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Chapter

Capillary Driven Flows under
Microgravity Conditions: From
Parabolic Flights to Space
Experiment

Nikolay Smirnov, Valeriy Nikitin
and Evgeniya Kolenkina (Skryleva)

Abstract

The chapter investigates imbibition into a porous medium under microgravity
condition under the action of capillary forces. The study of capillary effects in
terrestrial conditions is often difficult due to the influence of gravity, which makes
it necessary to conduct experiments in microgravity. The chapter describes the
features of experiments and the processing of experimental data in two types of
microgravity experiments: during parabolic flights and at space stations in terres-
trial orbit. During parabolic flights, a highly permeable artificial porous medium
consisting of glass balls of the same size was considered (such a medium makes it
easy to visualize experimental results and simulate media with different permeabil-
ity using balls of different diameters). In experiments in orbit, the flow of fluids
with various physical properties in natural sands was considered. The chapter also
describes the mathematical modeling of such processes and presents the results of
numerical simulations and their comparison with experimental data. The possibility
of determining rheological relationships for capillary forces being functions of
governing parameters in porous medium on the basis of data obtained from
experiments in microgravity is demonstrated.

Keywords: microgravity, imbibition, parabolic flights, porous medium,
capillary effects

1. Introduction

Investigation of capillary driven seepage under microgravity conditions is of
great interest for space applications and terrestrial engineering and technology. On
space platforms, capillary transport of liquids is observed in various devices/pro-
cesses such as purification filtration systems, heat pipes, and fuel transport from
tanks in weightlessness. Capillary forces turn to be the major mechanism driving
the feeding fluid to the plant’s roots in hydroponics plant growth systems in space.

On the other hand, microgravity investigation of seepage processes gives a
deeper insight in the fundamentals of this nonequilibrium phenomenon, thus pro-
viding a better understanding of seepage processes for terrestrial applications, such
as oil recovery. Microgravity conditions allow us to study capillary effects in large
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pores, which are impossible in terrestrial conditions due to the influence of gravity,
which distorts the shape of the interface and changes effects.

Under terrestrial conditions, the capillary forces are partly shielded by gravity
effects, but, nevertheless, are still present. Accurate investigation of wettability
effects in immiscible fluids filtration requires abandoning all other effects as far as
possible. Determination of some rheological relationships for accounting the
influence of capillary forces in porous media is possible by performing experiments
under reduced gravity conditions. Such relationships can then be introduced into
already existing models, integrating heat and mass transfer through porous media.

The process of imbibition of viscous fluids into a porous medium depends
essentially on capillary effects and instability, which may develop on the displace-
ment front in case of multiphase flow. Accounting for capillary forces is critical for
the description of the motion of liquids in porous media. The study of the capillary
effects under ordinary conditions is difficult because of the significant effect of
gravity on the seepage process in big pores, wherein visual registration is possible.
Therefore, in this chapter, we consider the flow of liquids in a porous medium
under microgravity conditions during parabolic flights. The problem of multiphase
seepage in porous media is very well developed. There is a lot of different models
based on the modified Darcy law [1-6]. Experimental and theoretical studies of the
flow of fluids in porous media and natural sands under microgravity conditions
have been carried out, and mathematical models describing these processes have
been developed [7-11]. Another important factor, which influences the displace-
ment, is the instability developing at the front. Initially flat interface of the liquids is
broken; some “fingers” of the liquid break through, which causes liquid being
entrapped inside the porous medium. The unstable liquid displacement is well
studied [12, 13]. Experiments on the flow of liquids through a porous medium
under microgravity conditions under the action of capillary forces are described in
[9]. The motivation for the present study is investigating the flow of fluid in an
artificial porous medium containing heterogeneities under the action of capillary
forces. Professor Jean-Claude Legros (Figure 1) and his student Eric Istasse were
engaged in the determination of capillary characteristics in porous media, and they
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Figure 1.
Professor Jean Claude Legros (left) with Professor Nikolay Smirnov (vight).



Capillary Driven Flows under Microgravity Conditions: From Parabolic Flights to Space...
DOI: http://dx.doi.org/10.5772/intechopen.93467

conducted experiments on imbibition of fluids into porous media during parabolic
flights. In this chapter, the results of these experiments are reviewed and compared
with the results of numerical simulation. In the case of a porous medium formed by
relatively large particles, it becomes important to take into account additional inner
terms in the Darcy equation. The corresponding mathematical model is described
here. Models without inertia effects, described in detail in [2-4], describe fairly
accurately slow flows in classical low-permeable porous media, but they are not
suitable for processes discussed here.

In this chapter, we focus on seepage flows in porous media with inhomogeneity.
The presence of heterogeneity brings to the nonuniformity of the seepage flow and
the displacement front, which can lead to nonlinear physical results. Such nonlinear
physical results are described in detail in [14], where experiments on the imbibition
of liquids into a natural porous medium under microgravity conditions are consid-
ered. Results showed that a point located higher along the length of a sample can be
reached by a liquid faster than a lower one. In a natural porous medium, we can
only make hypothesis about the reasons of such a behavior; while using an artificial
porous medium assembled of transparent glass balls, one can visually register the
effect of heterogeneity on the capillary driven seepage flow.

2. Experimental investigations imbibition into artificial porous medium

Parabolic flight campaigns were organized (and funded) by the European Space
Agency. The parabolic flights are achieved using the French Airbus A300-ZeroG, an
aircraft especially transformed to a rather big microgravity laboratory. Detailed
description of experimental procedures and techniques can be found in [15]. Below
we provide a shortened version of the description.

Microgravity conditions encountered during the parabolic flight exercise are
very special ones, and anybody will certainly understand that they are far from
usual ground-based laboratory conditions. The design of a dedicated experimental
payload must thus integrate the specific aspects of reduced gravity environment.
For example, flight procedures should be simplified as much as possible, rendering
in-flight operations easy to perform. Mass and overall dimensions of the experi-
mental setup are also limiting factors that have to be carefully considered during the
payload design.

A typical parabolic flight campaign is usually scheduled around three successive
flights days, preceded by 10 days of experiment integration and eventual “last
minute” modifications. The short period of time between the flight opportunities
may impact the intrinsic conception of the experimental devices, e.g., experimental
cells, payload maintenance tasks, and so on. Furthermore, the aircraft safety rules
are very strict, and any boarding experiment must first pass a detailed control
procedure, performed by the safety crewmembers.

All these aspects are part of a weightlessness flight program and have to be kept
in mind during the preparation of a flight opportunity.

2.1 Instrumental setup description

Several experimental parameters were fixed before setting the design of the
experiment:

* We consider porous samples made of glass spheres having various
granulometric size distributions. The regular shape of the glass spheres will
eliminate potential anisotropy of the porous sample, simplifying thus the
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investigation of the observed flows. Another advantage is the translucent
character of the glass spheres that enables us to visualize in some way internal
fluid motions that are usually inaccessible by direct visualization. Finally,
choosing spherical constituting solid particles makes it possible to realize a lot
of different samples with various well-known intrinsic properties, i.e.,
porosity, permeability, and mean characteristic pore radius. Overall
dimensions of the porous samples (75 x 50 x 200 mm?>) have been determined
taking into account the available duration of microgravity.

* We investigated several fluid systems. The simplified two-phase flow model,
presented in the previous section, is experimentally investigated in the case of a
water-air system and in the case of a water-alkane system. We choose the iso-
octane, also known as 2,2,4-trimethylpentane, for the hydrocarbon, because it is
less dense than water, completely immiscible with it. Iso-octane is less wetting
the porous matrix as compared with water. This liquid-liquid system
investigation enables us to vary the surface tension parameter without modifying
the wettability properties of the porous medium. Furthermore, the viscosity of
iso-octane is less than the water one. Hence, we limited the appearing of viscous
fingering phenomenon that tends to greatly destabilize the moving liquid-liquid
interface. The stable shape of the interface is indeed a necessary condition to
neglect the dispersion fluxes appearing in our mathematical model.

* The boundary conditions mentioned for the mathematical model, namely no
hydrostatic pressure difference between bottom and top of the porous sample,
were satisfied. We have also seen that it is necessary to avoid as far as possible
the capillary effects at the level of the fluid reservoir. This was achieved by
saturating completely the reservoir with the wetting fluid. Note that this
reservoir must be able to deform when the capillary flow occurred in
microgravity, otherwise we would have observed the formation of an air
bubble, which, if growing, would have been able to block the entrance of the
porous sample for the fluid. Hence, the reservoir consisted of a deformable
plastic bag that remained full of liquid during flight conditions.

* During the parabola, the transition period between the pull-up phase and the
microgravity phase induced undesired effects that greatly influenced the flow
through the porous sample. Capillary driven filtration started indeed
immediately at the beginning of the transition period. At this particular
moment, we did not have clear initial conditions for the subsequent creeping
under reduced gravity. Hence, it was very important for the filtration modeling
to restrict as much as possible the transient flow occurring during this
transition phase. It was preferable to wait for acceptable reduced gravity
conditions to start up the flow. The experimental setup incorporated simple
technical solutions to control these undesired effects. The hydraulic scheme of
the experiment indeed included electromagnetic valves that allowed us to close
hermetically the porous medium. Consequently, if a capillary flow was starting
during the transition phase, it would be rapidly damped by the air pressure
increase, which was resulting from the decrease of the volume accessible for
the gaseous phase inside the cell. Once in real microgravity, we simply opened
the valves to allow the capillary driven flow to invade the solid matrix.

* The effect of temperature on surface tension and viscosity properties of the
fluids was not considered in the present study. The aircraft air-conditioning
system maintained the cabin temperature around 25°C during flight operations.
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2.2 Payload description

The experimental payload has been completely designed and developed by the
scientific and technical teams of the Physical Chemistry Department of the Free
University of Brussels. It incorporated all the necessary devices to study various
capillary driven flows under reduced gravity conditions, and its basic features will
be now briefly detailed.

The payload consisted of two racks integrating the experimental setup (main
rack) and the porous samples confined in dedicated experimental cells (storage
rack). The main rack included the following:

* An electrical panel, mandatory to interface the experiment with the aircraft
power supplies.

A video system, including black and white video camera and high-quality
video recorder.

A hydraulic scheme, i.e., a network of valves and tubes necessary to handle the
eventual fluid feeding of the experimental cells.

* A temperature and pressure acquisition system was loaded and allowed to
work autonomously during the flight. Data were simply downloaded after
landing.

A residual g-level data acquisition system, coupled with the video recording
system, enabling video incrustation of residual g-level directly through the
video signal.

The main rack measured 880 x 650 x 1440 mm?> (Iength x width x height) and
integrated in fact two experiments, with a total mass of approximately 300 kg.

The experimental rack was designed to investigate two experimental cells
simultaneously. This was a very convenient feature that made it possible to directly
correlate two porous samples having different properties under the same micro-
gravity conditions. As the flight planning was organized in 6 sets of 5 successive
parabolas, we investigated the experimental cells by pair, and we video recorded 5
successive capillary creeping for them. Longer breaks between two successive sets
of parabolas were used to perform the cells exchange.

Following this scientific strategy, we were able to study the influence of the
preimbibition of the porous sample. Starting from a completely dry porous
medium, the capillary creeping occurred during the first parabola, followed directly
by a drainage process during the pull-out phase. The amount of liquid being trapped
inside the porous matrix was depending on the surface tension properties of the
fluid-fluid pair under investigation. We observed experimentally that the seepage
«creepability» parameter ¥ [7, 15] was significantly influenced by the
preimbibition. But, once the porous matrix has been imbibed, following successive
imbibition was not modifying essentially its microscopic surface state. Successive
capillary seepage during a set of parabolas would invade the porous matrix higher
and higher, simply because the fluid encountered less resistance in the already
preimbibitted zone and the latter tended to increase during successive capillary
driven imbibition. The number of operations that experimenters had to perform
during the parabola itself was intentionally small. The parabolic flight maneuver,
with its succession of hypergravity and low gravity periods, revealed to be physio-
logically tiring. In these conditions, the experimental procedures should be as
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simple as possible to allow the experimenters to anticipate these repetitive gravity
variations. For the capillary creeping experiment, the most difficult tasks were the
cells exchange, and the fluid management to adjust correctly the initial fluid levels
inside for the porous samples. These tasks were executed before the pull-up phases.
As we continuously video recorded the experimental cells, the experimenters had
only to wait for the optimal reduced gravity level to switch on the electromagnetic
valves, thus enabling the flows through the samples.

2.3 Experiment details and results

We concentrate in this section on the peculiarities of seepage flow in a media

containing permeability inhomogeneity. The zones of different permeability were
arranged in the experimental cells (Figure 2) using glass balls of different diame-
ters. Porous samples were hermetically confined inside the experimental cell, whose
overall dimensions were 74 x 50 x 315 mm?. Each cell had a separate fluid reservoir
made of a deformable plastic bag. The reservoir fluid capacity was sufficient to fill
in totally the porous sample. The experimental cell was connected at its bottom side
to a cylindrical connector. This connector was 70 mm long and served as a hydraulic
junction between the porous sample and the reservoir, filled in with a water-dye
mixture. The diameter of the channel zone has been chosen large enough, i.e.,
37 mm, to allow reasonable fluid feeding to the porous medium during microgravity
periods. During the flight, the capillary driven filtration was video recorded, using a
high-quality video equipment. The back-light system allowed to visualize the phase
interface separating water and air.

Three experiments are reported here. In all cases, we considered the imbibition
of fluid into the porous media that has been prewetted throughout previous parab-
olas. Zones with different permeability were formed by spheres with diameters of 2
and 6 mm. The artificial porous medium within each zone was composed of glass
balls of the same diameter. Thus, the permeability of the porous medium consisting
of spheres (d = 6 mm) was K; = 8.5-10° m?, while permeability in the low perme-
able zone (d = 2 mm) was K, = 2102 m°.

In the first experiment, the whole cell was filled with a homogeneous porous
medium consisting of glass spheres with a diameter of 6 mm (Figure 3). The graph
(Figure 4) shows the position of the interface as a function of time. By reducing the
gravity level, the capillary driven imbibition of fluid into porous sample begins.
During the observation period, the interface did not exceed the height of 40 mm.

Figure 2.
The experimental cell for artificial porous medium.
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5‘;5};:; of liquid in a porous medium (permeability: 8.5-10° m*; porosity: 0.458) under microgravity
conditions (displacing fluid: viscosity: 1-102 Pa-s, density: 10° kg/m?; displaced gas: viscosity: 1.5-10° Pa-s,
density: 1.4 kg/m’; surface tension: 0.0582 N/m).
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Figure 4.

The position of the interface as a function of time for a flow in a homogeneous medium (permeability:
8.5-10° m?; porosity: 0.458; displacing fluid: viscosity: 1-10 > Pa-s, density: 10° kg/m?; displaced gas viscosity:
1.5-10 ° Pas, density: 1.4 kg/m’; surface tension: 0.0582 N/m).

In the second experiment, the lower layer of the medium (with a height of 4 cm)
consisted of spheres with a diameter of 6 mm, and the upper layer consisted of
spheres of smaller diameter (2 mm) (Figure 5). The position of the interface is
shown in the graph (Figure 6). The process of imbibition is analogous to the case of
a homogeneous medium until a zone of low permeability was reached. On crossing
the border of high permeable and low permeable zones, the velocity of phase
interface drastically increased upon entering the zone of lower permeability small
sphere assembly. After a while, the interface velocity again decreased. The acceler-
ation of the imbibition front is explained by the fact that the capillary forces in the
medium consisting of small spheres were higher. Successive slowing down of the
interface was due to the decrease of permeability. The effects of increasing capillary
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Figure 5.

The flow of liquid in a porous medium consisting of two layers (bottom layer: height: 4 cm, permeability:
8.5-1077 m?, porosity: 0.458; upper layer: permeability: 2-10° m>; porosity: 0.466) under microgravity
conditions (displacing fluid: viscosity: 1-10 2 Pa-s, density: 10° kg/m?; displaced gas: viscosity: 1.5-10° Pa-s,
density: 1.4 kg/m?; surface tension: 0.0582 N/m).
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Figure 6.

The position of the interface as a function of time for a flow in an inhomogeneous medium (bottom layer: height:
4 cm, permeability: 8.5-10"° m?, porosity: 0.458; upper layer permeability: 2-10° m>, porosity: 0,466;
displacing fluid: viscosity: 1-107> Pa-sec, density: 10° kg/m?’; displaced gas viscosity: 1.5-107° Pa-s, density:

1.4 kg/m?; surface tension: 0.0582 N/m).

forces and drag forces acted on different time scales in unsteady-state flows: capil-
lary forces increased by a jump, and then sustained constant value, while drag
forces grew linearly on increasing the fluid penetration depth.

In the third experiment, the cell was filled with spheres (d = 6 mm) and included
a zone (30 x 20 x 30 mm?) with a lower permeability in the central part of the cell
near the left wall, filled with glass beads (d = 2 mm) (Figure 7). The phase interface
remained relatively flat in a homogeneous zone. On approaching the zone of lower
permeability, the interface becomes curved, and the capillary creeping was faster in
the zone of low permeability.
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.

t=18sec

Figure 7.

The flow of liquid in a porous medium (permeability: 8.5-10 ° m?; porosity: 0.458) containing an insert

(3 x 2 x 3 cm?) with a low permeability (permeability: 2-10~° m?; porosity: 0,466) under microgravity
conditions (displacing fluid: viscosity: 1-10 2 Pa-s, density: 10° kg/m?; displaced gas: viscosity: 1.5-10° Pa-s,
density: 1.4 kg/m’; suvface tension: 0.0582 N/m).

3. Mathematical model and numerical investigation

This section introduces the mathematical and numerical modeling used for the
experiments. A more detailed description of can be found in [16].

3.1 Balance equations

The flow of two incompressible fluids in porous media is considered, without
thermal effects taken into account. The imbibition is modeled by the Darcy law,
considering the capillary effects at the boundary of the phases. Non-stationarity is
taken into account. Permeability and porosity depend on the spatial co-ordinate and
on the fluid pressure in the pores. The mathematical formulation of the problem
describes the displacement of one fluid by another due to the pressure drop on the
sides of the sample or due to a given flow on one side and also due to capillary effects.

The mass balance equations for the phases are as follows:

0 0
g(ﬁl)ﬂksk) +$j (Prtrs) = 0 (1)
Here, ¢ is the porosity, p, is the intrinsic density of the kth phase, s;, is the phase
saturation, ¢ is the time, uy is the jth component of the seepage velocity of the kth
phase, and x; is the component of the radius vector (point coordinates). The
equations are summed up over the repeated index .
Note that the intrinsic phase velocity vy ; is expressed through the seepage
velocity as:

uk,j
DSk

(2)

Uk’j:

Unlike the seepage velocity of a phase, intrinsic phase velocity is not determined
where there is no phase (the seepage velocity at that place is zero).
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Both fluids are incompressible. Dividing Eq. (1) by p, yields the reduced form:

Oupj

0
" (psi) + W 0 (3)

The average volume seepage velocity u; is defined as:
uj=M1J+M2,j (4)

Summation of the Eq. (3) using the definitions (4) leads to an equation for the
total phase seepage velocity:

aq) Guj
= —2 =90
6t+6xj (5)

In the case of porosity not changing with time, the Eq. (5) reduces to the
condition of the solenoidality of the fluid seepage velocity field:
O j

The momentum equations from which the Darcy laws for each phase are derived
are as follows:

9 0 apy, Hie
— ; Vi =2y, +F 7
™ (ﬂkf/)skvk,]) + ox (PWSkUk,zvk,]) + @Sk ox Ko Vk,i T £k (7)

where y, is the dynamic viscosity, K is the absolute permeability, p, is the
pressure in the phase, and Fj, is the interaction force with other phases of the fluid.
The right-hand side of (7) corresponds to the sum of the force of interaction with the
skeleton or solid phase and the forces of interaction with other phases of the fluid.
To obtain Darcy equations, the inertial terms (i.e., non-stationary term
% (pkq)skvk ,j) and convective term % (pkq)skvk,ivk ,j)) are usually neglected in (7), and

the interaction forces with other phases, except the skeleton or solid phase), are
modeled by modifying the basic interaction force with the skeleton by introducing
relative permeability. We will neglect only the convective component of inertia,
leaving the non-stationary component. After this, the Darcy equations are
modified, containing the time derivative of the velocity:

KoKE (dp, = pp oup;
- —E 4 I (8)
M \OXi (s Of

UL =

We assume the relative permeability of the phase, depending on its saturation s;
and, in general, on the saturation of other phases: Kf = O *53,, where 0, is a
proportionality coefficient. It should be noted that since the relative permeability is
zero in the case of zero phase saturation s, the singularity in this case in (8) has no
place. So the modified Darcy equations can be written as follows:

K oy, ; KooK&
0P g ki _ Ko k P 9)
P ot Hy OXi

Up; +

Denote the parameter, which is in front of the time derivative of the velocity and
has the dimension of time, as T}; in general, it depends on its position in space, as

10



Capillary Driven Flows under Microgravity Conditions: From Parabolic Flights to Space...
DOI: http://dx.doi.org/10.5772/intechopen.93467

does absolute permeability, but not on the current distribution of variable parame-
ters (saturation, velocity, etc.):

_ Kopy

Ty (10)
PH
The Darcy equation is then written in the following form:
Kfoup; KoKy
up; + Thp—% ki __ KoKj dpj, (11)
S Ot M O0x;

The parameter T}, can be called the characteristic inertia time. In the case of
permeability K being sufficiently small, as in ordinary porous media, this time is
negligible and inertia can be neglected. But if the porous medium consists of stones/
balls with a sufficiently large diameter, then such a time for low-viscosity liquids
can be several seconds or more; it will most likely be impossible to neglect inertia.

Locally, the pressure difference between the phases is determined by capillary
pressure, which depends only on the phase saturation, besides the skeleton data and
physical data of the surface separating the phases. Hereinafter, we assume that
there are only two fluid phases in the pore space, so that:

pi(s1) = p, —p; = —p5(52), s1+s=1 (12)
3.2 Modeling relative permeability and capillary pressure

The relative permeabilities K5 are calculated using the Brooks-Cory model [17]:

0
0 " res res
KR — kS, s si>s, S — Sk — S (13)
k > k= res res
res 1—s5 — S
0 y Sk <S$, 1 2

Here, k,g >0 and n,g > 0 are the model parameters, and the effective saturation Sj,
is determined by the residual saturations of 0 <s}” <1 (s7* + 55 <1). It should be
noted that for 0 <S; <1, a porous medium is impregnated with both fluids; the
phase saturation at 5, <5} is not described with this model. Further, we always
assume that impregnation with both fluids takes place, and under these conditions,
the zero alternative of (13) can be disregarded. It can also be noted that S, =1 — Sy,
and thus index 1 is omitted further and at reduced saturation, the effective satura-
tion of the second phase is expressed through the first. For the effective saturation
and relative mobility of the phases not based on the model (13) and definition (14),
we have the following expressions:

( Sk — 8,0
S, —
k 1 _ S;@S SV€S
kO
M; =-Lg" (14)
H1
kO
M, =-2(1-S8)"
\ Ha

Capillary pressure from the kth phase is expressed through the J-function of
Leverett [1] and some other parameters like:

11
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. _0Cosa

P Ko

where o is the coefficient of surface tension, and oy is the angle between the
wall from the phase k and the interface (wetting angle). If this angle is less than /2,
then the phase is wetting; if not, it is nonwetting.

Suppose the definition (15) holds for both phases with the same J-function. In
this case, (12) leads to:

J (k) (15)

cosayf(sp) = — cosay/J (s5,/) = cosapf(1—sz)

where the primes refer to nonwetting phase and, because of the connection
between the wetting angles, we get

Jis)=J(1 =) (16)

None of the known models of the Leverett function imply the right side of (16).
Consequently, the expression (15) should be considered only for one of the phases,
but from the side of the other phase, the capillary pressure is determined by (12). In
most of models, a wetting phase k (a;, <7/2) is modeled using (15), while the

nonwetting phase ¥/ makes an adjustment to the definition of capillary pressure:
. _ocosay

g7

Using both expressions (15) for the wetting phase and (17) for the nonwetting,
we express the capillary pressure using data from phase 1 (omitting the index 1 of
capillary pressure, wetting angle, and saturation):

J (sx.) (17)

C:acosa.{](S),aSﬂ/Z (18)

Vg JA=s),a>1/2

Let the J-function of Leverett be modeled by two parameters C; > 0 and a; > 0
and effective saturation:

J(se) = CS,Y, ap<n/2 (19)

Boundary conditions used:

At the inflow z = 0, we set the pressure p = p, and maximal saturations =1 —s

At the outflow, we set a zero pressure and zero saturation normal derivative.

At the impermeable walls, we set to zero the normal components of phase velocities
U, = 0, and this corresponds to zero normal derivatives of pressure and saturation.

To demonstrate the role of inertial effects in this problem, two calculations are
carried out: with and without inertia (Figure 8). It is seen that the dynamics of
imbibition on the left and right graphs are significantly different. When inertial
effects are taken into account (left side), the graph has first a shape of a quadratic
function of time (0-0.02 s), then linear (0.02-0.06 s), and then as a square root
(0.06-2 s). When approaching zones with different permeability, these shape sec-
tions repeat: quadratic (2-3 s), linear (3-3.9 s), and square root. This result is
consistent with the results presented in [7]. When inertial effects are not taken into
account (right), the graph has the form of a monotonously increasing function close
to a square root with a small break when passing through the border of zones with
different permeability (4 cm).

2

res*

12
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Figure 8.

Positions of the interface as a function of time for a flow in an inhomogeneous medium with inclusion of inertia
(left) and excluding inertia (vight) (bottom layer: height: 4 cm, permeability: 8.5 10 Sm?, porosity: 0.45;
upper layer: permeability: 2-10 ° m?, povosity is 0.45; displacing fluid: viscosity: 1-10 > Pa-s, density:

10° kg/m?; displaced gas: viscosity: 1.5-10° Pa-s; density: 1.4 kg/m’; surface tension: 0.0582 N/m).

4. Comparison of numerical calculations with experimental data

The microgravity quality was poor for the present experiments that does not
permit us to perform quantitative comparison of results with the outcomes of
numerical modeling, which were carried out for ideal conditions. Nevertheless, the
qualitative results of the calculations are similar to the experiment.

In the case of flow in a homogeneous medium (Figure 4), the displacement is
uniform gradually slowing down. In the experiment, the speed falls down more
than in calculations. This is because the mathematical model does not take into
account the acceleration of gravity g, which is close to zero in the experiment, but
not equal to zero.

In the case of an inhomogeneous medium (Figure 6), when crossing the border
of zones with different permeability, the graph has a complex space-time
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Figure 9.

The result of numerical modeling of fluid flow in the vegion containing an insert with a low permeability
(media permeability: 8.5-10° m?, porosity: 0.458; insert: dimensions: 3 X 2 X 3 cm?, permeability:

2-10"7 m?, porosity: 0.466; displacing fluid: viscosity: 1-107> Pa-s, density: 10° kg/m’; displaced gas: viscosity:
1.5-10 ° Pas, density: 1.4 kg/m>; surface tension: 0.0582 N/m).
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dependence form: quadratic (3-4.5 s), linear (4.5-5.5 s), then as square root. The
main characteristic feature of the imbibition front passing through the boundary of
media is its rapid acceleration (, it moves faster than if the medium were uniform,
as in Figure 4). This corresponds to the results of the experiment.

The distribution of the saturation of the displacing liquid at different instants for
the calculation, when the region contains an insert with a low permeability, is
shown in Figure 9. This calculation corresponds to the experiment shown in
Figure 7. In calculation, as in the experiment, having reached the insertion, the
liquid begins to flow through the insert faster than in the zone with a higher
permeability. The calculation also shows that the dispersion in a less permeable
medium is higher (Figure 9).

5. Space experiments on capillary driven imbibition

Carrying out experiments on capillary seepage in space allows observing imbi-
bition under conditions of higher quality microgravity and for longer periods. Such
experiments were described in detail in [9, 14]. Here, we give a brief description of
these experiments and show the possibility of determining empirical constants in
mathematical models based on experimental data.

5.1 Experiment payload

Experiments on capillary driven seepage of oil in natural porous medium (sand)
were performed within the frames of the MIRROR GAS programme. The experi-
ments were prepared and supervised by Dr. D’Arcy Hart, C-CORE (Memorial
University of Newfoundland), Drs. Laurier Schramm and Fred Wassmuth,
Petroleum Recovery Institute (PRI, Calgary). The MIRROR payload is shown in
Figure 10.

Liquid seepage was observed in three sample cylinders with the same porous
medium: mixture of 20% (by weight) kaolinite (a sort of clay) and 80% silica sand.
The fluids moving in each of the three cells were crude oil, lubricating oil, and
polymer in distilled water.

The media and fluids were transported separately into orbit. An experiment cell
consisted of a reservoir and a soil cell, with a sliding gate dividing the two (see
Figure 11). At the beginning of the experiment, the stepper motor retracted the
sliding gate, exposing the soil to the reservoir fluid, whereupon the liquid began to
leak under the action of capillary forces under microgravity conditions. The level of
fluid in the soil was detected using 48 fiber optic sensor probes located along the
length of the sample. The results of the experiment are shown in Figure 12 (black
asterisk markers).

5.2 Mathematical model for multiphase seepage

We consider the seepage of a liquid through the area of length L. The capillary
forces are taken into account. The nonlinear convection-diffusion equation for a
porous medium is [12, 13].

ds 0 0s
2+ 2 (F-DZ) =o, 20
¢6t+()x( 0x> (20)

where s is the saturation of the displacing fluid, ¢ is the porosity, D is the
diffusion coefficient, and F is the convection flux.
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JJ‘

Figure 10.
MIRROR payload ready for GAS container integration at Kennedy Space Center. Capillary flow experiment
cells are in the right-hand part of the upper section.

Soil cell

Mount

(also secondary
containment

for reservoir)

Stepper motor

Figure 11.
Experiment cell for space experiments on capillary driven imbibition.

The initial conditions for saturation s(z,x) are

x = 0;

Smax >
s(0,x) = 21
( ) { Smin s x> 0. ( )
The boundary conditions are
os
s(t,0) = Spmaxs <a> = 0. (22)
x=L
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Figure 12.
Results of numerical modeling of the imbibition process of a liquid into a porous medium under the influence of
capillary forces compared to experiment results.

where s,,;,, and s, are respectively the minimum and maximum possible
saturations.

The convection-diffusion equation with initial and boundary conditions
describes the displacement of a quantity s propagating as a step along the x-axis
from the left to the right, if the convection flux is positive (F>0) [7, 8]. The
diffusion coefficient D is always positive; it blurs the front of propagation.

The effective saturation S is

S — Smin

S = (23)

Smax — Smin

Below, the index “O” corresponds to the displacing fluid (“oil”). The index “G”
corresponds to the displaced liquid (“gas”). Dimensionless relative mobilities Mo
and Mg are calculated by the Brooks and Corey model:

Mo = koS™, Mg ="Ckg(1-8)", (24)
HG
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where 70, ko, "G, kg are empirical constants. When simulating two-phase seep-
age, the expression for F is as follows:

KModp Mo

F=F= = u
Ho ox MO"’MG

(t) (25)

where u(¢) is the total seepage velocity.

Formula (25) was obtained as a result of averaging in modeling integral param-
eters with the help of 1D Equation [12].

Additional effect associated with the instability of capillary affected flows is
modeled by the application of an auxiliary term to F:

Mo

F = F’+F0<<S _Smin)(Smﬂx —S))a :]m

u(t) + Fo((s — Spmin) Smax — )" (26)

The details of such method for 1D approximation for 3D results are discussed in [13].

This term is proportional to the empirical coefficient Fy. It intensifies the dis-
persion of the displacement front. The sign of Fy is positive since the instability
intensifies the flow.

The total seepage velocity is either specified (flux control)

u(t) = U, (27)

or calculated using a definite integral (pressure control)

(28)

u(e) — K4Po UL dx r.

Ho oMo + Mg

where APy is constant pressure drop.

The diffusion coefficient D is constructed from the sum of the diffusion coeffi-
cients due to the capillary forces d¢ and the dispersion, which simulates, in the one-
dimensional approximation, the blurring of the front due to other effects.

Diffusion formed by capillary forces d¢ looks according to the Leverett model:

dc =

Cjay| cos 0)o/KpMoMg { S, cos 6> 0; (29)

Ho (Smax — Smin) (Mo + Mg) (1-— S)_l_“’, cosf < 0;

where 6 is the wettability angle on the side of the displacing liquid, and Cj, 4; are
parameters of the Leverett function. Similar procedure was described in [1].

The dispersion depends on the total flux of the phase and is proportional to its
magnitude. Thus, considering dispersion and capillary effects, the diffusion
coefficient D is modeled [10, 11] as

D:dﬁ‘F—dcﬁ. (30)
ox

We note that the additional factor which is proportional to the coefficient F also
enters into the dispersion structure.

Processing the mathematical model described above makes it possible to select
the coefficients responsible for the blurring of the front on the basis of experimental
data. We have obtained that for the three experiments described above, the optimal
coefficients are as follows (Table 1):
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Gy ay Fy
Crude oil 3.1072 0.5 3.10°8
Lubricating oil 1-1072 0.5 1.5-1077
Polymer in distilled water 5.1073 0.5 45-1077

Table 1.
Optimal coefficients for the three experiments.

The pressure drop or the specified flux was absent, so that the motion was
carried out only by capillary forces.

The distribution of the saturation of the penetrating liquid in the calculated
region over time is shown in Figure 12. The parameters of each of the three
calculations corresponded to the actual experiment. The experimental data are
marked with black asterisk markers.

Thus, as can be seen from Figure 12, the results of numerical calculations based
on the proposed mathematical model are in good agreement with the experimental
data. The blurring of the displacement front for each of the liquids is different: the
smallest blurring is observed in crude oil (Figure 12(a)), and the front is most
strongly blurred in the case of imbibition of polymer (Figure 12(c)). For each fluid,
the empirical constants Cj, a;, and F are selected. The value of 4; for all liquids is
chosen to be 0.5. The coefficients C; and Fy are different for each case, but they are
of the same order. The coefficients were chosen in such a way that the blurring of
the front in the numerical calculation would have the least difference from the
experimental data.

6. Conclusions

Experiments on the imbibition of a fluid into an inhomogeneous artificial porous
medium under microgravity conditions during parabolic flights are considered. A
mathematical model for multiphase seepage considering inertial effects is devel-
oped. The results of the experiment are compared with the results of numerical
simulation of the flow of a viscous liquid in a porous medium, taking into account
capillary and inertial effects. It is shown that when the transition from a more
permeable medium to a less permeable one takes place, the velocity of the imbibi-
tion front increases. This is because the capillary forces in a medium with a low
permeability are larger. On further imbibition into the low permeable medium, the
velocity of imbibition decreases much faster than that in highly permeable medium.
It is also shown that the dispersion of fluid during its imbibition into a less perme-
able medium is much higher. A model describing the displacement front blur due to
diffusion, capillary effects, and flux instability was developed; the model uses two
empirical constants. This model can describe the displacement front peculiarities
even in 1D problem setup. To estimate those empirical constants, the results of
experiments in microgravity were used; those conditions were needed to exclude
the gravity factor affecting the flux and diminishing the capillary effects.
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