boundary 1). The air
phase can only flow through the edges of the fabric domain (Boundary 2).

g Boundary 1 Boundary 3
Fabric Boundary 2
Memb -«
embrane ? Boundary 4
1
Ir=0 Boundary 5
Boundary conditions Initial conditions
Boundary 1: Fabric:
—n (_ ka;fv VPW) =0 Pgut ngerhead(t =0)
Y Pfinic = 0
a
-n <_ kar VPOI) =0 Pl(‘:nlt - Pgut P}Ninit
a
W lnlt (1 + (0( mlt)n) ™= (1 + ((X(P#”-t - P}!Ninit)n)_m
Boundary 2: a w
Smlt - Sinit
-n- ( VPW) 0 Membrane:
Py =0
Poverhead (t)
Boundary 3:
Pn‘g’ = P]}’V Figure 4. 2D-TPD model domain, boundary conditions and initial
K, kY y fk}” y conditions.
n-(— G VBy) = —n- (———VFP")
Kekf
-n- <— Lar Vpa> =0
Boundary 4:
Ky
—n-(—u—wVP,n’) =0
Boundary 5:
Prvr{ pottom (£) =0
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2.2.1.4 Richards equation-based model governing equations
When the transport of only water and air in the unsaturated zone and under certain specific conditions
are considered, the two-phase flow model can be simplified to a model based on the Richards equation.
At a temperature of 20 °C, the air viscosity is about 55 times smaller than the water viscosity
(Szymkiewicz, 2013). This implies that the air mobility is by approximately the same factor higher than
the water mobility, if the relative permeabilities of both phases are equal. Any occurring air pressure
difference in space will therefore equilibrate much faster than any water pressure difference in space.
Also, it can often be assumed that the air phase is continuous in the pore space and that it is in contact
with the atmosphere. If one neglects the variations of the atmospheric pressure, and assumes the air
phase to be infinitely mobile, the pore air can be considered as a constant through time and space, and
equal to the atmospheric pressure. If all specific conditions are met, the equation for air flow (Eq. 6) can
be eliminated from the system of governing equations. When the reference atmospheric pressure is
assumed to be 0, Eq. (8) and Eq. (9) can respectively be rewritten as:
—PY = p¢ (16)
w

aS
—PY = P°(S§%) — T—— (17)
2.2.1.5 1D-R model domain, boundary conditions and initial conditions

The model domain used for the 1D-R model (Fig. 5) is the same as that for the 1D-TPD model (Fig. 3.).
Because a variation in air pressure is applied in the experiment, air pressure is not a constant. It is
therefore not possible to simply eliminate the air phase PDE from the model. In order to be able to use
the Richards model anyway, an increasing water pressure boundary condition at the bottom of the
membrane (Node 3) is implemented to simulate the effect of a decreasing air pressure at the sides (Node
1). After application of this ‘trick’, it is possible to assume the air pressure to be constant, and the PDE
for air flow (Eg. 6) can be eliminated from the system of governing equations.

Boundary conditions

Node 1:
0 Node 1 e
ftr w _
—n-(— v VP >_0
Node 2:
By =pY
K. kY K:kY
- ne (-2 VpY) = —n- (—-LvpY
o 1\ 1\
g
= Node 3:
Prvr‘{bottom(t) = _ngerhead )
Initial conditions

] N DdE 2 Fabric:

Picrllit = ngerhead (t=0)

% Pinit = —Poverneaa(t = 0)
g— P = _wainit
2 Sthie = (L @PG)) ™ = (1 + (@(=PFipie)") ™
" Sinie = 1 — Sinie
[ | Node 3 Membrane:
By = —Pgyerncaalt = 0)
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2.2.1.6  2D-R model domain, boundary conditions and initial conditions

The model domain used for the 2D-R model (Fig. 4) is the same as that for the 2D-TPD model (Fig. 6).
Again, an increasing water pressure boundary condition at the bottom of the membrane (Boundary 5)
was implemented to simulate the effect of a decreasing air pressure at the sides (Boundary 2).

g Boundary 1 Boundary 3
Fabric Boundary 2
Memb S
embrane ? Boundary 4
|
Ir=0 Boundary 5
Boundary conditions Initial conditions
Boundary 1 & 2: Fabric:
ka;f" Phit = Poverneaa(t = 0)
— . ——— w —
" ( v ve ) 0 Pjyvinit = _ngerhead (t=0)
pS. = _pw .
Boundary 3: init f init
pw — pw Sinie = 1+ (aPri)™)™ = (1 + (a(=Pfpi)™)™
o Sinie = 1= Sinie
Kk Keky Membrane:
ne (-2l ypw) = —n- (- vPY) y '
H H Pm = _Poverhead (t = 0)
Boundary 4:
Ky
—n-(——VP,,V{) =0
pw
Figure 6. 2D-R model domain, boundary conditions and initial
Boundary 5: conditions.
Pr‘;‘{ bottom (t) = _ngerhead (t)
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2.2.1.7 RCM(TP) governing equations

In the reduced continua model, the vertical dimension of the original continuum-scale modelling domain
is reduced to a horizontal line. The main reason for this reduction of dimensionality is because the
representative elementary volume may not be defined for a thin porous media. This is due to the fact
that only a few pores exist along the thickness. Therefore, Qin and Hassanizadeh (2015) developed a
model in which the equations of vertical water flow and the in-layer macroscale balance laws, are
formulated in terms of thickness-averaged material properties. Interaction between the membrane and
the fabric are accounted for by exchange terms for mass and momentum.

The RCM can be based on either two-phase flow equations or single-phase flow equations. In the
RCM(TP) approach, the mass conservation equations of water and air in layer i are given as:

d(bp™ S™) kYK
1= Vn- (o T vap) = 01+ 0y (18)
d(bp®pS?) k2K
Ti—vh- bp*® I:a VP || = Q7|+ Q8l; (19)

Where QY| ; and Qg’| ; denote the top and bottom fluxes of water for layer i, Q¢| ; and Q7| ; indicate
air flux from the top and bottom of layer i, and b is the material thickness. In the case of a system
consisting of a sample layer on top of the fully saturated membrane, the total of four governing equations
reduce to three, and are expressed in the following form:

a(bp"” S™) ky’K
S = (b I ) = 0¥+ 081 (20)
d(bp®pS®) ki K
Tf—vh- bp*® l:a V,pP* f=Qg|f+ lef (21)
kYK
V(60" T VuP” )| = QI+ QF 1 @2)

Where the subscripts f and m refer to the fabric sample and the membrane respectively. It should be
noted that since the top of the fabric is concealed, the mass fluxes apply to the sides of the fabric and
not to the top. The S subscript is therefore used to define the mass fluxes Qg’|  and Qg’| ; at the side of

the fabric.

One difficulty, concerning the way of modelling the dynamic water exchange at the layer interface, has
been addressed by Qin and Hassanizadeh (2014, 2015). Based on thermodynamic considerations and
the simplifying assumption of slow flow through the porous layers, which allows for the neglection of
the effect of kinetic energy, Qin & Hassanizadeh (2014) proposed the following equation, relating the
inter layer fluxes to their pressure difference:

Q¥ 5= —QF|m = (P - Py) (23)
Where I1,,, is the mass transfer coefficient. This parameter is specific to the material properties of the
two layers, but it also considers the nature of the contact between the two layers. After assuming
continuity of the flow rate through the contact plane, Qin and Hassanizadeh (2015) proposed the
following equation for the mass transfer coefficient:

o2
™ by + by

K lrtbm o 25
“TbpKr A biKy T (25)

L
P e f (57151 (24)
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Where K, is the effective intrinsic through-plane permeability of the two layers, and f(S¢’,Sy,) is a

general saturation function used to represent the relative permeability for liquid water transport through
the interface. Qin & Hassanizadeh (2015) proposed the following equation for the saturation function:

f(SF'5m) = %((sm)yl + (7)) (26)
Where y1 and y2 are fitting parameters. Since the membrane is always saturated, this equation has a
minimum value of 0.5. It was desired to also obtain a saturation function with a range between zero and
one. Multiple variations to this original saturation function have been examined in order to get a grasp
of the main processes at hand. Besides Eq. (26), three other types of saturation functions are documented
in this study:

f(sp) =5t (27)
SWX 4 gwx 2(Sp sy
woow) _ g f m f Om
f(sf 'Sm) =4 2 +B (S}”x + Smx) (28)
Z S <q
F(S7.Sm) = {53 + sw? y (29)
2 >4

Where y, x, A, B, and Z are fitting parameters. Eq. (27) is a simple power function of the water

. . . . . . N S, .
saturation. Eq. (28) is a combination of the arithmetic mean (4 %) and the harmonic mean

2(sw¥sw* ) i . .
W) of the saturations of the two considered layers. The sum of A and B is 1. The saturation
f m

(B

function of Eq. (29) was included because it is independent of initial saturation, which makes physical
sense since no connecting water pathways are present within the fabric at the initial low water saturation
stage of the experiment. The parameter g here represents a saturation threshold value after which
interconnecting water pathways start to form.

Based on preliminary results of these RCM approaches, where the saturation functions of Egs. (26 to
29) are used, a second mass transfer coefficient is developed. Two effects are taken into account within
this new mass transfer coefficient. First, water saturation must build in one of the layers and the
interlayer pore space in order to have a fluid connection between the two layers. Since the membrane is
always fully saturated in this study, the saturation build up in the interlayer pore space has to be
considered only. Second, the flux between the layers depends on the water transfer rate in the connected
pores of interlayer space, and therefore on the quality of the contact between the two layers. As an
example, for a system of two layers with a very large gap in between, the saturation threshold build up
in one of the layers is approximately 1 and the contact dependent transfer rate coefficient is about zero,
so no fluid flow from one to the other layer will take place. By decreasing the gap and making more
contacts, the saturation threshold reduces, and the transfer rate increases. In this study, the membrane is
fully saturated and an overburden pressure is applied, so the water saturation threshold is already passed.
However, the interface transfer rate, which is incorporated in the model through an interface contact
quality coefficient (1), has a major role in the exchange of water between the membrane and the fibrous
layer. The new mass transfer coefficient can be given in the following form:
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AC SP< SY,

Iy = 2 w K, (30)
— Sy > Sy
b + b7 " 1” £y
_ by + by

K = K, K-k* 31
© " bKpy + bKpkl TS 1)

Where SY¥ f is the residual saturation of the fibrous layer, and C is a constant coefficient which is

assumed to be the same for all fabric samples. The assumption here is that before water saturation in the
sample reaches the residual saturation, connected pathways are not created in the sample, and the mass
transfer coefficient only depends on the interface properties. The mass transfer coefficient is therefore
independent of saturation below the residual water saturation. After reaching S . the harmonic mean

of relative permeability determines the exchange between the two layers. The Van Genuchten (1980)
based relative permeability parameters are implemented in the effective intrinsic permeability term of
the two layers, as was done by Tavangarrad et al. (2018).

Since water cannot leave the fabric, the water flux at the sides of the fabric is zero:

Qs = 0 (32)
The air flux at the bottom of the fabric is also zero, because the membrane is always fully saturated:
Q& f= 0 (33)

The equation for Q¢| f is a function of the difference in average air pressure in the fabric and the applied
overhead pressure (P& erhead (t):

a Kmk;} pP% — ngerhead (t)

ue by/d
Where coefficient d is a geometric constant related to the location of average pressure in the fabric layer.
The flux at the bottom of the membrane is given as:

Qslr=—p (34)

Q)‘évl _ —PW K_mP#L/ - Pr‘xbottom(t)
" it by, /d

(35)

Egs. (7 to 14) are valid for defining hydraulic properties in the RCM model.

2.2.1.8 1D-RCM(TP) and 2D-RCM(TP) model domains, boundary conditions and initial conditions
In the 1D-RCM(TP) model, the round membrane and fabric layers are represented as two one-
dimensional lines (Fig. 7). The 2D-RCM(TP) domain is represented as two circles on top of each other
(Fig. 8). The initial conditions are equal to the initial conditions used for the continuum-scale two-phase
flow models. No specific boundary conditions are defined in the reduced continuum models since the
boundary fluxes are already implicit in the governing equations. One exception is the 2D-RCM(TP)
model where the COMSOL Multiphysics® model was constructed such that the Q¢|  flux was applied
to the side boundary of the model domain only (see Fig. 8). Note that in the 1D-RCM(TP) model the
Qs ¢ flux is applied to the top of the domain and not to the side (Fig. 7), as was the case for the 1D-
TPD model.
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Figure 7. Schematic representation of 1D-RCM(TP) model domain.
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Figure 8. Schematic representation of 2D-RCM(TP) model domain.

2.2.1.9 RCM(SP) governing equations
Consistent with the Richards assumption, we consider the water phase only. The air phase is assumed
to be constant at atmospheric air pressure and infinitely mobile. The governing equations then become:

d(bp” pS") ky'K
w k'K w w w
—|7h.<bp PG VP )|m:QT|m+ Q5| m (37)

The same ‘trick’ as in the continuum-scale Richards models was applied, where an increasing water
pressure boundary condition at the bottom of the membrane was used to simulate the effect of a
decreasing air pressure at the sides of the fabric (P ,ottom (t) = —P&erneaa(t)). The water flux at the
bottom of the membrane is now defined as:

()4 — _pr_mPT‘Y,Y — (= (;lverhead(t))
" u by /d

In combination with Egs. (7 to 14) the RCM governing equations can be solved to compute the average
saturation (S¢") through time.

(38)

2.2.1.10 1D-RCM(SP) and 2D-RCM(SP) model domains, boundary conditions and initial conditions
The model domains for the RCM(SP) models are the same as for the RCM(TP) models (Figs. 9 and 10).
Note that al mass fluxes for air are eliminated. The initial conditions are equal to the initial conditions
in the continuum-scale Richards models.
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Figure 10. Schematic representation of 2D-RCM(SP) model domain.
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3 Results and Discussion
3.1 Quasi-static experiment results

The experimental Pc(S) curves for both inflow and outflow experiments, as well as the best possible
Van Genuchten (VG) fit of the data, are shown in Fig. 11. The fitted VG parameters of all layers are

tabulated in Table 3. The P-60 layer has the lowest capillarity and the G-120 layer shows highest
capillarity among all sample layers.

a n a n
#Code imbibition imbibition drainage drainage Sy
[1/Pa] [-] [1/Pa] [-]
PP-25 0.0014 5.15 0.0005 7.16 0.06
PP-10 0.00096 2.68 0.00024 3.76 0.1
P-60 0.073 4,32 0.0017 6.50 0.01
P-86 0.0012 5.06 0.00046 452 0.09
C-155 0.00058 3.62 0.00029 3.5 0.08
G-120 0.00022 4,98 0.000105 2.00 0.2
a) inflow = Exp, PP-25
Ve «  Exp, PP-10
L %\-{ T +  Exp, P-60
boody = Exp, P-86
08 - ]\\ I _ Exp, G-120
_ \ E ¢ Exp, C-155
lEI‘(].G | VL VG fit, PP-25
£ | E ———— VG fit, PP-10
= o + VG fit, P-60
g 04 4 I > ——— VG fit, P-86
“r BN VG fit, G-120
! \\ N T e VG fit, C-155
021 \ X
‘ N .
- I\“-\:i:;}“-' e
or o L et \
0 1000 2000 3000 4000 5000
Capillary pressure [Pa]
b) outflow = Exp, PP-25
1 %\‘!,.. N Exp, PP-10
‘ \; A «  Exp, P-60
o Exp. P-86
08 Exp, G-120
— “ . Exp, C-155
- | VG fit, PP-25
§ 061 T‘; : VG fit, PP-10
£ It VG fit, P-60
AP VG fit, P-86
e % VG fit, G-120
‘ '\ VG fit, C-155
Y
oL ST < s S
1 | L 1 1 | L
0 5000 10000

Capillary pressure [Pa]
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3.2 Dynamic inflow experiments
Plots of air pressure variation and wetting saturation over time, for the dynamic inflow experiments, are

given in Fig. 12. For the PP-10 layer, results of a replicate are included to show that differences in air
pressure boundary conditions cause a slight difference in water saturation evolution. For all layers,
except for the G-120 layer, the initial air pressure is 4500 Pa. After approximately 3 seconds, the air
pressure inside the sample chamber is decreased and reaches to zero in less than 15 seconds. Different
wetting evolutions are observed for all the layers. The C-155 layer wets fastest and becomes almost fully
saturated in less than 7 seconds, while for the P-60 layer it takes more than 40 seconds to become almost
fully saturated. The measured initial water saturations correspond to initial state of air pressure inside
the chamber.

The capillarity of the G-120 sample is higher than that of other materials. In order to start the inflow
experiment with initially low water saturation to cover a wide range of saturations, an initial air pressure
of 20000 Pa is used in this experiment. For the most materials, water initially moves rapidly into the
layer, after which further saturation stagnates between a saturation of 0.8 and 0.95. Most experiments
show a second phase of increasing saturation until the sample reaches equilibrium in about one minute.

The exact moment of water saturation increase depends on initial water saturation values and air entry
pressures. For example, the low air entry pressure of P-60 results in late water infiltration of this sample
material compared to other samples.
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3.2.1 Model evaluation stage based on P-86

The 1D-R, 1D-TPD, and 2D-R model approaches result in almost identical saturation curves (Fig. 13).
Only the 2D-TPD model yields different results, because the vertical flow component plays a significant
role in this model. Due to the experiment setup, with an applied weight on top, entrapment of air occurs
in the center of the sample layer. As the air pressure drops at the edge of the sample (Boundary 2 in Fig.
5), S¥ increases faster at this edge compared to the center of the sample. This leads to a relatively low
S% and thus low effective permeability of air at the edge, in that way trapping the air that is still in the
center of the sample. This entrapment effect is observed at the upper edge of the S* vs. time curve, since
that is when air gets trapped. All four models yield similar results at the early stage (i.e. at low S%). The
number of mesh elements for each of the constructed models are included in Table 4. The 2D-TPD
model is the best model to simulate the executed experiments, since it takes the effect of the horizontal
flow component into account.

All models yield a SV versus time curve where the change in overhead air pressure results in an
immediate change in SY. The experimental results of the P-86 layer on the other hand show that there
is a lag between the initial drop in air pressure, and the moment when S in the sample starts to increase.
In other words, during the air pressure driven imbibition of the sample, there is a lag between air pressure
drop and the initial moment at which water from the membrane starts to enter the fabric sample.

V7 st ez ooy
I ;';’. ceces s0°° ceee®
.
0.8 -
'T‘0'6 -
> L
w2 04 —— 1ID-R, =0 [Pas]
’ — = ID-TPD, 1= 0 [Pas]
L — — 2D-R,1=0[Pas]
- 2D-TPD, t= 0 [Pa.s]
02 * Hxperiment
0 . 1 I 1 | 1 | 1
0 20 30 40 50
Time [Sec]
Sample layer 1D-R 1D-TPD 2D-R 2D-TPD 1D-RCM 2D-RCM
P-86 150 150 5330 44522 149 2170
PP-25 - - - 25212 - 2170
PP-10 - - - 26712 - 2170
P-60 - - - 15290 - 2170
C-120 - - - 11546 - 2170
G-155 - - - 22040 - 2170

Due to the fiber structure of the fabric, the horizontal permeability is larger than the vertical
permeability. The effect of the implication of anisotropy in the model is illustrated in Fig. 14. For the P-
86 layer this implies a vertical permeability of 7.59e-11 m? and a horizontal permeability of 4.78e-10
m?, After including anisotropy in the model, the overall horizontal permeability is slightly larger, leading
to less entrapment of air. Therefore the SY versus time curve bends towards its horizontal asymptote at
higher S".

MSc. Thesis | Ruben Boelens | Utrecht | December 2018
25



1 F B i e — = — o
* *
N ¢
i R R R R S oet
0.8 |-
— 0.6
s
> L
[7s]
04
2D-TPD, Isotropic
02+ = = 2D-TPD, Anisotropic
i ¢ Experiment
O . 1 I 1 I 1
0 30 40

Time [Sec]

50

In this study, relative permeabilities are calculated by means of the VG fitting parameters (Eqgs. 13 and
14). These relative permeability functions are commonly used for modelling fluid flow through granular
soils. Their application in modelling research on fibrous layers has been successful, but is much less
common. Therefore relative water and air permeabilities have also been examined through pore scale
analysis, using the GeoDict® program. These pore scale analysis indicate that the P-86 sample has a
relative water permeability (k;) of zero when S" is below a value of between 0.1 and 0.2 (Table 5 and
Fig.15a). This is caused by the absence of connecting pathways. The same is true for the relative air
permeability (k) when S¢ is below a value of between 0.5 and 0.7 (Table 5 and Fig.15b). The

difference between the two relative permeability evaluation methods is clearly illustrated in Fig. 15.

sV 0 0.053981 0.095837 0.202939 0.294538 0.503393 0.6999%6 1
kY 0 0 0 0.000226 0.002168 0.066184 0.644609 1
se 0 0.30004  0.496607 0.705462 0.797061 0.904163 0.946019 1
kg 0 0 0 0.097955 0.298247 0.646904 0.800789 1
1F 1 F
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The effect of the relative permeability is studied by implementing the GeoDict® based relative
permeabilities in the 2D-TPD model. It is not possible to include a relative permeability of zero in the
model, therefore three different functions were used to replace the zero values in Table 5. These three
functions are: linear functions (i.e. k¥ ~S,, and k2 ~ S,,), the functions k¥ ~S,,°° and k& ~S,%*, and
a power function with a value equal to the power regression of all non-zero k2 and k)’ values in Table
5 (i.e. k¥ ~S,,° and k% ~ 5,57). Graphs of these k¥ and k2 functions are given in Appendix 1.

Appendix 2 shows the results of the 2D-TPD model simulations after application of the different relative
permeability curves. Fig. A2 indicates that the models in which k}” and k¢ are based on the GeoDict®
results, and where the zero values are replaced by relatively high values (i.e. the linear and k, ~ S%°
function), yield similar results to the model simulations with VG based k) and k2 values. The model
simulation in which k¥ and k2 are based on a high power relation, and where the zero values are thus
replaced by relatively low values, yields a significantly different result. A slight lag between the moment
of atmospheric pressure drop and the initial moment of wetting of the sample is simulated, although still
not as evident as the lag observed in the experimental results (see Fig. A2).

The exact k;” and k7 functions at respectively high S,, and S, have negligible impact on the simulation
results (Fig. A2). The simulation with VG based and GeoDict® based relative permeability functions
yield similar results as long as k;¥ and k# are relatively high at respectively low S, and S,. When,
conform the GeoDict® pore scale analysis results, k) and kZ are close to zero at respectively low S,,
and S, simulation results start to differentiate (Fig. A2). Low k;” up to S, = 0.2 cause a lag in the
entrance time of water into the sample. Low k2 up to S, = 0.7 cause the S,, versus time curve to bend
towards its horizontal asymptote value more gradually and at a lower S,,,, as a consequence of enhanced
air entrapment in the center of the sample.

3.2.2 Simulation of all six fibrous layers

The 2D-TPD model is used to do a sensitivity analysis on the effect of dynamic capillarity and relative
water and air permeabilities at low saturation. Simulations of all six layers are performed. Variations to
the 7 value, to the k) function below a S,,, value of 0.2, and to the k2 function below a S, value of 0.5,
are applied. For the k;” and k¢ functions below S, = 0.2 and S, = 0.5 respectively, a power function
is used. In all simulations, relative permeability functions of Egs. (13 and 14) are employed for the k)Y
and k7 functions when S,, > 0.2 and S, > 0.5. At these ‘high saturation’ conditions, the relative air
and water permeabilities have only minor impact on the model results. Therefore, the time consuming
GeoDict® pore scale analysis are unnecessary for each individual layer.

For most layers, a total of 10 simulations have been done (Fig. 16). Three different k,. functions are
applied in combination with three different t values, resulting in a total of 9 different simulation. In the
tenth simulations t and k, are changed to find the best correspondence with the experimental data.
Below, the main results will be highlighted. The wetting curves of all simulations can be found in
Appendix 3. Note that some of the simulations are missing. This is because some of the simulations are
unnecessary, as the original VG based simulations yielded good results already. Also, some simulation
variations yielded numerical issues, and are therefore not included.

MSc. Thesis | Ruben Boelens | Utrecht | December 2018
27



=0 k' (sw<o2) = VG based &
Ky (sa<o.s) = VG based

T = 1000 kY sweo2) = Sw’ &
Ky (sa<o.s) = VG based

T = Stauffer based Y sw<02) = S, &

_¢ 3
kg(5a<0.5) - Sa
T = best estimate & k;’(5,,<( 2y = best estimate & ki (s, 5) = best estimate

Results of simulations in which normal VG based relative permeabilities are considered, and where
dynamic capillarity is not included, are given in Figs. 17 and 18. The common feature of modeling
results for the three layers that have surficial bonding patterns (PP-10, PP-25, and P-86) is that the
simulated saturation curves forge ahead of experimental data (Fig 17.). The simulation results of the
other layers (P-60, C-155, G-120) do not show this discrepancy at the initial low S,,, part of the curve
(Fig. 18). The P-60, C-155 and G-120 simulations therefore yield a better fit with the experimental data.
The P-60 layer shows a discrepancy with the experimental data in the high S,,, region. Also the stagnation
of saturation before equilibrium is reached is not simulated by the models. The initial saturation of the
C-155 layer estimated from P¢(S) curve is different than its measured value during the dynamic test.
This discrepancy can be explained by the large uncertainty of the statically measured C-155 water

saturation at an air pressure of 4500 Pa (see Fig. 11a).
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Fig. 19 illustrates the effect of dynamic capillarity. In this sensitivity analysis three different T values
are used for each of the six layers. A simulation is done with a = value of 0 Pa.s, 1000 Pa.s, and a value
that is based on Stauffer (1978) (Table 6).

Layer material | Stauffer (1978) based 7 value
[Pa.s]

P-86 1788

PP-25 1045

PP-10 8897

P-60 3

G-120 366278

C-155 8815

Including dynamic capillarity leads to a more gentle slope of the wetting curve (Fig.19). The initial
moment at which wetting of the sample starts, is however not affected by dynamic capillarity. The t
values that are based on the Stauffer (1978) formula do not yield satisfactory results, especially for the
simulations with relatively high t values (PP-10, G-120, C-155).
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Fig. 20 illustrates the effect of varying relative permeability functions at low air and water saturations
on simulated water saturation curves for the PP-25 and PP-10 layer. These are two layers for which a
time delay between pressure drop and the initial moment of sample wetting is observed. The results
show that the modified relative water permeability leads to a slight time delay before wetting of the
surface occurs. The modified relative air permeability leads to a more satisfactory results in the upper
part of the curve, due to the enhanced air entrapment in the center of the sample. In contrast to the layers
with surficial bonding patterns, there is no need for modification of the relative permeability functions
of Egs. (13 and 14) for layers without surficial bonding patterns (Fig. 17). This suggests another possible
explanation for the time shift between simulation and experimental results, namely that this discrepancy
has more of a interlayer contact dependent origin instead of a purely saturation dependent origin.
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Finally, material characterizations of all six nonwoven fabric layers are provided based on the best fit
of experimental data points. Best fits for C-155 and G-120 are those obtained from the 2D-TPD model
without any further modifications (Fig. 18). For P-60, the exact time of initial wetting is accurately
simulated but the slope of water saturation curve can be matched best by including a dynamic capillarity
effect with 7 =1000 Pa.s. For all the layers with a surficial bonding pattern, best fits of the experimental
data are achieved after modification of the relative permeability function and consideration of dynamic
capillarity (Fig. 21).

The use of many fitting parameters makes the physical sense of the used modelling approach disputable.
Also, the fitting process itself, is inconsistent for different fibrous materials. For example, the P-60 layer
simulation fits satisfactory after adjustment of the t value only, whereas simulations of other layers (P-
86, P-25, P-10) fit satisfactory after adjustment of the t, k}¥, and k,”parameters. The adjustment of the
relative permeability function is arbitrary. Also the model seems to be highly dependent on initial water
saturation. Lastly, the effect of interlayer processes are not explicitly included in the models.
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3.3 Dynamic inflow modeling results with Reduced continua model (RCM)

3.3.1 Model evaluation stage based on P-86

The RCM results are compared to the continuum-scale 2D-TPD model results (Fig. 22). This
preliminary RCM model version includes the same saturation function as used by Qin & Hassanizadeh
(2015), given in Eq. 26. A value of 3 is implemented for y1 and y2.

Results of the RCM models are similar to the equivalent continuum-scale models. Results of the 1D-
RCM(TP), 1D-RCM(SP), and 2D-RCM(SP) are almost identical. The 2D-RCM(TP) simulates different
results because vertical flow component plays a significant role, as was the case with the 2D-TPD model.
There is a small discrepancy between these preliminary 2D-RCM(TP) result and the equivalent 2D-TPD
continuum-scale model (Fig. 22). This is caused by the use of the f factor to account for relative water
permeability during water transport through the interface, instead of VG based relative permeability.

1 E
f st T
B ¢ o0 00000’°’.
B
0.8 -
*
B "
‘#
ol f
= B .
Ay 2D-TPD
= = |D-RCM(SP)
B == == |D-RCM(TP)
= === 2D-RCM(SP)
0.2 2D-RCM(TP)
B > ¢ Experiment
0 b—a PR | | | L | L
0 10 20 30 40

Time [Sec]

3.3.2 Simulations of all six fibrous layers

Based on the results in Fig. 22, the experiments of all fabric layers are simulated with the 2D-RCM(TP).
The 2D-RCM(TP) results with Eg. (26) as saturation function still show the discrepancy of initial
wetting time for the fabric layers with surficial bonding patterns, compared to the experimental data
(Fig. 22). The continuum-scale models illustrated that the modification of the VG based relative
permeability functions at these low saturations yields a better fit of the experimental results. In the RCM
model it is the mass transfer coefficient that affects the transfer of water from the membrane to the
fabric. More specifically, it is the f(S}”, S%) term that represents the relative permeability for liquid

water transport through the interface. Therefore this term is investigated in more detail.

The original saturation function introduced by Qin & Hassanizadeh (2015) (Eq. 26) was used for the
simulation of flow between two layers of unsaturated media, hence the range of f (S}" ,S,‘ﬁ{) was a range
between 0 and 1. Because the membrane is always fully saturated in this study, this £(S}”, S ) term has

a minimum value of 0.5. This term is therefore not suitable to simulate the resistance to water flow in
the sample under low water saturation conditions. The saturation functions of Eqs. (27 and 28) where
examined.

In the saturation functions of Egs. (26, 27, and 28), as well as in all continuum-scale models, simulation
results are highly dependent on the initial water saturation. This is true because the initial water
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saturation determines the initial relative water permeability. This initial saturation dependency does not
make physical sense, since connecting path ways between the water phases in the sample are not yet
present at these low initial water saturations. As indicated by the pore scale analyses results using the
GeoDict® program, effective water permeability is actually zero. Therefore one could say that at these
low water saturations the use of any effective permeability dependent equation to quantify the transport
of water between two layers is physically incorrect. In Eqg. (29) we therefore consider a constant
saturation independent f factor until a certain threshold saturation is reached. After this saturation is
reached, the original saturation function of Eq. (26) was applied.

The fitting results of the RCM simulations with three different saturation functions of Egs. (27, 28, and
29) are included in Fig. 23. Simulation results of the layers with a surficial bonding pattern (P-86, P-25,
P-10) fit satisfactory to the experimental results if a relatively high power function is used for the
saturation function of Eq. (27). On the other hand, the layers without a surficial bonding pattern (P-60,
G-120, C-155) fit well with a lower power function.

Fitting with the saturation function of Eg. (28) also results in a contradiction between layers with and
without a surficial bonding pattern. For layers without a surficial bonding pattern, the fitting is not
sensitive to any of the parameters, as long as A is relatively high, leading to a high f at low initial
saturations. The layers with a surficial bonding pattern fit well with a low A value and high B value. The
A parameter is the most influential fitting parameter because it determined the initial value of f.

The need of a lower initial f value for the layers with a surficial bonding pattern is also confirmed by
the saturation function of Eq. (29). Low initial Z values are required for layers with a surficial bonding
pattern, whereas high initial Z values are required for layers without a surficial bonding pattern.
Arbitrary g values had to be applied in order to fit the experimental data satisfactory.

Overall, all three applied saturation functions yield satisfactory results. However, one could guestion
the use of many fitting parameters, especially since they do not have a physical basis. Also, this
modelling procedure is arbitrary to the exact saturation function that is used.
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The 2D-RCM(TP) model with exchange coefficient of Eq. (30) does take interlayer space effects into
account. In this approach, it is assumed that the flux between layers depends on the water transfer rate
in the connected pores of interlayer space, and therefore on the quality of contact between two layers.
The A factor is used to specify the quality of contact in the interlayer space. Before water reaches to a
residual saturation of a sample layer, connected pathways are not created in the sample, and the flux
only depends on the interface properties. Constant coefficient C is used in the exchange coefficient term
before a residual saturation is reached. Since this initial exchange coefficient should only depend on
interlayer properties (1) and not on hydraulic properties within the layer itself, C should be the same for
all materials. Trial and error simulations indicated that simulations with C is equal to 3.35e-5 [m s!]
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yield good results. After reaching the residual saturation threshold, the harmonic mean of relative
permeabilities determines the exchange between the two layers.

Results for layers without a surficial bonding pattern are given in Fig. 24. The A coefficient is assumed
to be 1 for these layers because the membrane and the fabric layer are almost perfectly connected due
to the applied overburden pressure. Very close agreement is reached between 2D-RCM(TP) results and
measured saturation data points of P-60, C-155 and G-120. Simulations of these layers with lower A
values yield results that are not satisfactory with experimental data.

Fig. 25 indicates that layers with a surficial bonding pattern require a lower A value in order to account
the imperfect contact between a fabric layer and the membrane. Values of 2 is equal to 0.23 and 0.18
are needed to fit the experimental results for P-86 and PP-25 respectively, while an even lower value of
0.08 is required for PP-10. The interlayer pore space effect is more pronounced in these layers due to
the fact that large pores are present in the interstices of fabric sample and membrane.

The 2D-RCM(TP) results of PP-10, given in Fig. 25 perfectly match with measured data for whole
saturation range when lambda is assumed to be 0.08. For PP-25 and P-86 materials, very good agreement
is reached for saturations up to 0.8 by reducing lambda factor. Still, at high water saturations above 0.8,
the two step bumpy nature of the experimental data is not fitted correctly by the RCM.

The RCM results confirm that the inconsistency in simulated dynamic water saturation curves of a group
of 6 nonwoven fibrous layers corresponds to interlayer effects between sample and membrane. Only
one fitting parameter A, that has a sound physical basis, is needed in this RCM approach to simulate the
imbibition of any material.
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3.4 Dynamic outflow experiments

Fig. 26 show results of dynamic outflow experiments. The transient air pressure data and water
saturation are given for each material. The experimental data for PP-10, PP-25, P-86, P-60, and C-155,
after a pressure increase to 4500 Pa, are plotted in Fig. 26a. The experimental out flow results of G-120,
after increasing the air pressure to both 10000 Pa and 20000 Pa, are given in Fig. 26b. The equilibrium
water saturations at these pressures are 0.67 and 0.31 respectively.
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3.5 Dynamic outflow modeling results with two-phase flow model and RCM

Dynamic outflow simulation results, with both the 2D-TPD model and 2D-RCM(TP), are given in Fig.
27. Both models can predict the experimental data satisfactorily for all layers. The experimental data
can be fitted satisfactory when the same A values as used in inflow simulations are applied. This implies
that a A value of 1 is used for the G-120, P-60, and C-155 simulations, while the A value was set to 0.08
for PP-10, 0.18 for PP-25 and 0.23 for P-86. The sensitivity to A is also illustrated in Fig. 27.
Implementation of a A value of 1 results in saturation curves that are practically equal to the 2D-TPD
model results. This shows that the 2D-RCM(TP) model is an accurate way of simulating flow, despite
the reduction of the vertical dimension of the model domain. Also, the computational effort is reduced
significantly. Slightly better results are obtained when a lambda value of 0.23 is applied for the P-86
simulation (Fig. 27a). The G-120 simulation do not fit experimental results satisfactory. This is
explained by the inaccurate VG fit (Fig. 11b). Overall the VG fits of the drainage data are less accurate
than the VG fits of the imbibition data. This can also partly explain the slight mismatch of the PP- 10,
P-60, and C-155 simulations with the experimental data. The results indicate that application the same
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A value for both inflow and outflow simulations is the best approach for modeling dynamic unsaturated
flow in the thin porous layers.
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Figure 27. Equations 30 and 31 based 2D-RCM(TP) simulation results and 2D-TPD simulation results of dynamic
outflow for all six layers.
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3.6 Discussion and relation to future research

Modeling efforts in this study have indicated that the RCM is very well capable of predicting dynamic
average saturation evolution of all materials by consideration of a contact quality parameter in the mass
exchange coefficient between membrane and fabric sample. This contact quality parameter, A, imposes
a limitation to the water transfer rate. This makes sense, since a lower contact quality between two layers
leads to fewer connected pores in the interlayer space, and therefore a lower maximum water transfer
rate compared to two layers in which connecting pores occur over the entire contact surface. In line with
results from (Tavangarrad, 2018), the RCM results are found to be in good agreement with the
experimental results without adding a dynamic capillarity term (7).

The inclusion of the C parameter, which determines the mass transfer before the residual saturation is
reached in the layer, accounts for the buildup of saturation in the interlayer pore space and in the sample
layer. It is assumed that before residual saturation was reached, connected pathways are not created in
the sample, and the interlayer flux only depends on the interface properties. Therefore the C parameter
must be constant in this experimental setup. It can be discussed that the hydraulic properties of the
membrane layer determine the C parameter value. Two different membranes should be used to evaluate
this hypothesis.

It should be noted that this study specifically focusses on the simulation of fluid flow through two layers
in which one of the layers is fully saturated. Under certain circumstances, where both layers are initially
unsaturated, another factor comes into play. In these conditions water saturation must first build in the
donating layer and interfacial pore space before connecting path ways with the receiving layer can be
formed. One should consider how the findings of this study could be applied in such circumstances. A
third circumstantial condition, taking into account the threshold saturation of the water donating layer,
should be added to the mass exchange coefficient of Eq. (30), analogous to (Tavangarrad, 2019). Before
this threshold saturation is reached, the interlayer mass transfer is zero. If the C parameter is in fact a
function of hydraulic properties of the water donating layer, this parameter may become a function of
saturation of this donating layer.

In this study the contact quality parameter, A, was found through inverse modelling. For practical
application of this modeling method, it is desired to derive the 4 value from physical characteristics of
the considered fibrous layer. In this study it was observed that the bonding pattern in some layers cause
large pores in the interstices of sample and membrane and therefore lead to a poorer contact quality and
lower 4 value. Other experiments, in which the overburden pressure was not applied, showed that the
looser contact between the membrane and sample layer leads to a lower mass transfer rate. Future
research could aim for an empirical relation that describes A as a function of surface roughness
characteristics of fibrous layer, pressure of contact, and other possible parameters.
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4 Conclusion

In this study quasi-static and dynamic inflow and outflow experiments for a group of six nonwoven
fibrous materials are performed using the autoporosimetry technique. P¢(S) curves are constructed form
the measured quasi-static data points. The P¢(S) curves are fitted with the Van Genuchten (1980)
equation. The resulting fitting parameters were used as an input for modeling dynamic experiments.
Dynamic inflow and outflow experiments were conducted by implementing a sudden air pressure
change in about 15 seconds. This results in the rapid infiltration in- or drainage of the sample.

A total of eight individual models were evaluated. Four continuum-scale model are constructed: a 1D
Richards model (1D-R), a 1D Darcy-based two-phase flow model (1D-TPD), a 2-D axisymmetric
Richards model (2D-R), a 2-D axisymmetric Darcy-based two-phase flow model (2D-TPD). Also, four
different types of Reduced Continua Models (a new type of model where all properties of thin porous
material are averaged in the through-plane direction) are constructed: a 1D-RCM(SP), a 1D-RCM(TP),
a 2D-RCM(SP), and 2D-RCM(TP). The 2D-RCM(TP) proved to be best suitable for the simulation of
the performed experiments.

The 2D-TPD model approach approximates the measured saturation inflow data satisfactorily for three
nonwoven fabric layers without a surficial bonding pattern. However, for three fibrous layers whose
surface structure has been altered as a consequence of a bonding process, experimental data shows a
time delay of the initial moment of wetting of the surface when compared to the numerical result of the
2D-TPD model. The inclusion of a dynamic capillarity term, cannot explain this discrepancy with
experimental results. In comparison to this modeling approach, the 2D-RCM(TP) accurately predicts
average saturation evolution of all materials after inclusion of a contact quality parameter in the mass
exchange coefficient between membrane and sample..

The outflow simulation results are close to experimental data in both modeling approaches. Slight
discrepancies between simulation and experimental results can be allocated to inaccuracies in the VG
fits. Also, slightly better agreement with experimental results are achieved with RCM when the same
contact quality parameter value as used for the inflow simulations, is implemented. The RCM is a
thermodynamically based, robust, and powerful technique for the prediction of unsaturated dynamic
fluid flow in thin porous media. Not only is this new technique computationally efficient and preserves
REV concept for thin porous layers, but also the effect of interlayer pore space between two neighboring
layers in a stack of multiple thin layers can be taken onto account, using the mass exchange coefficient.
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Appendix

Appendix 1
2.5%10°*
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Figure Ala. Three methods of replacing the zero values of the relative water permeability pore scale analysis of Table 5.
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Figure Alb. Three methods of replacing the zero values of the relative air permeability pore scale analysis of Table 5.

Appendix 2
—— Krel = normal VG
1+ e —————— — — Krel = modified VG:
L e e e oo s e e st .. - Krel_w(Sw<0.2) = linear function
- Krel_a(Sa<0.5) = linear function
0.8 - —=~— Krel = Modified VG:
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- Krel_a(Sa<0.5) = A*Sa"0.5
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Figure A2. Saturation evaluation curves of the 2D-TPD model. Comparison of four different relative permeability functions.
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Appendix 3

a) P-86
— Krel = VG, 1 =0 [Pas]
I~ ——— Krel= VG, 1 = 1000 [Pas]
| —-—- Krel = VG, 1 = 1788 [Pa.s]
—— Krel_w = modified VG, © =0 [Pa.s]
0.8 - — — Krel_w = modified VG, © = 1000 [Pa.s]
L —-—- Krel_w = modified VG, 1 = 1788 [Pa.s]
—— Krel_w/a=modified VG, © =0 [Pa.s] [Numerical failure]
06 — — Krel_w/a=modificd VG, t = 1000 [Pa.s)
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0 - -
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Figure A3a. 2D-TPD simulations for P-86

b) PP-25
— Krel=VG, t =0[Pas]
1 === Krel=VG, 1t = 1000 [Pas]
L —-—- Krel = VG, t = 1045 [Pa.s]
—— Krel w=modified VG, 1 =0 [Pa.s]
0.8 - — — Krel_w = modified VG, T = 1000 [Pa.s]
| —-—- Krel w=modified VG, t = 1045 [Pa.s]
—— Krel w/a=modified VG, 1 =0 [Pa.s]
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+  Experiment
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Figure A3b. 2D-TPD simulations for PP-25
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—— Krel=VG, t =0[Pas]

=== Krel=VG, t = 1000 [Pa.s]
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— — Krel w=modified VG, T = 1000 [Pa.s]
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Figure A3c. 2D-TPD simulations for PP-10

d) P-60
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08 |-
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—— Krel=VG, t =0[Pas]
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Figure A3d. 2D-TPD simulations for P-60.
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e) C-155

—— Krel=VG, t =0[Pas]
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Figure A3e. 2D-TPD simulations for C-155
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Figure A3f. 2D-TPD simulations for G-120
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