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Abstract: The convective drying of a composite system made of a porous medium covered with a paste
is a situation often encountered with soils, roads, building and cultural heritage materials. Here we
discuss the basic mechanisms at work during the drying of model composite system made of a
homogeneous paste covering a simple granular packing. We start by reviewing the rather well-known
case of the convective drying of a simple granular packing (i.e. without paste cover), which serves as a
reference for physical interpretations. We show that a simple model assuming homogeneous
desaturation then progressive development of a dry front from the sample free surface is in agreement
with observations of the internal liquid distribution variations in time. In particular, this model is able
to reproduce the saturation vs time curves of various simple granular systems, which supports our
understanding of physical mechanisms at work. Then we show the detailed characteristics of drying of
initially saturated model composite systems (with kaolin or cellulose paste) with the help of MRI
measurements providing the liquid distribution in the sample at different times during the process up
to the very last stages of drying. It appears that the granular medium is unaffected (i.e. remains
saturated) during an initial period during which the paste shrinks and finally forms a sufficiently rigid
porous structure which will not any more shrink later on. Then the drying process is governed by
capillary effects down to very low saturation. Over a wide range of saturations both media desaturate
homogeneously (within each medium) at different rates which depend on the specific porous structure
of the media, so as to maintain capillary equilibrium throughout the sample. During these different
stages the drying rate of the whole system remains constant. For sufficiently low saturation in the
paste a dry front can develop, both in the paste and the porous medium below, and the drying rate
now decreases. These results show that in a drying composite system liquid extraction can occur more
or less simultaneously in the different parts of the material up to the very last stages of drying. The
corresponding evolution of the distributions of liquid in the different parts of the sample also provides
key information for the prediction of ion or particle transport and accumulation in the different parts
of a composite system.

1. INTRODUCTION

Drying plays a major role in various industrial and environmental processes involving materials initially
containing liquid such as cosmetics, soils, plasters, paints, paper, textiles, food products, agricultural
products, etc. Although understanding and controlling this process are critical for minimizing energy
consumption and/or controlling the final material properties, its scientific description remains
challenging as it involves a transient and spatially heterogeneous phase transition. Direct modelling
approaches were developed, leading to a system of several partial differential equations in time and
space involving a series of more or less adjustable parameters [1-3], so that the ability of such
approaches to understand drying physics remains questionable. On the other side, basic
phenomenological mechanisms of drying in simple solid porous systems initially filled with pure liquid
and in the absence of gravity effects have been identified [4-10]. First, a more or less long constant
(drying) rate period (CRP), with a homogeneous desaturation of the medium, occurs. In this regime



capillary equilibration processes allow for water redistribution throughout the medium so that the
saturation (i.e. liquid to void volume ratio) decreases uniformly [4, 11-14]. This is generally followed
by a falling-rate period (FRP) associated with the development of a heterogeneous profile of saturation
[4, 11-14]. It is considered that the onset of this effect results from a demand of liquid, through the
imposed evaporation rate at the free surface, larger than the liquid transport induced by a gradient of
capillary pressure within the porous system [7, 9, 15].

The mechanism assumed to govern this second regime is the inward growth of a dry region from the
sample free surface [4, 7, 9-10, 15], which is apparently confirmed by some external observations for
large systems [16-17]. Under this assumption, after some transient stage, the drying rate would be
controlled by vapor diffusion from the wet front to the free surface of the sample. This leads to a mass
loss varying with the square root of time (see below), in agreement with some observations [13, 15,
18-20].

The description above corresponds to a homogeneous porous medium, but there are also various
situations in which the porous medium is made of layers of different characteristics. This is for example
the case with some soils, roads, or building structures coated with mortar or plaster layer. Such
structures are submitted to imbibition-drying cycles which can lead to the transport and accumulation
of particles or ions which can then affect the properties of the structure. One original application is the
poultices used for removing salts from cultural heritage [21-22]. In that case a layer of wet paste
(poultice) is coated to the wall, so that the water first penetrates it and, is then removed during drying;
it is expected that it will transport salts towards the poultice during the latter stage.

Existing knowledge of the mechanisms of drying of such “composite” systems, made of a paste, i.e. a
widely deformable material, over a solid porous medium, is limited. We can certainly expect that a
major role will be played by capillary effects which will tend to impose some specific distribution of
liquid according to the different pore sizes in the different parts of the system [23]. This effect was for
example observed during drying of systems made of two or three layers of bead packings with different
bead sizes [11] and submitted to an air flux along the top surface: the water is removed from the layer
made of the largest beads, whatever its position with regards to the sample free surface. Direct
observations by MRI (Magnetic Resonance Imaging) [24] of the liquid distributions were also carried
out with systems closer to real ones, i.e. with a poultice made of a clay-water matrix mixed with sand
(upper layer), above a simple granular medium (lower layer). During drying the liquid appeared to be
extracted first either from the upper or from the lower layer, but no clear explanation was found. In
fact the paste in the upper layer, containing both a colloidal suspension and a high concentration of
grains, is a complex material the drying characteristics of which depend on the relative concentrations
of the different elements and the type of interactions between the particles of the paste [13]. Finally,
various experiments showed indirectly the existence of liquid transport between two porous media in
contact, through the salt redistribution [25]. On another side, the drying of a composite system is a
situation to which the drying of a layer of material made of deformable particles (latex, droplets)
may naturally lead [26-27]: the extraction of liquid from the regions close to the free surface induces
a compression of the material and thus a decrease of the liquid content, while the lower regions may
remain at the initial concentration. However, in that case the system possibly made of two regions
of different liquid content is the result of a coupling between capillary effects and the mechanical
properties of the materials in each region, and the boundary between these two regions can
continuously evolve during the test, which adds a degree of complexity.

Here we intend to get some clear observations of the main effects occurring during the drying of
composite systems (paste over granular packing) with a fixed boundary between the two domains. In
that aim we will observe the detailed characteristics of drying of model composite systems with the
help of MRI measurements providing the liquid distribution in the sample at different times during the
process up to the very last stages of drying. We start by presenting the materials and procedures. Then,
to facilitate the physical interpretation of data we first review our knowledge of the mechanisms of



drying of simple (homogeneous) porous media, through an analysis of MRl and macroscopic data.
Finally we present and discuss detailed observations of the drying of two composite systems.

2. MATERIALS AND METHODS

2.1 Materials

The clay paste is made of kaolinite platelet particles about 1 um long (supplied by Sigma-Aldrich)
dispersed in water at a weight solid fraction of 50%. The typical pore size of the dried paste is around
0.5 um (see Appendix A). The cellulose paste is made of cellulose fibers (Arbocel® BC 1000 fiber length
700 um and thickness 20um, supplied by Kremer-Pigmente) mixed with water at a mass fraction of 7%
(cellulose to water mass ratio) (see Appendix B). The initial porosity is about 85%. The mean pore size
of the dried system is 30 um, which gives the typical pore size of this material at the end of shrinkage.

For the MRI experiment we used glass bead packings, with a solid volume fraction of @ = 60%, made
of beads of diameter ranging from 45 um to 90 um. We cleaned the beads by dispersing them in a
solvent (isopropanol) under mechanical stirring at room temperature for 2h, then the solvent was
removed. The same cleaning procedure was repeated with another solvent (acetone). The glass beads
were then rinsed with distilled water to remove remaining solvent and dried in oven at 70°C for 12h.

The beads were then packed in a cylindrical glass dish (D = 9cm, H = 5¢m) up to a height of 2.3 cm.
This substrate was imbibed by distilled water under vacuum until saturation. Then the paste was
coated over the substrate surface (see Fig.1a) so as to form a layer of approximately uniform thickness
of 1.7 cm. Under these conditions, only the top surface of the paste is in contact with air. We then
induce a constant dry air flux (relative humidity below 0.5%) vertically against the sample free surface
and we follow the water amount distribution in time with NMR (see Fig.1b). Such a set-up is in fact a
model system of the poultices applied to walls of cultural heritage to clean them [21-22].

======== Dry air flux

L MRI Spectrometer

— Sample holder

+— Sample

(@)

Figure 1: (a) Kaolin paste (upper region) coated on substrate surface (lower region) in the
container. (b) Scheme of the drying set-up used inside the MRI spectrometer.

We also carried out some drying tests with simple bead packing samples directly submitted to an air
flux along their top surface, and following (by continuous weighing) the mass evolution during the
process. The drying rate in the initial stage could be varied by varying the air flux, but the relationship
between the two variables is not straightforward, the drying rate depending on the details of the
interaction between the air flux and the specific shape of the sample and the details of its surface



roughness. As a consequence, in the following, for each test presented, we do not indicate the value
of the air flux velocity, which is not really meaningful, but rather the value of the resulting, initial drying
rate, which constitutes a straightforward physical characteristics of the test.

2.2 Physical analysis of the drying process

First we define the drying rate (or drying velocity), i.e. V, as the liquid volume crossing the sample (top)
free surface cross-section (of area S) per unit time and unit surface. Since the liquid can only be
extracted from the sample volume by moving, in the form of vapor, through this free surface, the mass
conservation implies that V = —(1/S)dQ/dt, in which £ is the current liquid volume inside the
sample. Note that in this approach we neglected the mass of vapor compared to the mass of liquid in
the porous medium, which is justified by their very large density difference. Besides we can express
the liquid volume with the help of the (mean) saturation (¥ ) in the sample, defined as the liquid to

pore volume ratio: Q=eHSy , where ¢ is the sample porosity and H the sample height (or

thickness), which gives the following expression for the drying rate:
V = —eH dy/dt (1)

It is worth noting that in this expression the value of the area of the sample cross-section does not play
any role. This results from our implicit assumption that at any time the physical processes at any point
in a given cross-section are identical. Thus, as far as possible, it is important to check that no significant
heterogeneity develops, which could preclude a relevant interpretation of data. Note also that our
description of the processes with variables (see above and below) also implicitly relies on a continuum
assumption, which in particular requires that the characteristic length of the sample in any direction
be much larger than the pore size.

The impact of gravity effects may be appreciated by comparing the typical capillary stress in the
partially saturated sample, i.e. &/r, with » the surface tension and r, a typical radius of curvature of

the liquid-air interfaces (for example we can consider that at the beginning of the desaturation r ~ R/3

with R the average bead radius, and then smaller values for r are obtained for lower saturation), to
the characteristic stress due to gravity, i.e. pgH , with p the liquid density and § the gravity. In our
tests the ratio between the capillary stress and the gravity stress is much larger than 1, indicating that
gravity effects are negligible in all our tests (in the typical case of 62 um beads with a sample thickness
of 2 cm this ratio is 35).

2.3 MRI Measurements

We look at the evolution of the water distribution in time with the help of MRI (Magnetic Resonance
Imaging) measurements, either from qualitative 2D images of a sample cross section along the vertical
axis, or from quantitative 1D projections of the liquid content on the vertical axis, hereunder referred
to as 1D profiles, where each data point represents the integrated NMR signal (proportional to the
water mass) in a 1 mm thick layer.

All measurements are performed at a 24/80 DBX 0.5-T *H MRI spectrometer by Bruker (20 cm open
diameter in the sample area), operating at 20MHz. During the whole drying process, which usually took
2 weeks, the sample was simply left at the magnetic center of the MRI system under a descending
vertical dry air flux.



Profile measurements

The distribution of apparent water along the sample vertical axis (z) were measured by means of the
Single Point Imaging (SPI) sequence [28-29]. Among some other purposes such as removing
susceptibility and chemical shift artifacts, this sequence is also usually dedicated for studying materials
with very short spin-spin T, relaxation times. , i.e. shorter than typically 1ms. It was chosen here instead
of the more classical spin-echo sequences because small relaxation times were likely to occur in our
samples at the very end of the drying process, when the water amount becomes very small.

Our implementation follows that of [30], which allows the recording of a series of NMR profiles as a
function of T over some time interval. The signal is further extrapolated based on an exponential model
to provide a profile s, compensated for the effect of spin-spin relaxation and possibly field

inhomogeneities: S(T)=SO eXp(r/Tz ) Although the monoexponential relaxation can only be an

approximate hypothesis, this type of extrapolation can however be shown to provide a reliable
estimate of the amount of water present even in slight multiexponential cases. We then yield the
distribution of water in small cross-section layers (Imm thickness) along the sample axis at different
positions and time.

The sequence tuning used a field of view of 6 cm and 60 pixels that is a space resolution of 1 mm. The
duration of the hard Radio Frequency pulse was 10 ps, yielding a tilt angle for the spins of #=8°. 30
values of T were recorded between 7,,,;;, = 300 us and 7,4, = 590 ps. The recycling time TR was
set to 500 ms, essentially due to hardware limitation, and prevented any saturation of the NMR signal
owing to slow spin-lattice relaxation at the early stage of the drying process, where the T; values in the
paste and the beads were measured at 100 ms and 220 ms respectively. The whole profiling process
was repeated 16 times on purpose of phase cycling and signal accumulation, and lasted about 8 min.

Note that measured profiles do not simply indicate the water amount, but are also sensitive to the
geometry of the sample and its container. In particular, at the end of their preparation, due to the
meniscus effect and the container shape, the sample top and bottom are slightly curved, which induces
the appearance of ramps on the profiles, i.e., a progressive decrease of the NMR signal over the
millimeter order even if the saturation in the sample is homogeneous.

Imaging

2D Images were obtained in a vertical (radial) cross section of the sample by means of a spin-echo
sequence with a slice selection [31]. The measurements are qualitative, and weighted by spin-spin
relaxation so as to well observe the various parts of the sample. The signal intensity on the MRI picture
is therefore not directly proportional to the local water amount, but reads instead
s=s, xexp(—TE/T,). Since T, in a desaturating porous medium is a growing function of the water
amount, the image intensity however remains a growing function of the water amount for
interpretation.

The sequence tuning used a vertical and horizontal (read out) field of views of 6.5cm and 20cm
respectively, with a space resolution of 1mm in both directions. The slice thickness was 1cm. The whole
imaging process was repeated 8 times on purpose of phase cycling and signal accumulation, with TR=1s
and TE=4.2ms, and lasted about 9 minutes.

3. RESULTS AND DISCUSSION
3.1 Drying of a homogeneous bead packing

Let us start by reviewing typical observations for the drying of a bead packing directly submitted to an
air flux along its top surface. In that aim we may refer to the detailed liquid distributions in time
provided by [18] for a series of bead packings with bead size ranging from a few nanometers to a few
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tens of microns. For bead size larger than 80 nm the set of liquid profiles in times have similar
qualitative characteristics [18]. During a first period the saturation profiles remain parallel to each
other and almost horizontal, which means that the saturation decreases while remaining uniform
throughout the sample. Then, the edge (towards the sample top) of the saturation profile curves and
tends to zero at some finite distance from the sample top, so that some (apparently) dry region appears
above this distance, while the saturation in the rest of the sample remains approximately uniform; the
thickness of this dry region increases in time (see inset of Fig.2). It is worth noting that in this regime,
in the region of uniform saturation there is still some slow decrease of the saturation level in time. In
Figure 2 we plot the liquid mass, represented through the saturation as a function of time for this
experiment. Note that here the liquid mass at different times was deduced from its initial value (found
by sample weighing) and the integration of the NMR signal, a priori proportional to the water content,
over the successive profiles. Two main regimes clearly appear. In a first period (Constant Rate Period,
or CRP) the saturation decreases linearly, then, below a critical saturation (), it starts to decrease

much more slowly; this second stage corresponds to the Falling Rate Period (FRP). It is remarkable that
the CRP corresponds exactly to the period during which the saturation profiles remain uniform, while
the FRP is associated with the development of a dry front and thus the end of the homogeneous
desaturation of the sample. This correspondence is illustrated by the location of the transition seen
in MRI profiles placed in the saturation vs time curve (see Fig.2). Another approach for discussing
the transition consists to follow the rate of drying, determined from the derivative of the saturation
vs time curve. This approach appears to be fully consistent with the above observations: the location
of the transition determined from MRI data correspond exactly to the location of the change in slope
of the drying rate curve, i.e. the regime change (see Fig.2).
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Figure 2: Drying of a (1 um) bead packing submitted to an air flux: saturation vs time as
deduced from the integration of the NMR profiles shown in the top right inset (data from
[18]). Here the critical saturation for the transition between the CRP and the FRP regimes
is w, =0.17 (indicated by a grey disk). The continuous line corresponds to the saturation
evolution deduced from the model given by equation (4). The bottom left inset shows
the drying rate as a function the saturation, computed from the data of the main graph.



Let us now attempt to explain these observations. Drying relies on the evaporation from liquid-air
interfaces. As soon as the porous medium is partially saturated, liquid water and vapor coexist inside
the sample. In general drying is sufficiently slow for the dynamical effects to be relevantly considered
as quasi-static, which here means that the liquid and vapor transports at a given time can be estimated
by assuming that the main (other) characteristics of the system remain constant. Thus, we can discuss
the evaporation process from the sample during the CRP: since the sample is partially saturated over
all its height, there are liquid-air interfaces at any point in the sample so that evaporation can a priori
take place everywhere; however, since during some elementary drying process the liquid-air interface
can be considered as fixed, a vapor transport towards the sample top (exit) can only occur as a result
of a vapor gradient. Since air volumes sufficiently far from the sample top are surrounded by liquid-air
interface, the maximum vapor pressure is likely reached in these regions, so that there is no vapor
density gradient able to induce a diffusive vapor transport towards the sample exit. As a consequence,
the liquid-air interfaces surrounded by static vapor at the maximum pressure do not evaporate, and
only liquid-air interfaces situated close to the sample free surface significantly evaporates. A
demonstration of this effect by numerical simulation was provided in [32]: in a thin tube initially filled
with water and closed at one side, and open on the other side, the vapor pressure is uniform all along
the tube as long as the sides of this tube are covered with a liquid film as a result of homogeneous
desaturation, and decreases only at a short distance from the channel exit, where most of the
evaporation takes place.

Another way to think about these results is to consider the liquid phase. Since the saturation is uniform
and the sample is homogeneous, the capillary pressure is uniform through the sample. Moreover, as
time goes on, the saturation decreases but remains uniform. This means that as soon as some liquid is
withdrawn somewhere, immediately the liquid distribution adjusts throughout the sample in order to
maintain the uniformity of the capillary pressure. Since the liquid can exit from sample only at its top,
this implies that the liquid is extracted in this way, by evaporation from the sample top.

To sum up, during the CRP, in such a system, the evaporation occurs essentially from the liquid-air
interfaces situated around the sample top, and the liquid is progressively transported towards the
region of evaporation, through capillary re-equilibration processes. Such a conclusion is not new (see
e.g. [4, 7, 33]), but reviewing how it can be demonstrated from our observations provide useful
arguments for the analysis of the drying of a composite system.

Let us now see how the constant rate of drying in this regime can be explained. For a planar liquid-air
interface (along which the relative humidity (RH) is N = 1) situated at a distance 0 from a region where
the relative humidity is fixed at n,, the second Fick’s law (an/at = D&?n/ax? , with D' the diffusion
coefficient) tells us that in steady state (on/ot = 0) the gradient of relative humidity is uniform and

constant. Under these conditions, from the first Fick’s law, the flux of vapor, expressed as a liquid
velocity, i.e. the drying rate, writes

v, = 2050 AN 2)
p O

with here An=1-n,, D,=2.7x10°m?s* the water vapor diffusion coefficient in air,
P, =23.4g.m* the maximum vapor density in air (at 25°C), and © the liquid density. The
evaporation from the more complex liquid-air interfaces around the free surface of a wet porous
medium submitted to an air flux (in which the relative humidity is n,) is obviously more complex.
However, the general mechanism is the same as for a simple planar interface: the air flux forms a
region of exchange through which the vapor is transported, the size of this region depends on the



boundary conditions for this air flux, including the detailed shape (roughness) of the free surface of
the sample; the liquid evaporates from the different liquid-air interfaces depending on the exact
distribution of relative humidity in the surrounding air, then the vapor is transported towards the air
flux region where n=n,. Finally we can consider that the same type of law as above (2) will be valid

with now J being a “hydraulic resistance » of the medium [34], which here encompasses both the air
flux characteristics and the structure of the porous medium. For models materials, made of dispersed
similar liquid patches over a planar surface, this hydraulic resistance has been quantified in details
through numerical simulations [35-36]. Here we will not discuss further that point, we will simply
consider 0 as given by the characteristics of the system (including the air flux). A fundamental point is
then to remark that, in order to get a constant drying rate in the first regime, it is necessary to assume
that these structure characteristics do not vary significantly [33], so that ¢ can be considered as
constant. Note that in fact, in some cases, a slight decrease of the drying rate is observed in this regime,
but we will neglect this aspect for modelling. Finally, under these conditions, we can express J as a
function of the initial drying rate, which, for n,=0 (dry air flux above the sample), gives

5:(/00//0)D0/V0 :

According to this analysis it is natural to consider that the second regime of drying, associated with a
significant change of the drying rate, corresponds to a significant change of the distribution of liquid-
air interfaces around the sample free surface. Actually, it is observed that this corresponds to the
development of a dry front, which means that capillary effects are no more able to supply sufficiently
rapidly some liquid in order to replace the evaporated liquid at the sample top. There exist some
attempts to quantify this effect, either through a comparison of characteristic velocities [7] or
characteristic lengths [33], taking into account the permeability of the medium under partially
saturated conditions. Note that such further developments might provide some elements to predict
the critical saturation associated with the transition from the CRP to the FRP, which appears to vary
around 0.1 (see below) in our different tests, and very slowly increases with the bead size [18].
However, this is out of the scope of our study which focuses on the basic mechanisms of drying of
composite samples, and we will simply consider v, as an observed parameter.

According to our observations of a dry front development and following the same reasoning as above
for the evaporation from the free surface of a porous medium, we can now consider that most of the
evaporation now takes place essentially around the region of the front of the profile situated at a
distance N from the free surface (where n=1). Thus we assume that the vapor diffuses to the free
surface over a distance N, i.e. the thickness of the dry region, before reaching the external boundary
layer. Again, from the Fick’s law, we deduce that the vapor will diffuse through the porous medium,
thanks to a constant gradient leading to a relative humidity at the sample free surface now equal to
n, . Applying the above result for the evaporation from the top surface region of the porous medium,
we then expect a drying velocity V =n,p,D,/pd =nV,. Besides, the RH gradient along the dry region
inside the sample induces a vapor flux which can be expressed in steady state as V = p,D,(1—n,)/ph
, where D, is the vapor diffusion coefficient through the (dry) porous medium. We can write D, as
&D,/7, where ; is the tortuosity of the medium [37]. Note that in this description D, appears
independent of the bead size, which translates into the assumption of the kinetics of vapor diffusion
not being affected by pore size. From the two above expressions for the vapor flux we deduce

n, =1/(1+ D,h/D,d) , and the drying rate can be written

V=p0 \ — (3)
p h+6



with 6" =D,5/D, = &5/z ~ 5/4.

In order to determine the evolution of the saturation in time we can assume that in the FRP the dry
region develops without saturation change in the rest of the medium. In that case the mean saturation
in the sample writes y = (1—h/H )y, . From MRI measurements we know that this does not exactly
correspond to reality, as during the CRP the saturation keeps on slowly decreasing in the wet region
(see inset of Figure 2), but it seems interesting to test this hypothesis which has the advantage to
simplify the description and the calculations. The drying rate (1) now writes V = gz//o(dh/dt). Equating

this rate with that associated with vapor diffusion, and using the above expression for d as a function
of V,, we find after integration:

2At 1 1

h= + -
eya  aN,  aV,

(4)

where o = p/p,D, and At =t —t, with t, the time at which the transition from the CRP to the FRP
2
occurs. At short times, i.e. At << gy, /OCVO , the thickness of the dry region varies as a function of the
2
imposed evaporation rate (V, ). At longer times, i.e. At >> 81//0/0!V0 , the second term in the square

root of (3) becomes negligible and we have h = ,/2At/8!//006 . According to this model, there may exist

some situations for which the FRP regime is not apparent, because it lasts a short time as compared to
the rest of the process. For the FRP to clearly appear in the saturation vs time curve, the time
associated with the end of drying under the conditions of the FRP, i.e. At , must be much smaller than

the duration of the second regime, i.e. At,. Since the drying rate is V, in the CRP we have

At, ~ eHy, /V, . On the other side, from (4) we have in general (except for thin sample layer)

H~ ZAtd/El//OOC. We deduce that the FRP will clearly appear during the drying process only if
V, >>2p,D,/pH
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Figure 3: Saturation (¥ ) vs time during drying of bead packings for different sample
thicknesses ( H ), initial drying rate (V, ), and critical saturation (v, ) (fitted): (data from
weighing) for 62 um mean bead size, (black triangles) 0.6 cm, 0.22 um.s?, 0.13; (green



open diamonds) 0.9 cm, 0.38 um.s?, 0.1; (blue squares) 1.2 cm, 0.17 um.s*, 0.12, and 0.38
um.s?, 0.11; (stars) 5.6 cm, 0.2 um.s*; covered bead packing 2 cm with kaolin (blue filled
diamonds) or cellulose (red cross-circles) paste 2 cm, 0.047 um.s* (MRI). Data from [18]
(MRI): (light blue circles) 1.5 pm mean bead size, 1.1 cm, 0.11 um.s™, 0.17; (black crossed
diamonds) 62 um, 2.6 cm, 0.018 um.s™. Drying of bead packing initially filled with ethanol
(cross-squares): (weighing) 116 um, 1.5 cm, 1.6 um.s". The continuous line corresponds to
the model (4).

Let us now compare the predictions of this model with experimental results in terms of mean
saturation evolution in time. In that aim we consider tests carried out, either specifically within the
frame of this study or taken from literature. This provides a set of data obtained under different
conditions for air flux, bead size, liquid type, sample thickness. The results are represented in terms of
mean saturation vs time (see Fig.3). The timing of each curve depends on these different
characteristics, it is in particular faster for ethanol than for water, faster for stronger air flux, and longer
for larger sample thickness. We then fit the model given by equation (4) by determining the initial
drying rate (i.e. V,) from the slope of the saturation vs time curve at the beginning of drying. Note

that due to a possible slight decrease of the (experimental) drying rate along the CRP a slight increasing
discrepancy between experiments and theory (linear variation in the CRP) may be observed in this
regime as the saturation decreases. Then we fit the critical saturation (i.e. ) associated with the

transition from the CRP to the FRP: the critical saturation is taken at the beginning of the fast slope
change in the saturation vs time curve. We finally see that without any other adjustment of parameters
the model predicts rather well data obtained under various conditions (see Fig.3). These results show
that the above simple model well captures the main physical effects observed at a macroscopic scale,
i.e. homogeneous desaturation then development of a dry front, even if in reality there is still some
decrease of the saturation in the wet region in the FRP (see Fig.3) likely due to further capillary re-
equilibration effects in the wet region during the FRP (see [18]). In fact, this phenomenon is quite
consistent with the assumption that the dry front develops when the liquid is unable to reach the
sample top due to capillary effects in the timing allowed by evaporation from the free surface: in order
to have a front progression inside the sample, which induces a decrease of the drying rate, the
characteristic time for liquid draining towards the sample top must increase correspondingly, an effect
which can be obtained if the liquid films in the wet region become thinner. As a consequence the above
model cannot be considered as a perfect description of the process at a local scale, but rather as a
good macroscopic description relying on main physical effects. Also note that in this context the critical
saturation is found to vary between 0.09 and 0.17 depending on the experimental conditions, but we
have no clear explanation for that.

3.2 Drying of composite systems

We now study the drying of a bead packing covered with a paste. Let us first consider the case of a
clay-water paste. The bead packing is initially filled with water and the clay paste is saturated (i.e. solid
fraction: 50% wt). From basic Magnetic Resonance Imaging it appears that during a first stage the paste
shrinks vertically while drying (see Figs.4a,b,c): the free surface level progressively decreases, and the
water amount decreases in this region, while the granular packing below remains unaffected. After
this period the paste does not shrink any more during the rest of the experiment: the sample keeps a
constant height whatever the internal changes (see Fig.4c,d,e,f). The second period then starts, during
which the water amount in the paste apparently remains constant while the saturation in the grain
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packing decreases until it reaches a too low value to be visible with such MRI technique (see Fig.4c,d,e).
Finally, in a last stage, the paste starts again to loose water (see Fig.4f). At any time, the wet paste
covers the porous medium placed in the container, which nevertheless desaturates. Thus, remarkably,
we have here a system allowing to extract liquid from a confined porous medium sample without direct
contact of this sample with dry air.
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Figure 4: Qualitative (T2-weighted) 2D MRI Images of the kaolin paste (top) - bead packing
(bottom) system at different times during drying: (a) 0, (b) 16 h, (c) 34 h, (d) 52 h, (e) 75
h, (f) 100 h. The NMR signal on the color scale is for each phase an increasing, but non-
linear, function of the local water amount (see Section Il).

In order to have a detailed, quantitative, and more sensitive view of the porous medium behavior in
such confined conditions, we now look at the 1D profile of the water amount down to lower values
(see Fig.5). Since, as appears from 2D imaging (see Fig.4), there is no significant radial heterogeneity in
the sample at any time, these profiles provide a relevant description of the process which is now
regarded as purely mono directional, as far as water can be observed by NMR. We can see that during
afirst stage, the paste effectively shrinks homogeneously along the sample axis: its thickness decreases
while its diameter remains constant (as observed from 2D imaging), the water amount decreases due
to compaction but remains uniform.

At the end of this process the paste is still saturated. Indeed, the paste has reached its final thickness
(see Fig.4c) associated with a total height loss of 0.55cm, which theoretically corresponds to a sample’s
volume loss of about 35c¢m3. Besides, from NMR measurements, we find that the water volume loss
evaporated during this first stage is about 35 cm? (see Figure 6). We conclude that air entrance inside
the paste is negligible, i.e. the paste remains saturated until the end of this regime. This simple
shrinkage, which contrasts with fracturing or 3D homogeneous shrinkage observed in other colloidal
systems [38-43], likely results from the fact that kaolin particles do not develop significant colloidal
interactions, so that inside the paste the particles are essentially piled in disorder with various
orientations. Then, under the action of capillary forces resulting from evaporation and slight air-liquid
interface withdrawal inside the medium around the free surface, they can rearrange in a more compact
way along the sample axis
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Bead packing : Kaolin paste
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Figure 5: Successive NMR water amount profiles (from top to bottom) along sample axis
at different times (time interval 2 h) during drying of a kaolin paste/bead packing system.
Transition to regime A at 34 h (red dash line). Second transition (to regime B) at 75 h (red
dotted line). Third transition (to regime C) at 104 h (continuous thick line). The dry air flux
is imposed along the sample top (height=2.2 cm).

During a second period (regime A), the paste keeps a constant uniform water amount, but the water
amount in the grain packing decreases homogeneously (see Fig.5). Such an extraction of water, and its
replacement with air, from below the saturated paste, has already been observed in layered porous
media (small pore over large pore regions) [11, 44-46]. The same effect occurs here as soon as the
shrunk paste has become able to resist capillary forces. Indeed, as water evaporates from the paste
(with pores much smaller than those of the grain packing), some provisional thin air paths form
through the sample. As soon as these air paths reach the grain packing, they instantaneously close
back in the paste as the air invades regions with larger pores inside this packing (thus minimizing
capillary forces) [47-49]. Such a process repeats a lot of time, leading to a progressive invasion of the
grain packing with air whereas on average the paste remains almost free of air.

The most spectacular effect occurs in the next stage (see Fig. 5). Now the water amount decreases in
the paste, first homogeneously (Regime B). During that period the water amount in the grain packing
goes on significantly decreasing, now with a curved saturation profile, but no clear dry region forms.
Then, some apparently dry region starts to form in the paste (Regime C), and simultaneously, some
dry region clearly appears in the upper part of the bead packing. The thickness of each of these dry
regions then increases in time.

These different stages are directly associated with different regimes of variation of the water content
in each part of the system. During the initial shrinkage of the paste resulting from its drying, the drying
rate remains constant (see Fig.6), as usually observed with such systems (see [18]). Then, in Regime A,
the bead packing dries at the same constant rate (see Fig.6). This results from the fact that the drying
rate is still imposed by the evaporation from the sample top made of the same, saturated, clay paste.
In the next stage (i.e. Regime B), the paste starts to desaturate but its drying rate is again constant,
although slightly lower than in the previous stages (see Fig.6). At the same time the bead packing goes
on drying at a much lower drying rate, and finally the total drying rate of the system is the same as in
the previous stages. Finally in regime C the drying rate of the paste decreases to zero while its water
amount also tends to zero. We will discuss this regime in more details below.
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Figure 6: Water volume evolution as a function of time in the different parts of the bead
packing/kaolin paste system during drying, estimated by integrating the NMR signal over
the current height of each part.

For the cellulose paste/bead packing system we also have a first stage of homogeneous vertical
shrinkage of the paste without liquid extraction from the bead packing (see Fig.7a,b). After this period
the paste somewhat desaturates homogeneously while the bead packing is still unaffected (see
Fig.7b,c). Then both the paste and the bead packing desaturate (see Fig.7c,d,e,f).
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Figure 7: Qualitative (T2-weighted) 2D MRI Images of the cellulose paste (top) - bead
packing (bottom) system at different times during drying: (a) : 3h - (b) : 64h - (c) : 101h -
(d) : 120h - (e) : 146h - (f) : 160h. The NMR signal on the color scale is for each phase an
increasing, but non-linear, function of the local water amount (see Section Il).
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These different stages are more precisely identified from the NMR signal profiles in time (see Fig.8).
We have a first period during which the paste shrinks while the bead packing remains intact, this
corresponds to NMR profiles situated before the dashed line in Figure 8. At the end of this first period
the paste is still saturated. In the next period only the paste desaturates (up to the dash-dotted line in
Figure 8). Then (Regime A) both the paste and the bead packing desaturate (up to the dotted line in
Figure 8) and finally reach a saturation about 10%: in each medium the NMR signal is about 1/10 times
the initial one, i.e. when the medium is saturated. Here the paste starts to desaturate earlier than for
the kaolin/bead packing system, due to the fact that for the cellulose/bead packing system the pore
sizes of the two materials are in the same order (with slightly larger pores in the paste). Thus the paste
desaturates first to reach a saturation for which capillary effects will be similar to those in the bead
packing at the beginning of its desaturation. Thus, in Regime A, capillary effects remain dominant.

In the next period (profiles after the dotted line in Figure 8), both the paste and the bead packing
desaturate heterogeneously down to a very low saturation value, with an apparent dry front
developing approximately at the same time in the paste and in the bead packing. However we can
remark that during a first stage (Regime B, up to the thick continuous line) the paste has no dry front
and such a front develops only in a second stage (after the continuous line) (Regime C).

Consistently with these observations we see that the drying rate is constant during the paste shrinkage
period (see Fig.9). In Regime A, when both media desaturate, the drying rate is much larger in the bead
packing than in the paste, but the total drying rate remains constant, with the same value as in the
first period (see Fig.9). This results from the fact that it is now still imposed by the wetting conditions
around the sample top, which do not vary significantly during this stage of desaturation of the paste.
The drying rate in each medium then strictly results from capillary equilibrium which controls the
removal of liquid from each sample part. In Regime B the drying rate keeps the same value because
the paste is sufficiently wet around its free surface. In the last regime the total drying rate starts to
decrease while a dry front tends to develop in the paste (Regime C) (see discussion below).
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Figure 8: Successive NMR water amount profiles (from top to bottom) along sample axis
at different times (time interval alternatively 2 h and 3 h) during drying of a cellulose
paste/bead packing system. The red dash line is situated at 69 h of drying. Transition to
Regime A at 103 h (red dash-dotted line). Transition to Regime B at 156 h. Transition to
Regime C at 180 h. The dry air flux is imposed along the sample top (height=2.2 cm). Note
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that the minimum NMR signal shown here is just above the noise level, which means that
lower values are not reliable.
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Figure 9: Water volume evolution as a function of time in the different parts of the bead
packing/cellulose paste system during drying, estimated by integrating the NMR signal
over the current height of each part.

3.3 Mechanisms of drying in Regime C

An original trend of our data is that for both composite systems, in the very last stage of drying (i.e.
Regime C), we have drying characteristics, in terms of saturation profiles, apparently similar to those
prevailing in the FRP for a bead packing directly submitted to an air flux, namely with the development
of a dry front from the top of each material. Such a result is expected for the paste, as it is situated
along the dry air flux, but unexpected for the bead packing covered by a wet material. Indeed, if the
RH in the partially saturated paste is 100%, there cannot be any vapor diffusion from the liquid-air
interfaces in the bead packing (where the RH is also 100%) to the paste, since the RH gradient is zero.
In order to further examine the problem let us now assume that the bead packing dries as if it was
directed submitted to an external air flux. In that case, using the drying rate observed for this bead
packing in Regime A we can fit the model (equation (3)) to our data for the bead packing alone (cf.
Figure 6) and thus get the theoretical prediction associated with desaturation then dry front
development under standard conditions. We see in Figure 3 that there is a strong discrepancy between
the model and the data, the theory predicts a much faster drying than observed, which confirms that
we cannot consider that in Regime C the dry front development is associated with a RH gradient similar
to that observed for drying under direct air flux along the free surface. It remains that the development
of a dry front suggests a qualitatively similar mechanism, resulting from a RH gradient inside the
composite system.

It may be suggested that the radius of curvature of the air-liquid interfaces in the partially saturated
paste being rather small, the Kelvin effect [18], which induces a lower (equilibrium) vapor pressure
than the expected saturation vapor pressure under standard conditions, could play a role. Let us check
the impact of this phenomenon. Since from Figure 4 it appears that in Regime C the volume loss in 50
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h is about 2.6 cm3, the average drying velocity is 2x10° m.s™. In order to get a velocity of the same
order from vapor diffusion over a distance of the order of h=2mm inside the bead packing, as
described by the equation V = p,D,An/ph, we need to have An=0.03. The Kelvin effect finds its origin

in the equality of the thermodynamic potential of the liquid, proportional to the pressure here equal
to o/r where ; is the surface tension and r is the radius of curvature of the interface, with that of

the gas, proportional to Inn_, where n_ is the relative humidity along the liquid-air interface. Under

our experimental conditions this leads to n = exp—g[lj ~exp—0.54/r, with 2 the water molar
r

volume, R the gas constant, T the temperature in Kelvins, and r expressed in nanometers. We
deduce that to get a similar velocity as that observed we need to have r of the order of 20 nm, which
seems possible considering that the maximum saturation level of this profile is about 20% and the
particle are platelets with a length of the order of 1 micron, and a thickness of the order of 50 nm.
Then, as the saturation will further decrease in the paste, the RH will decrease, thus increasing An
while h increases, so that finally the drying rate may not vary too much in this regime.

For the cellulose/bead system similar calculations show that a radius of curvature of the order of 50
nm is needed to get, through vapor diffusion, a drying velocity of the same order as that observed.

So we conclude that there is likely some slight gradient of vapor density inside the system due to the
Kelvin effect which explains the observed trends in Regime C, i.e. both the aspect of the saturation
profiles and the drying rate.

4. CONCLUSION

Through these tests we get a detailed view of the phenomena occurring during the transfer of liquid
from a paste to a porous medium during drying. As expected, for slow drying conditions, most of the
process is governed by capillary equilibrium, so that the paste first shrinks until forming a sufficiently
rigid porous structure, then the medium with the largest pores can desaturate first. When capillary
effects are similar in both media they desaturate simultaneously. During all these periods the drying
rate of the whole system remains constant. For sufficiently low saturation in the paste a dry front can
develop, both in the paste and the porous medium below, and the drying rate decreases.

These results provide useful information in particular useful for the prediction of ion or particle
transport. Indeed, we deduce that, if the two media have been saturated with liquid via an appropriate
technique, most of the liquid contained in the system will be transported towards the free surface of
the sample before evaporation. As a consequence, if advection is dominant (i.e. negligible diffusion
effects), the elements possibly suspended in the liquid will be transported and stored in the paste. A
small fraction, proportional to the critical saturation for which dry front starts to develop will remain
in the substrate.
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Appendix A: Kaolin paste characteristics

Kaolinite is a soft, earthy, usually white, clay mineral, produced by the chemical weathering of
aluminium silicate minerals. The kaolinite particles are platelets typically a few um long (see Fig.A1 b).
Preparation of kaolin paste was performed as follow: natural kaolinite particles, supplied by Sigma-
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Aldrich, were mixed (at a weight solid fraction of 50%) with distilled water at room temperature for 20
min until obtaining a homogeneous kaolin paste. A mercury porosimetry test on a dried kaolin paste
(thus forming a solid porous material), provides a view of the apparent pore size distribution (see
Fig.Al a). It mainly exhibits a peak around 0.5 pm with most pore sizes below this value.
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Figure Al: (a) Pore size distribution in a dried kaolin paste investigated by porosimetry:
logarithmic variation of the injected specific volume as a function of the pore diameter
(blue) and fraction of filled volume (b) SEM Image of kaolin paste microstructure.

Appendix B: Cellulose paste characteristics

The cellulose paste was prepared as follows: natural cellulose fibers (Arbocel BC1000), supplied by
Kremer Pigmente, were mixed (at a weight solid fraction of 7%) with distilled water at room
temperature for 20 min until obtaining a homogeneous paste. Arbocel BC1000 is composed of pure
cellulose fibers, of hydrophilic nature, which is only partly swollen by water without dissolving and is
insoluble in most solvents. Arbocel BC1000 is used as inert filler for the preparation of cleaning
mixtures and poultices to be applied on stone surfaces and frescoes, to which it gives supporting and
absorptive properties. The average fiber thickness and length is respectively about 20 um and 700 um
(see Fig.A2 b). A mercury porosimetry test on a dried cellulose paste (thus forming a soft solid porous
medium), provides a view of the apparent pore size distribution (see Fig.A2 a). It mainly exhibits a peak
around 30 pm.
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Figure B1: (a) Pore size distribution in a dried cellulose paste investigated by porosimetry:
logarithmic variation of the injected specific volume as a function of the pore diameter
(blue) and fraction of filled volume (b) SEM Image of cellulose paste microstructure.
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