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Abstract

In this work, we study the capillary rise mechanisms in heterogeneous porous material with different capillary
sizes. Both theoretical and experimental work are performed to investigate the time evolution and the
exchange at the interface of different porous media (different capillaries diameters). The first basic part
contains the homogeneous capillary (without layer exchange), which is presented to distinguish the different
characteristic times and the liquid capillary rise regimes. Considering gravity effect, shear stress and inertia,
three regimes are distinguished theoretically and experimentally based on these two dimensionless
parameters (Bo and Ga). Theoretical analysis and simulation results show the capillary rise in tendency and
the appearance of oscillatory phenomenon. In the second part, the heterogeneous porous media are
investigated. A multilayer domain is adopted to model the multiple distribution in capillary sizes. The
interaction between these layers (different equivalent capillary sizes) demonstrate how the cooperation
appears in nature so as to fit with the optimal situation of fast filling the porous media or the equivalent in
drying. Experimental results on both homogeneous and heterogenous cases (corresponding to simple capillary
rise and capillary rise with layer exchanges) have a favorable accordance with the theoretical analysis. The
enhancement in imbibition has been demonstrated and explained as well.

Keywords: porous media; capillary rise; imbibition; interaction of multilayers; drying in porous material

1. Introduction

When a capillary or porous medium is brought into contact with a wetting fluid, the liquid spontaneously
moistens the walls of the pores and invades the interior space. The capillary rise is one of the most common
phenomena in nature and it provides information regarding the structuring of capillarity. This phenomenon is
observed in many natural processes, physiological fields and human activities with plenty of technological
applications. It is the capillarity that brings water to the upper layer of the soil, participates in the transport of
the sap in the plants, and also ensures the functioning of the ball-point pens. Knowledge of the laws of capillarity
is of vital importance in the recovery of petroleum, civil engineering, dyeing of fabrics, printing ink and various
other applications.

This phenomenon is also widely encountered in nature (soil, building materials) and several applications, such
as inkjet printing[1], [2], related thermal comfort as textiles [3], nature exploitation [4]-[6], cooling system heat
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pipes [7], [8], energy production - fuel cell [9], [10] , and in recent hot topics of microfluidics [11]-[14], lab-
on-chip devices [15]-[17]. Studies of capillary rise, whether slow or rapid, are important for the control and
prediction of these phenomena. Historically the static mechanism of capillary rise has been widely studied,
while the high dynamic part during the rise is a point of renewed interest recently. The early works of Lucas[18],
Washburn [19], Bell and Cameron [20] have founded much of the theoretical framework of capillary dynamics.

The experimental work of Geovanni Borelli (1608-1675) established the relationship between the capillary
diameter and the liquid height rise as h ~ 1/r. This has, for the first time, related the origin of the flow given by
the forces of surface tension to the different phases presented in Laplace Law. The capillary phenomenon has
been intensively studied and later completed with the transient aspect of the evolution towards the steady state,
which is characterized by the maximum imbibition height expressed by Jurin law [21]. The transient rise of
liquid in a cylindrical capillary involves several physical terms, and an increasing complexity has been involved
in research works. The force balance model involves several forces: the surface tension, inertia, viscous and
gravity. An extension exists to incorporate the reservoir feeding liquid into the capillary [22]. Under some
conditions, the capillary driven by imbibition in a homogeneous porous medium follows diffusive dynamics,
which is characterized by square root of time [23], [24]. This kind of diffusive dynamics for spontaneous
imbibition fit with the Lucas [18] and Washburn [19]theory for a cylindrical capillary tube.

The height of liquid rise versus time can exhibit several time characteristics and when the viscous time scale is
bigger than that of reaching the stationary level, some oscillatory behavior appears [24]. A dimensionless
approach of the classical model was summarized in [25] and it showed how the problem can be generalized.
The interaction with bulk inertia was also studied in [26], and on more local aspect, in the direct vicinity of the
interface, numerical work using a volume of fluid (VOF) formulation was studied in [27]. Such dynamic rises
based on average velocity could be affected by the flow irregularity, gas interaction or the slip conditions. This
could modify the results quantitatively and qualitatively, such as the time evolution, the oscillatory solutions of
the reference model and critical damping [28]. Contrary to the infinity liquid reservoir, or microgravity condition
(drop tower), we studied also the effects of a limited reservoir extension interacting with the capillary and the
free surface of such reservoir [23].

The imbibition is strongly dependent on the shape of the capillaries [27], [29]-[33], which makes the phenomena
dependent on the considered porous media. In multi-dispersed granular porous media, both the transient flow
and the reached level in steady state are modified. According to the morphology of homogeneous porous
structure, the finer the gradation, the lower is the diameter, correspondingly the greater number of pores, and
larger surface area. All these properties result in an enhanced surface tension effect, which will consequently
induce the increase in capillary lift height [29]. The dynamic flow is directly related to the permeability, and
also the function of porosity. For the same porosity, the dimensionless permeability of homogeneous particles
and tubular geometries are very similar when the porosity is less than 20%. However, for higher porosity the
specific surface and tortuosity become significant effecting factors. The dimensionless permeability of tubular
geometry is approximately twice that of homogeneous particles [30], which is a consequence of less friction
and less effect from tortuosity. The fracture porous media exhibits also some equivalence to the dispersed non-
consolidated one [30], [31], [34].

The main remaining question in heterogeneous porous media is what will be the imbibition resulting dynamics,
especially when the porous media is constituted by construction of subdomain of distinct porosity-permeability-
tortuosity. The understanding of the involved physical phenomena can explain the special imbibition front
evolution which is faster than the one obtained by the subdomains (homogeneous porosity-permeability) that
are considered separately. This interaction between subdomain aims also to afford basis to explain the constant



drying behaviour observed in soils, in chemical process of dispersed media, in biomaterials, etc. These
evaporation rates are directly controlled by the imbibition phenomena in predicting the necessary time allowing
the liquid to reach the upper surface and induce the enhancement of the evaporation, and it controls also the
mass flow rate of liquid rise feeding the upper surface. The evaporation rising liquid ceases to fit with the
diffusion equivalent model due to spatial inhomogeneity and we will demonstrate that the porous media use the
hierarchical structure (interconnection between the sub-domain of different porosity-permeability) for different
goals in order to allow the optimal behaviour.

In this work, we discussed the flow and imbibition in heterogeneous porous media, as well as analytical and
experimental imbibition over time in multilayer domain. Based on the observed and calculated results, we gave
reasonable explanation of imbibition enhancement due to transversal flow from big to small pores. We have
also explained predicted the faster imbibition phenomenon in heterogeneous domain.

Concerning the structure of this paper, followed by the first part devoting to the bibliographic analysis, a second
part will be focused on the theoretical aspect in coupled porous media (idealised by two equivalent capillaries).
After that, the experimental tests on both homogeneous and heterogeneous media will be carried out, analysed,
and compared with the analytical theory. In order to have a better understanding of this phenomenon, one must
understand and predict the competition of capillary rise in heterogeneous media. In this work, the capillary rise
will be studied for various media with different particle sizes. The captured knowledge enable us to quantify the
equivalent phenomena that occur in building materials. An experimental method is used to study the effect of
different capillary dimensions as well as different liquid-gas (water-air) surface tensions on the rising dynamics
and equilibrium height of the capillary rise.

2. Theory and modelling

We will recall firstly the theoretical model for a single capillary and discuss the dimensionless controlling
parameters. Such equivalent capillary diameter will be defined as homogeneous domain. In the second part we
will consider two domains of different equivalent diameters (heterogeneous domain). The model will be adapted
to such situation where the two different domains exhibit different liquid rise versus time with possible liquid
passing from one domain to the other.

Homogeneous domain

The imbibition of the wetting fluid in the porous media is based on the liquid rise in a single capillary tube. As
previously mentioned, it has been intensively studied and completed the transient aspect of the evolution
towards the steady state (final state, noted as steady state or "oo"). The origin of the flow can be easily
determined by the forces of surface tension between different phases given in Laplace law, Eq.(1), and by
maximum capillary height (z;,,4, Or Zpy ), as expressed in Eq. (2).

AP = o cos(0) (Ri + Ri) €9)
1 2
2y (00) = 20 cos 0 @
mx - pgR

In which, Ry, R, are the two main radii of curvature of the surface at the considered point. o is the surface
tension of liquid water (N/m). 8 denotes the contact angle. There are cases of extreme fluid-interface
behavior: 8 = 0° is the case of perfect wetting and by contrast, 8 = 180° is the case of perfect non-wetting [32].
The transient rise of liquid in a cylindrical capillary involves several physical terms, including the surface
tension, inertia, viscosity and gravity [18], [19], [33] and the inertia induced by the feeding liquid from reservoir



into the capillary [22]. A dimensionless approach of the classical model was summarized and it shows how the
problem can be generalized [25]. Such dynamic rises based on average velocity could be affected by the flow
irregularity, gas interaction or the slip. This could modify the results quantitatively and qualitatively, such as the
time evolution.

The height of liquid rise over time is predicted by such dimensionless approach given in [25], [26], mentioning
the different time characteristics, the possible oscillatory behavior [24], and the critical damping [28] when the
viscous time scale is bigger than that of reaching the stationary level. The model and related variables are
summarized below, and we will complete it with interacting different porous media.

The model can be used not only for the rise of liquid in a single capillary, but also for the imbibition of liquid
into porous media with equivalent capillary radius. Fig. 1 shows the fundamental principle of the dynamics and
the projection along the axis of ascent in the system. The z direction indicates the position of liquid rising
interface, and it is involved in the system of the surface tension, viscosity, gravity, and inertia within the tube
and the added mass induced by the reservoir feeding liquid (M., M, ) into the capillary.

R

Figure 1. Illustration of the liquid rise and the different involved mass inertias

According to mass and momentum conservation law, the following equations can be deduced from the system:

d2z 21 dz\?
(My + M, + Mm)ﬁ = 2nRo cos @ — My g — 2nRz Ty, — MR 2P (E) ®)

In which,

(Mr + Mg+ M) = (pTL’RZZ + %an3 + %an3) and 7g, = 4/1112%

My, M; and M,, are the mass in the tube, the connecting spherical cap and the connecting domain to
infinity, respectively (see Fig. 1). 7y, represents the shear stress (friction), 4 denotes the viscosity, R is
the radius of the equivalent capillary tube, and z is the height in accordance to the capillary rise direction.
Finally, we can obtain:

20056 +8,uzdz+1<dz>2+( +7R)dzz A
oR 92T orzar T 2\ar) T\FT 6" ) arz )

At the infinite time, t = oo, the maximum height z,,, in steady state is given by Eq. (2). To generalize the
problem, hereby we introduce dimensionless variables for time and space as Z and £, which are given by:

7Z() = z(t)/Zmy and T = t/tyq
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Here we take t, as the reference time, which is based on inertial time, given by t,q = /Z;%x = / Z;Z . The

dimensionless transformation leads to the final general expression, as showed in Eq.(5). It is equivalent to the
work in [22], and furthermore we integrate the contact angle in the dimensionless numbers.
1 1 i

7 y . .
1= <2+830>2+522+<§\/30-6a) 77+ 72 (5)

. . . . . R R?
The two controlling parameters are distinguished in Eq. (5), which are the Bond number Bo = = ngm ,
mx

meaning the ratio between gravity and surface tension effect (contact angle is included within in the present

. . R® . . . . .
number in our study) and the Galileo number Ga = gv—z, representing the ratio of gravity to viscosity. Our

ongoing study will concern mainly Bo <1, in order to get the significant vertical rise in comparison to the
capillary radius and liquid used in our experiments.

To complete the previous chosen time scale reference, based on the dimensionless equation scale analysis

( A
| |

1~ i[zmx/(gtrz)] ; 8[:"‘7;‘] tr/(Rz/v)j, we have two other possible options for characteristic time, i.e. the diffusive
Inert. time [N

tr1 Shear time
T2

reference time tg;¢ and the shear reference time t,,. They are defined respectively by: t4;r = R?/v ;and t,, =

2

ES[ER L
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Comparison of the three characteristic times (tg;f, t1 and t,,) as function of capillary radius is given in Fig.
2a. This figure illustrates the physical phenomena controlling the needed time for liquid rise regimes. For chosen
liquid, the main controlling term (in Eq. 4 or 5) is dictated by the equivalent capillary radius. The calculation
results (Fig. 2a) show that the chosen reference time ¢, is the least sensitive of the three to radius. The time to
reach final asymptotic height is given for small radius by t,, and by ¢, for the large radius. The corresponding

Bo and Ga are plotted in Fig. 2b (Ga% as function of Bo? in logarithm axis). Our interested region, as previously
mentioned, is where Bo < 1, as the dashed vertical line marked in Fig. 2b.

It’s important to notice that the time ratio, corresponds to the identified characteristic number tLlf =+Bo Ga =

T2

VQ , in the third term of right-hand side of Eq. (5). This () coefficient controls shear contribution in Eq. (5), so
this term can be negligible for high values of v and the oscillatory regime will appear (see[24]).

In order to make the (Bo ; Ga) effect clearer, we plot in Fig. 2b, (mainly focus on region of Bo < 1, left region

of the vertical dashed line), the three distinct domains based on the value of group vQ = vBo - Ga. We have a
first domain (marked as purple area) with weak inertia (Bo - Ga < 1), intermediate one (Bo - Ga~1) and the
third with weak shear stress (the green region, Bo - Ga > 1). In the same Figure (2b) we indicate also a set of
square solid dots corresponding to the cases of water rise in capillary tube of different diameter from 0.02 to 4
mm (from left-down to right-up side).
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Figure 2. The three involved characteristic times a), different regimes summarized
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To illustrate more explicitly these three behaviors corresponding to the three regimes in Fig. 2b, we select cases
from the solid dots plotted within the light green rectangle in Fig. 2b. The corresponding liquid rises over time
in dimensionless scale are plotted in Fig. 3 for the chosen capillary diameters (corresponding to Bo and Ga i.e.
Q). These different curves are linked to increasing capillary radius (decreasing (1) following the black curved

arrow.

This figure summaries well the evolution tendency from the reduced dynamic rise profile (weak 1) to the
intermediate or moderate () (order of magnitude of one), where the three-time characteristics are comparable,
and finally to the oscillatory regimes (high (). For moderate (), the time to reach the steady state is of order of
magnitude of one (purple line), so we retrieve the time characteristic of 1 corresponding to the controlling
phenomena (3 time characteristics of the same order - Fig. 2a, and center of the green square - Fig 2b, Q ~1).



As t,q decreases with the increase of radius (see Fig. 2a), we have faster tendency to reach the steady state with
the increase of (1 until the oscillatory regime settles.

Heterogeneous domain

Consistently in the experimental work, we will study the liquid rise in porous media containing spherical
particles (water in sand), which is corresponding to weak Q. Experimental results of liquid rise in capillaries are
numerous, with a large range of different situations including microgravity. A summary table can be found in
[35]. As previously mentioned in our goals we will deal with heterogeneous sand layers as well. The sand will
be considered firstly as equivalent homogeneous vertical capillary and the further objective focuses on the
exchange between different layers (heterogeneous domain, multiple layers of different porous media).

As illustrated in Fig. 4a, the liquid rise in porous media is completely heterogeneous in a local point of view, as
the capillary diameter is around an average equivalent radius but changing continuously in vertical direction. In
addition, there exists also the interface interaction between the liquid and solid, which exhibits complex
behaviour with locally concave (R; > 0) and convex interfaces (R, < 0), so that the related surface tension
force strongly changes. The 3D complex interface in porous media can also exhibit a 2D interface shape within
cracks, which is equivalent to infinity (R, — ©0). We will consider only the equivalent capillary radius for a pile
of sands to be comparable to a stack of perfect spheres in contact. By proceeding equivalence of surfaces, the
radius of the equivalent capillary is based on adjusted geometrical aspect, as illustrated in the schematic diagram
in Fig. 4b. The equivalent surface area (S = T[R%ap ) equals the equilateral triangle minus the 3 arcs of circles

of diameter D and angle g. The equivalent capillary radius is given by Eq. (6).

6v3

In which, R,y 18 the equivalent radius of the capillary and D is the diameter of the sand.

a) b)

Figure 4. Liquid bridge and radii of curvature a) and the equivalent capillary radius [36]

In the present study, we aim to analyze the exchanges among the sub-structures of different capillary sizes
(multilayer porous media). Therefore, we simplify the problem as multi-parallel layers of different diameter



sizes (Fig. 5a). Nevertheless, they are of the same porosity value because of the same type of spheres package.
In each layer we have the liquid rise based on the layer equivalent radius and corresponding controlling
parameter (L = Bo - Ga). Following the same model as previously described, we get equivalent system for the
two layers (Fig. 5a) with equivalent radius denoted as R; and R, and corresponding liquid rise dimensionless
heights noted as Z; and Z,. Fig. 5b illustrates the connections between layers for horizontal liquid flow, and Fig.
5c shows the pressure profiles and induced difference at Z position along the capillaries before reaching the
steady equilibrium height. This difference in pressure will induce liquid displacement in horizontal direction
from one media (capillary) to the other. Such global exchange, or induced mass source, will modify the Eq. (6)
and the evolution of the vertical position (capillary rise height) on both of the capillary layers. According to
mass conservation law, the increase of mass in one capillary is equivalent to the decrease of mass in the other,
i.e. positive and negative mass source for the corresponding capillaries.

z (m)
y
Z ‘Z
N P 71
abzl 1z
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a) b) ©)

Figure 5. Two layers of liquid exchange a), equivalent capillary case b), and
the pressure on the two capillaries in vertical direction c¢)

We consider the pressure field as linear with the vertical position but it could be somehow different from the
linear behavior at early time for important inertia term, i.e. small Q case. The pressure difference between the
two capillary centers versus the height can be estimated as:

AP?  APJ cos @ cos @
APC1€2(2)=< E 2>z= O'( 1_ 2)2

A Z2 Ryz4 R,7,

In which, z € [0; Z,;, |, and z,,;;, = min(zy,2,), and it is the effective height below which the liquid
exchange occurs between the two saturated adjacent layers. The induced horizontal flow is related to the
pressure difference between interfaces, and related to the horizontal flow resistance (apparent permeability, K).

According to Darcy’s law, the flow velocity V;,;(2) at the connecting interface can be expressed by:

K, K,
Vine(2) = IAPcl_int(Z)/Rl = IAPcl_int(Z)/RZ

therefore, the pressure between the center of the two layers is expressed using the interface position as:

R,
APcl_cz (Z) = APcl_intf + APcz_int = <_

R,
Kl + K_2> u Vint(z)

where AP, ., is the pressure difference between the centers of two consecutive layers, so

<AP‘1’_ APg)

_APq @ _\a Tz

Vine(2) = g =22 4 )
(r+2m “



where R is the equivalent hydraulic resistance given by:

Ry R, Ry RyKy
Req = (2 +-2)u=-2(1
eq (K1+K2)“ Kl( +R1K2)’u

The volume flux transferred from layer (capillary) 1 to layer 2 through the connecting surface e, is given by:

AP APg
aQv Zmin z1 zp Zmin
—— = Vie(2)-e-dz ="1—=2L¢- z.dz
dt fo Lnt( ) Req fo
Therefore, we deduce that:
(ﬂ_ ﬁ) )
dQv —\z1 2z e- Zmin
dt Req 2

The extra mass balance on layer 1 will modify the liquid rise by a vertical velocity increase of:

(dzl) E o (cos@l cos@z) )
E— * = — — . .
dt), =27 TR\ Rizg | Rz )M

and the dimensionless form will be:

dzq 1 Ryep 1
—| =—(Boy)%2/Ga; Bn.|—— —=——)Z%, 8
(dt . ( 1) 1 1 71 COS@relfz min )
Where cos0,,; is the ratio of contact angle of two consecutive layers, i.e. we’ll have the same contact angle
and cos6,.,; = 1 if same materials are used. Bn; denotes the horizontal flow coupling through the two-layer
resistance (permeability) and the dimensionless surface connecting is represented by é.

Krel)

Bn1 = DaR1 é/(l +
Rrel

cosf; | K

: _ _ Ry, _ Ky _ Ky s s s
In which, we define: R,o; = %, 5 COS Orer = rel = Dag, = = ; and Z;, = min(Zy, Z;)

=71 -1
cosf,’ R?
The final system is the rewritten Eq (5) with the source term Eq.(8) for the two adjacent layers. The expressions
are given below and could be solved by iteratively Euler explicit scheme.

1.2 /1 ' 7
7 = <1_521 —(5\/5) % 21—21>/<21+€Bo)

-1

" R rel 1. 1 . 7 /1 Bo
() -3 - (k) 2t (5 (22)
Z =[7dt and z = f(Zl + d—Z;)Jr) at
By =[4di and 2, = [ (% + %))df
where % = —% * Crel

We present in Fig. 6 the evolution of liquid rise for two media (equivalent capillaries) named 1 and 2 for
equivalent radius ratio of 1.1/4.7. Consequently, the maximum height of the considered reference Z; will be 1
and the Z, will be 0.23 (corresponding to 1.1/4.7). Fig. 6a is the dimensionless capillary rise height without
exchange between the two layers. The important behavior is the fast filling of porous media 2 and reaching its
maximum level (Z, =0.23) with the order of magnitude 1 for the time scale. Meanwhile, porous media 1 reaches



higher Z,,, (~ 1), but in a longer time of more than one order of magnitude. We plot in the insert graphs of Fig.
6a, the corresponding pressure profile in both layers. The horizontal maximum change in each layer illustrates
the pressure jump (Laplace law) and the increase with depth is the corresponding classical hydrostatic increases.
It is apparent that the two layers exhibit two different pressure profiles. If the two adjacent consecutive porous
media are not separated, a horizontal flow settle from one to the other in the direction of the pressure gradient.

Our main idea is to figure out the possible coupling between layers which allows to change the global dynamics
of liquid rise in two adjacent layers. This behavior will explain the fast filling and high level of imbibition.

We will quantify and explain how the second layer (2), as fast filling layer, will feed the first layer (1) in order
to evolve in the same time scale of order 1. Such coupling is a direct consequence of the vertical pressure profile
plotted in the first insert graph at 'Early' time, as shown in Fig. 6a. We can see from the second insert graph
'Intermediate’ time that the pressure profile remains favorable and is able to transfer liquid from layer 2 to layer
1. The two-layer liquid exchange will cease when the two layers reach the maximum height and consequently
inducing no pressure difference on the vertical connecting surface (see the third insert graph in Fig. 6a).
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Figure 6. Liquid height versus time for two adjacent layers of different equivalent radius,
without horizontal exchange (impermeable on the interface) a) and with exchange (permeable) b)

If we define the independent layers as impermeable, which means there is no horizontal exchange between
layers (as illustrated in Fig. 6a), then Fig. 6b presents the evolution of liquid rise for the same two porous media
but in case of permeable (exchange of liquid between the two layers, horizontal permeability).

The previous pressure coupling (plotted in Fig. 6a) in case of communicating layers is illustrated in Figure 6b.
In this figure, we include the decoupled case (impermeable) represented by solid lines and we add the coupled
ones with dashed lines. The layer 2 (red) is at higher z than layer 1(black) at the same time point in the beginning
period, and this difference in pressure will induce liquid transfer from layer 2 towards layer 1. Such water
feeding permits significant acceleration of liquid rise in layer 1 (black dashed line). As a result, layer 1 tends to
catch up with the evolution in layer 2, while layer 2 filling up is not significantly modified due to inner vertical
velocity. The layer 1 is filled up continuously from layer 2, due to the fact that in early age the pressure difference
is significant (see first insert graph of Fig. 6a). The difference decreases over time but the vertical exchange
interface increases (Z,,;,,) and this explains why the trend of speeding up is maintained over a longer time. We
can see from comparison of the two figures that the layer 1 reaches the dimensionless height level of 0.4 in
dimensionless time of 1.5 in the permeable case instead of 8 in the independent case (impermeable).



These results illustrate clearly the ability of cooperative structure in enhancing the imbibition and the liquid
transfer from bottom to up. This coupling is enhanced by weak horizontal hydraulic resistance. For the case of
lower permeability, thicker layers or relatively weaker connection between the layers, it is illustrated by short
dot lines in Fig. 6b. The decrease of permeability and section communication reduced considerably the water
transfer from layer 2 to layer 1 at the level that the new system is closer to the impermeable case.

3. Experiment protocol

In order to study the relationship between the capillary rise (imbibition) and the porous media permeability we
used different sizes of spheres (such packed shapes exhibit constant porosity and different permeability). The
different sphere diameters (sands) are supposed to be homogeneous media inside each group. The different
groups are for diameter ranges: 0 - 0.2 mm, 0.2 mm- 0.4 mm, 0.4 mm- 0.8 mm, 0.8 mm- 1.6 mm, 1.6 mm- 3.15
mm and 3.15 mm - 6.3 mm, respectively (as given in Fig. 7a). The obtained average diameter d,,;(£33%) of
the sand media for the six groups are 0.1 mm, 0.3 mm, 0.6 mm, 1.2 mm, 2.4 mm and 4.7 mm, respectively. The
composition of the classical sand used in building versus the different used average diameter is plotted in
cumulative percentage in Fig 7b (semi-logarithm coordinate).
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Figure 7. Sands of different sizes after filtering a), Integral percentage of particle size curve b)

The imbibition (liquid rise) procedure consists of placing the sand layer in contact with the liquid and recording
the induced capillary liquid rise. The setup is summarized in Fig. 8 where the two equivalent setups for
homogeneous (Fig. 8a) and heterogeneous (Fig. 8b) domain are presented. The main difference between the
homogeneous and heterogeneous experiments is the mass recording setup: a balance for the single homogeneous
sands and a force sensor for the heterogeneous sands due to the heavier weight.

The experimental procedure of recording the imbibition (liquid rise) in the considered media combines two
techniques:
* A force recording (balance or force sensor) relative to the suspended domain in which the liquid rise
induces the mass evolution;
* An image processing of the movies which is visible for the wet sand in the transparent suspended
domain.
The photo of the homogeneous case (Fig. 8a) shows the transparent suspended cylinder container with the
testing sands inside. The cylinder is suspended and connected to the balance, which is recorded by computer



continuously. In addition, a digital camera is placed to record continuously the images as well. To keep the sands
within the tube which is suspended by a wire to the balance (or the force sensor), a fine net filter has been
designed and fixed on the underside of the setup (bottom of the tube or box that contains the sands).

For the heterogeneous case, the transparent box has a square section of 15 cm in width and a height of 60 cm.
The box is filled with successive layers (each layer 2.5cm in width) of homogeneous sand and increasing
average size of previously introduced 0.1 mm, 0.3 mm, 0.6 mm, 1.2 mm, 2.4 mm, and 4.75 mm. In view of the
large mass of the device, it is impossible to use a balance and guarantee the precision, which leads us to build a
frame equipped with a load sensor (SO0N), as presented in Fig. 8b.
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Figure 8. Experimental devices for homogenous sands imbibition a) and heterogeneous with multi layers b),
using balance or force sensor for mass recording and camera or capillary height monitoring

Results and discussion

At the considered initial time the liquid (water) is added to reach contact with lower part of the porous domain
and the real-time mass is recorded by balance or force sensor. Meanwhile, a camera is used to record the liquid
height inside the tube. We will present in this section the obtained results from the homogeneous and the
heterogeneous domain (including 2 layers’ interaction and 6 multilayers interactions). The evolutions of
capillary rise are analysed and interactions between layers are discussed as well. For the homogeneous case, it
is a validation procedure and we will confirm the accuracy of the used experimental technique, as well as the
equivalent capillary diameter deduced from the sands.

Figure 9 represents the obtained results of maximum height for homogeneous domain. This figure represents
both the visual capillary rise height recorded by the camera (represented by dots) and the height deduced from
the obtained weight evolution of the absorbed liquid (represented by line). We include a few images at some
time points to illustrate the obtained rise dynamics. Concerning the optical technique, it is explicit and therefore
considered as a calibrating ruler. However, what we observe is the external surface, and we consider that the
liquid level is the same on the horizontal plan. On the other hand, the weighting technique is able to provide the
information of the liquid mass evolution. In order to convert the mass to height (proportional to volume and
porosity), the section surface and the media porosity have been considered constant. For monodispersed spheres



the porosity does not depend on the sphere diameter but could depend on the type of arrangement. For
arrangement styles of hexagonal compact, dense packaging, and hexagonal simple packing, the porosities are
26% 36% and 39%, respectively, and the porosity will decrease if it’s not monodispersed spheres. For example,
a bi-dispersed spheres of diameter ratio of 2 (the present used sand gap) will decrease the porosity by a factor
of 0.9 [37]. We will consider in our case the porosity of order of 0.32. Some difference between the two
techniques are presented and will be discussed later.

Weight, Image, D{mm)

Time (s)

Figure 9. The liquid height rises for homogeneous domain, using the image processing (the discrete dots), and
weighting techniques (the continuous line). The inserted chosen images are at the time points of 70s (Scm),
140s (9.5cm), 280s (13cm), 560s (16.5cm) and 1120s(19cm), respectively

Figure 10 summarizes the obtained results of height evolution for homogeneous sands of different sizes within
the analysed domain. This figure represents also both the visually capillary rise height and the height deduced
from the obtained weight evolutions. As expected, the increasing water content and the capillary rise heights for
each sand dimension are in inverse proportion to the capillary dimension, which means the smaller the capillary
diameter, the higher is the equilibrium height of the liquid rise.

It is important to mention that during the transient period, the water absorption rate for bigger sands is faster
than the smaller ones. The rise speed decays later and the smaller size retrieves its higher rise ability. Therefore,
the smaller size allows higher final rise and bigger diameter exhibits faster rise in the early time. Such difference
of speed rise was introduced previously and it is a consequence of geometrical aspect.

Concerning shear stress during capillary rise, under the condition of the same bulk volume, the specific surface
area of fine sands is much bigger than that of the coarse sands, which contributes to the increase of the shear
stress. We have the theoretical support that macro pores are responsible for diffusion during the short time and
micro pores are responsible for diffusion during the long time [19]. The optical technique and mass recording
results agree well on the evolution behaviour, while the minor difference could be consequences of:
* the downside perturbation which is a consequence of the initial contact of the porous media and the
horizontal liquid free surface (feeding tank)



* the non-flat liquid rising on the upper surface. We attribute partially this difference to the change in
porosity at the wall-sand vicinity of the box.
The second point is confirmed by the difference of the continuous evolving between the final steady state of
liquid height obtained by the sensor technique and the optical one (external surface), which is the consequence
of this extra capillaries rising liquid.
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Figure 10. The height liquid rises versus time for different homogeneous domain, using both the image
processing (dots) and weighting technique (lines)

The final reached steady height for the different equivalent capillary radius is represented in Fig. 11. The
analytical estimation height is also compared in the same figure. The final height shows a good agreement and
confirms the validity of using such modified equivalent radius to estimate the maximum liquid rise in steady
state. Some errors remain as previously discussed and we underline that for the very fine sand the time to reach
the experimentally steady state becomes so long that we use an extrapolating filling curves to extract the
corresponding value. We presented the obtained imbibition results for the homogeneous domain. It allows the
validation of our experimental, as well as the equivalent capillary diameter deduced from the sands.
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Figure 11. The effect of sand equivalent radius on the maximum liquid height rise (homogeneous domain)

The obtained experimental height rise appears to vary linearly to v/t and it is coherent with the analytical
solution in the intermediate time and the considered experimental values of Q . The vertical velocity is deduced

to the variation as V,~1/+/t. For heterogeneous domain, and as presented in Eq. (8), the horizontal pressure
difference induces velocity excess, which is given by:
dz,

1 R 1
W) =(G5), = -@on 2 Gay by )

Z, €088, Z,

Comparing this excess of vertical velocity to normal rise velocity, ;,/(V;,), is the dimensionless number
expressing the coupling phenomena level. This coupling is controlled by the two parameters (£2; Bo ) and the
ratio of the two adjacent layer geometrical characteristics, low coupling of the two-layer resistance
(permeability) Bn, and the surface connecting é.

As previously underlined the speed to reach the final maximum z,,, is higher for bigger size of sand especially
during the early time. We will analyse the coupling between the different adjacent layers in order to check the
filling enhancement in the vertical multilayer case. We will analyse and discuss firstly the evolutions in a double
layer test then a six — layer experiment.

Similar to the previous analysis for monolayer (homogeneous), we will present in this part the obtained results
for the multilayer case (heterogeneous). As previously considered, the initial time is the very first moment that
the liquid in the container gets in contact with the lower part of the sand domain. Fig. 12 presents the obtained
results for the heterogeneous bilayer (0.3 mm and 0.6 mm) and the correspondingly separated homogeneous
case. We retrieve the previous tendency obtained in the homogeneous case and in the previous model.

As showed in Fig. 12, during the transient period, the water imbibition rate for 0.6 mm is faster than for 0.3
mm. The rise speed decays later and the smaller size retrieves its ability of higher capillary rise. The
heterogeneous case is represented by bigger half solid dots (see Fig. 12a). The 0.6 mm sands evolve almost
identically to the homogeneous case (discussed in section analytically) and the 0.3 mm sands exhibit a faster
liquid rise due to the coupling. A series of images during the test are selected to illustrate the coupled evolution
and the feeding of water from 0.6 mm (the left side in bilayer images) 0.3 mm (the right side in bilayer images).
The coupling is also illustrated by the irregular shape of the upper liquid surface.



We have access to the external surface observation but the liquid level is not necessarily the same on a horizontal
interface plan. We can validate the obtained observation results by using the weighting (liquid mass evolution)
techniques and the conversion of the equivalent obtained volume (z; and z, ) into mass. We plot such obtained
equivalent mass by using the base surface of the media and its porosity. The results are plotted in Fig. 12b. This
first heterogeneous bilayer domain (0.3 mm and 0.6 mm) exhibits a validation of the two used techniques
(weight evolution of the absorbed liquid and the deduced mass from the two obtained height of the two layers,
Fig. 11a).

The evolution of rising fluid over time is confirmed, as well as the final height position or mass in the steady
state. We observe that the optical technique induces artefact, which could be a consequence of thin layer wetting

rising along the external surfaces of the domain, and it is similar to what we got in the first homogeneous case.
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Figure 12. The liquid height rises for the heterogeneous bilayer domain a), and the corresponding mass
evolution, image processing in dots and the lines are for weighting technique b)

These interesting results of enhancing speed liquid rise in small equivalent capillaries will not overcome the
maximum second fast rising layer (bigger diameter) and limited by the horizontal feeding velocity consequence
of flow resistance (permeability and layer thickness). This flow resistance increases with the layer thickness and
we will analyse this effect (thickness: 2.5 cm to 7 cm) in the following discussions.

To explore and generalize this observation we continue analysing a heterogeneous domain of multiple layers
(six) as illustrated in Fig. 13. It is described in Fig. 13a the successive filling layout to get the six parallel layers
with each layer thickness of 2.5 cm, and covering the diameters of 0.1 mm, 0.3 mm, 0.6 mm, 1.2 mm, 2.4 mm
and 4.8mm. The photo of sands layout before and after the imbibition test are presented in Fig. 13b and Fig.
13c, respectively.
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Figure. 13: Heterogeneous domain of six layers with sand diameters of 0.1 mm, 0.3 mm, 0.6 mm, 1.2 mm, 2.4
mm and 4.8 mm a), the vertical domain before imbibition b) and after imbibition c)

Figure 14 presents the results for the heterogeneous multilayer (from 0.1 mm to 4.8 mm) and the reference
homogeneous case corresponding to 0.1 mm. We retrieve the previous tendency obtained in the bilayer case and
in the previous model (coupled equivalent capillaries). The same results are observed as in the bilayer tests that
during the transient period, the water absorption rate for bigger diameter is faster than smaller diameters and
the bigger diameter is able to exchange and feed the adjacent layer of smaller diameters. The rise speed decays
later and the smaller size retrieves successively its higher rise ability. A series of images are included in Fig. 14
to present the reached height level of liquid rise on the successive layers. It is indicated that the consecutive
layers are of same liquid height for given time and when a layer becomes closer to its own maximum height it
stops evolving and the other adjacent (right) layer follows the trend. This phenomenon is observed from bigger
diameter to smaller one (from left to right).

The homogeneous case is represented by bigger black stars and dashed line in Fig. 14. The 0.1 mm exhibits a
faster liquid rise and almost identical to the 0.3 mm on large time duration. The 0.3 mm was followed by the
0.6 mm tendency which lasts for a shorter time. Fig. 14 confirms again the strong enhancement in liquid speed
filling as the 0.1 mm in heterogeneous case (red stars dots) reach the 200 mm height in 250 s instead of the 1200
s for the homogeneous case (black stars dots for homogenous case of 0.1 mm).
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Figure 14. Liquid height rises for heterogeneous multilayer domain and the corresponding reference of
homogeneous 0.1 mm case, images inserts illustrate the top shape
of the liquid rise over such heterogenous domain.

From the results of heterogeneous case, it can be indicated that for two adjacent layers, there is the maximum
height difference that can be reached, and the angle between the two heights is almost a right angle, as shown
in the insert graphs of Fig. 14. The reader can mention such a surprising behaviour as we will get horizontal
pressure gradient. It can be explained firstly that the capillary rise has reached its maximum height (for example
Zmax1 and Zmax2) because of the surface tension and corresponding equivalent radius. The layer which is finer in
particle size absorbs water from the adjacent layer which has larger particle size, and the system will ultimately
reach an equilibrium. Towards the tendency of minimizing the pressure difference and the gravity, an overall
curvature is drawn and ensures the transition between the part of the fluid of the two successive layers.

On the other hand, in the second analysis we can argue that the capillaries could adjust the curvature on local
capillaries diameter to equilibrate the gravity effect at given height without exchanging with the adjacent layer.
We mentioned several times during the comparison of our two techniques for mass (or height) evolution that
the liquid is wetting the box border and by capillary effect it allows the liquid to continue moving along the
border and changing the appearance (optical technique) without varying the mass evolution (added liquid). Such
artefact is also observed in this last test, especially in the longer time where the initially parallel clear liquid
column rises on each layer with almost perpendicular transition progressively become a transition zone with
curvature, as presented in Fig. 15.

The rise improvement for heterogenous cases (corresponding to equivalent capillary rise and capillary rise with
layer exchanges) has been demonstrated explicitly and quantified experimentally and analytically. The
interaction between these layers demonstrates how the cooperation appears in nature in order to fit with the
optimal situation of fast filling the porous media or the equivalent in drying. Experimental results have
favourable accordance with the theoretical analysis and the enhancement in imbibition has been demonstrated
and explained as well.



The imbibition, as previously mentioned, is more complex when evaporation occurs in nature due to the salt
deposition in more complex heterogeneous structure[38]. In some other application such deposition is used to
repair the disorder in porous material such as in buildings[39].

Figure 15. Liquid rise interface shape at two different time points (early — left and later — right),
and their corresponding zooms (in central position)

CONCLUSION

This work allows to have a better understanding of flow mechanism in porous media for imbibition or drying
process. A combination of experimental methods with single or multilayers is performed to investigate the
dynamic capillary rise in such porous media. The procedure provides effective approaches to analyse both
homogeneous and heterogeneous domains in permeability. The first part has led us to synthesize bibliographic
information on geometric properties and capillary rises in porous media. The second part concerns the study of
the capillary rise for the homogeneous and heterogeneous domains for different granulometry and surface
tension. In summary, the smaller size or the higher surface tension will lead to a higher height of the capillary
lift. On the other hand, the evolution of absorbed water illustrates more complex trends over time. The control
and the prediction of the liquid content will allow to quantify the intra-capillary forces and thus to get access to
the internal forces governing the water displacement in materials.

The practical significance of this work also lies in clarifying the establishment of a controlled protocol, the
design and realization of the test benchmark. This will allow the continuity of the action and the understanding
of the competition of the capillary rises in more complex heterogeneous domains coupled with a surface
evaporation. These phenomena of liquid penetration will also explain the origin of disorders for structures above
ground (building, support structures, etc.) as well as underground structures (tunnels, deep foundations, etc.),
and also serve as a criterial of judging when liquid rise is feeding evaporating interfaces.



Nomenclature

Bo

Bny

Qv

Rcap

R;, R,

eq

Bond number

Flow coupling through the two-layer resistance
(permeability)

Dimension

Gravity acceleration

Galileo number

Mass in tube

Mass in cap close to the tube

Mass in connecting area, tube vicinity to infinity
Pressure

Volume flux

Radius

Equivalent capillary radius

Double radii curvature of the liquid interface
Equivalent hydraulic resistance

Surface

Time

Dimensionless time

Reference time

Inertial reference time

Shear reference time

Diffusive reference time

Interface velocity (horizontal permeability)
Vertical capillary height

Maximum capillary height in steady state

kg

kg
kg

Pa



APcl/Z_int ’

Tcis

Dimensionless capillary height
Dimensionless capillary rise speed
Dimensionless capillary rise acceleration
Porosity

Pressure difference between capillary center and
interface

Contact angle

Dynamic viscosity

Kinematic viscosity
Dimensionless number

Liquid density

The surface tension of the liquid

Shear stress

Pa
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