Drying kinetics of deformable and cracking nanoporous gels
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ABSTRACT
The desiccation of porous materials encompasses a wide range of technological and industrial
processes and is acutely sensitive to the hierarchical structure of the porous materials resulting in
complex dynamics which are challenging to unravel. Macroscopic observations of the surface and
geometry of model colloidal gels during desiccation under controlled air flow highlight the role of
crack formation in drying. The density of cracks and their rate of appearance depend on the initial
solid fraction of the gels and its adherence to the substrate. While under certain conditions cracking
leads to an increase of the drying rate, in other cases cracking allows for its conservation over an
extended period of the drying process. Nevertheless, as long as the sample is saturated with water,
each piece within the sample shrinks isotropically as if it were an independent drying system. By
simulating the airflow around the sample and inside the crack cavities, we show the existence of a
perturbation in the air velocity in the vicinity of the crack cavity whose scale depends on the aspect
ratio (depth/width) of the latter. On this basis, we propose a simple model which predicts the
observed drying rate variations encountered while the sample cracks; and further enables to
simulate the desiccation for a designated crack density.

INTRODUCTION
Drying is the spontaneous process by which a liquid initially contained within a material evaporates
in its surrounding environment. For this vapor to definitively escape from the sample, the later
needs to be designed as a permeable porous medium. In industry a plethora of products are wet
during their preparation enabling their formulation, mixing, handling, and transport; subsequently,
the product is dried yielding a solid material. For example, wet pulp is bleached in aqueous phase
then dried to form paper; in the foods with seeds, milky products, pastes, tea or coffee; in
agriculture regarding lucerne, corn, or beetroot pulp; in the industry of powders, pellets, ceramics,
or catalyst supports; and in construction of sewage sludge, paints, plaster, and clay bricks ect.
Meeting modern productivity goals, porous materials are required to dry quickly during production,
resulting in huge amounts of energy consumption. Globally, industrial drying represents 9% of the
total energy consumption [1]. Therefore, forecasting the time a sample requires to dry by
understanding or predicting the rate of evaporation could largely benefit these industries. This
control is all the more important as it may as well determine several final characteristics of the
material such as its external aspect, density, or strength. As a matter of fact, drying a porous
material from a free surface is a delicate process that can potentially drive the porous body to shrink
in a non-homogeneous fashion [2-4], delaminate and warp [4-6], or even trigger the nucleation of
cracks if the stresses generated locally happen to exceed the material cohesive strength [5-11].
Commonly, the most effective way to eliminate these defects remains to apply an extremely slow
drying rate to the material, so that the sample can re-equilibrate, dissipating the incremental stresses
that build up [5-12]. However, this process is time consuming and incompatible with fast
production of a material.
The drying kinetics of a non-deformable porous medium are commonly described through a
theoretical approach of the evolution of liquid distribution during the convective drying of a
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granular packing [12-21]. In general, three regimes can be distinguished according to the relative
importance of vapor removal along the free surface, liquid flow due to capillary effects, vapor
diffusion from the interior of the sample, and gravity effects (but here we will neglect these effects).
The evolution of the drying rate as a function of the saturation (current liquid to pore volume ratio)
can then be inferred from the characteristic velocities associated to each of these effects. Usually, a
constant rate period (CRP) occurs first where the sample de-saturates homogeneously as the water
distribution in the sample equilibrates due to capillary effects that flow sufficient water to the
surface [5,12]. When the critical capillary velocity is reached and the flow of water becomes
insufficient to match the rate of vapor removal along the free surface of the sample, a “capillary
regime” takes over during which the drying rate decreases in time and is mainly governed by the
liquid flow through the sample. When the corresponding flow becomes too slow or the liquid
network breaks, a dry region forms and progresses towards the interior of the sample. The drying
rate is now governed by the diffusion of vapor from the liquid-air interface the closest to the sample
free surface (evaporating zone), and is inversely proportional to the depth of the dry region [12,22].
Capillary bridges are formed when the liquid fills the pores between adjacent particles. These
bridges induce pressure gradients as soon as desiccation starts which may cause deformation of the
solid network [5]. This is at the origin of shrinkage, bending, or cracking of the sample. In fact,
shrinkage frequently occurs during drying and subsequently enhances the likelihood for the material
to bend or crack. Most of the time, in a porous media made of a solid matrix, capillary pressure
creates menisci in the pores involving high negative pressures, which drive the solid matrix into
compression. Depending on the distribution of this liquid tension throughout the sample and how its
magnitude compares to the elastic modulus of the sample, the material could either bend or crack or
both, depending sensitively on boundary conditions [5-34-35-39]. The variety of these phenomena
coupled with an undetermined water distribution in each sample that evolves with time, give rise to
poorly understood kinetics. For deformable and cracking medium, simple questions as to how these
deformations could contribute to the drying rate of the material remain un-clear; studies on applied
systems such as clay material [24] or cement pastes [25,26] bear empirical witness of a perturbation
in the drying rate of cracking materials around their cracking events. These variations are usually
assumed to be generated by the additional surface developed and thus newly available for
evaporation. However, it has been shown [23-43-44] that the drying rate of a uniform liquid sheet
(such as at the top of a saturated porous medium) can be the same as its counterpart presenting dry
patches at its surface, one expects that materials which significantly cracked would still dry at the
same speed as their monolithic counterpart (associating cracks cavities to those dry patches). Since
this assumption seems to be in contradiction with the above basic reasoning, meaning that
additional drying surface does not seem to make drying faster, it arouses the necessity for further
investigation on the kinetics of drying for material adopting a complex shape or conformation
during drying.
Here we investigate the dynamics of desiccation using a model colloidal gel which appears to be
highly responsive to stresses built up during drying, making it possible to observe several phases of
bending, delamination and cracking depending on the substrate. We show that the influence of
shrinkage and cracks on the drying rate is significant and can account for its conservation, despite a
significant change of the sample shape, or its increase over a significant period of the desiccation
process. We then propose a scaling approach that enables us to depict the drying rate of a cracking
and shrinking material and explain its origins. In these means, we expect, this study to benefit to the
energy versus material integrity dilemma raised above.

MATERIALS AND PROCEDURES
Colloidal gels were prepared by adding a solution of sodium chloride (0.5mol/L) into a suspension
of Ludox HS-40 (initial particle volume fraction !"#" ~23% ) made of 12nm diameter monodispersed silica particles in water. According to the DLVO (after Boris Derjaguin and Lev Landau,
Evert Verwey and Theodoor Overbeek) theory [36], the ions adsorbed at the surface of colloidal
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particles suspended in water tend to diffuse slightly and counter ions tend to approach the particles,
thus forming a so-called double-layer which more or less represents the distance of interaction
between two neighbouring particles. This double-layer prevents the particles from a further
approach which would lead to strong aggregation through van der Waals attractions. When salt is
added in the suspension more counter-ions are available and tend to reduce the double-layer
thickness and thus screen electrostatic interactions between particles; the particles can therefore
start to aggregate. The higher the salt concentration in this electrolyte, the higher rate of aggregation
[42]. Therefore, to obtain a fairly homogeneous final gel structure, i.e., avoiding structural
heterogeneity possibly caused by local gradients of rate of aggregation (sedimentation not applying
here), we dissolved the desired quantity of salt into a volume of water resulting in particle volume
fractions ranging from 5% to 20% after mixing the two homogeneous phases together. After
preparation, the mixture was poured into glass Petri dishes (10 cm diameter) to a depth of 5 mm and
left to rest for their respective gelation time. The gelation time (Tg) is determined following the
behaviour of G’ and G’’, respectively the elastic modulus (stress to deformation ratio) and the loss
modulus (the viscous stress component in oscillations at low deformations), of the samples with
time through steady rheology oscillation experiments (γ=0,0003, f=1Hz) on an Anton Paar
rheometer. These measurements enabled to record the phase transition within the sample,
specifically the moment at which a network of aggregated particles starts to span the sample and an
elastic behavior of the material builds up, since this corresponds to a transition from a simple liquid
behavior (with large G”/G’ ratio) to a solid behavior (with large G’/G” ratio). We define Tg as the
time required for G’ to exhibit a clear steady state evolution (as shown in [26]). This definition
means that beyond Tg the gel structure negligibly evolves spontaneously. The typical values for G’
reached in this regime are 10* – 10, Pa.
We then dialyzed the gels prior to drying, extracting 97% of the salt initially incorporated and
thereby avoiding phenomena generated by the presence of sodium chloride in the electrolyte during
drying (crystallisation, etc.). To dialyze a gel, we cyclically added de-ionized water on top of the
formed colloidal gel, waiting the necessary time for the concentration of sodium chloride to
homogenize throughout this new biphasic system, and then carefully removed the fluid on top; the
dialysis usually requires a few days to reach completion. Each dialysis enabled us to remove
roughly half of the quantity previously contained in the gel. The amount of NaCl extracted during
each round of dialysis was evaluated by performing conductivity measurements on the dialysate;
the mass calculated steadily corresponding to the 1/10 of grams to the mass measured further drying
of this same extract; the conductivity generated by the silica particles in water being negligible in
our case. We managed to dialyze the sample on the rheometer during the measurements thanks to a
special set up allowing a water bath of the geometry. We recorded a drop of about 25% of the G’
value when the bath around the geometry is filled water, likely due to a modification of the gel
structure generated by the osmotic pressure of de-ionized water in the bath on the sample; after a
short period of time, no further evolution of G’ was observed. This means that we were able to keep
a structural strength of the same order of magnitude as the un-dialyzed sample; this dialysis process
does not significantly alter the sample.
Additionally, to compare the drying kinetics of the nano-porous gels with that of a well-known
model micron-sized structure, we fabricated a porous glass media by sintering 45 diameter beads
together with a glass petri dish (5 cm diameter, 2 cm height).
Drying was performed at 20°C +- 2°C in a controlled environment where the relative humidity was
set to 45% +- 5% and airflow guided vertically toward the sample at a mean velocity of 6 m/s at a
distance of approximatively 20cm from the sample free surface. The glass petri dish containing the
gel sample was placed on a scale and mass data were recorded as well as pictures of the sample
seen from above by a camera. The vertical flow of air induced an additional force on the scale that
we determined initially and which was shown to fluctuate and induce a mass data uncertainty of
0.07g. To further characterise the influence of the sample deformation on its drying rate, we tuned
the glass petri dishes properties to obtain three different substrates and therefore three different
gel/substrate adherences. Without any treatment the glass walls of the dish constituted a highly
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adhesive substrate; a very low friction substrate (later called non-adhesive substrate) was designed
by coating the dish with a fluorinated grease (KRYTOX 205 from Dupont); lastly a chemical
treatment of the dish walls with trichlorododecyl silane gave a highly hydrophobic substrate (later
called semi-adhesive) seen to exhibit adhesive properties intermediate between the two previous
substrates.

RESULTS AND DISCUSSION
Drying rate
Let us first look at the evolution of water mass contained in the gels with time, the drying curves,
for different samples with different substrates. The initial water mass m(t=0) is measured from the
difference between the initial weight and the weight after the end of the test and after two days in an
oven at 115°C to remove possible residual water. Since samples at different initial concentrations
have different initial water masses, in order to be able to compare the different curves obtained, the
current water mass m(t) is rescaled by the initial water mass. Moreover, since for the different tests
we have slight fluctuations of the initial drying rate as a result of slightly different boundary
conditions (sample roughness or exact free surface shape, exact position of the air flux with regards
to sample free surface) we further rescale the time multiplying it by the ratio of the initial rate of
evaporation (in g/s) to the initial mass of water contained in the sample. In such a representation
two samples of different sizes or different initial concentrations, or subjected to slightly different air
flows, but both undergoing a first constant drying rate period would exhibit similar drying curves
along this regime.
The drying characteristics of a non-shrinking model porous medium (bead packing) are independent
of the substrate. As expected it shows first a constant drying rate period (CRP) followed by a falling
rate period (FRP) during which the drying rate progressively decreases (see Figure 1a). This period
starts approximately form m(t)/m(t=0)=0.08. Note, that although we do not show corresponding
data here a change of substrate or porosity has no impact on the drying curve [12].
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Figure 1: Rescaled drying curves (see text) for different materials: (a) model porous media
(sintered glass beads) (purple, diamond) and gels on non-adhesive substrates at !- =5%
(light blue, triangles), !- =10% (light green, squares) and !- =20% (light yellow, circles);
(b) !- =5%, (c) !- =10% and (d) !- =20% on either adhesive substrate (dark, triangles),
semi-adhesive substrate (medium, squares) or non-adhesive substrates (light, circles). Larger
filled symbols spot the occurrence of the first crack event respectively to its drying curve. The
red area shows the period during which opalescence is observed and red diamonds indicate
the time at which the opalescence has spread over the whole sample surface. The red dashed
line is simply a guide to the eye, showing a line of slope -1. Inset b’, shows the evolution of
the drying date of all gels right after the opalescence has spread over the sample surface
(corresponding to m(t)= ./01 .); the black discontinued line is a guide for the eyes.

In Figure 1 we present the evolution of the mass of water contained in the samples with time for the
different samples studied. For all samples, we find first a period of drying at a high rate, followed
by a rapidly decreasing drying rate period, i.e., we have a behavior typical of that of porous
medium. However, we also find perturbations in the rate of evaporation in the first period, the mass
curves do not align to the red dotted line modeling a constant drying rate, as well as clear
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differences between the results for the different systems in this first period. For a given substrate
(e.g. non-adhesive, see Fig. 1a) the initial solid fraction has an impact on the time at which the
transition between the two regimes occurs: it occurs earlier for more concentrated systems. We also
remark that for a fixed concentration the higher the adherence between the sample and the substrate,
the faster the drying (up to 35% faster for our systems, see Fig. 1b, c, d,). Indeed, we notice that the
drying rate in the second regime (starting from the red diamond in the drying curves, corresponding
to the moment where . 2 = ./01 , this moment is also identified by a star symbol in Figure 2)
seems identical for all samples and follows master-curve independent of the substrate considered
(see Inset Fig2). Note that the onset of the start of falling rate period for samples that dry on
adhering substrates may remain unclear. These trends were previously observed in [28], therefore,
we will focus our study on the understanding of the rate variations occurring in the first drying
regime. Good reproducibility of these results is observed (see Fig1.C): the maximum relative
difference on measurements for identical tests is about 6% both on time and mass.

Figure 2: Drying rate (dm/dt) for different samples: the model porous media (sintered glass
beads) (purple, diamond); gels on non-adhesive substrates at !- =5% (light blue, triangles),
!- =10% (green, squares) and !- =20% (yellow, circles) and !- =5%, (dark blue, filled
triangles), on adhesive substrate. The shaded area represents the major crack events
occurring for the latter sample. Starts symbol represent the moment at which .(2) = .601
(see text).

Let us examine data presented in terms of the drying rate as a function of the saturation (see Fig.2).
This representation makes it possible to identify and quantify variations in the drying rate over short
period of times (or associated saturation). For one sample to another, the initial value of the drying
rate (after the possible fast initial decrease) may differ slightly depending on the exact surface
conditions. Eventually, the main trends that can be extracted from such data, leaving apart the noise
on data due to the short time fluctuations of mass measurements, are similar to those observed in
our mass vs time curves: a constant drying rate that collapse at a low saturation for the simple bead
packing and a slowly decreasing drying rate, for the gels, that collapses sooner for higher initial
particle volume fraction. On the other hand, looking closer into the localization of the crack events
in relation with the drying rate variations of the 5% sample drying on an adhesive substrate, one
could argue that major cracking events seem to trigger a local increase in the drying rate but
actually the noise on data does not allow to be clear about that. Therefore, considering the
significant measurement noise on such representation of data, it is difficult to be relevantly
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quantitative on the impact of the phenomena analyzed in this paper. As a consequence, we will
instead base our analysis on long time variations encountered on the drying curves such as those
observed in the representation of mass vs time measurements as shown in Figure 1.
Evolutions of the sample aspect
The observation of the sample upper surface, in contact with the air flux, makes it possible to
identify different stages in the shrinking and cracking processes during desiccation. Note that
dimensionless time (denoted at the bottom right of Figure 3 pictures) is computed by dividing the
current time by the time for full drying by air flow, macroscopically at that time the sample appears
fully translucent. Additionally, at this time a plateau is reached on the drying curves (i.e a drying
rate of zero is observed). We observe that gels drying on a non-adhesive substrate shrink
isotropically as shown in Fig.3A and Fig.3A’. This shrinkage eventually stops and the samples
become opalescent (see Fig.3A and Fig.3A’). Afterwards cracks nucleate; SEM (Scanning Electron
Microscopy) observations show that these cracks have an average spacing of 2 microns and do not
necessarily span the gel. Eventually the samples turn translucent again as seen on Fig.3A and
Fig.3A’ at 1.00. This overall behaviour is found to be independent of the initial volume fraction of
particles in the gel.
From samples drying on an adhesive substrate, we observe a first cracking event occurring in the
early stage of the desiccation process as shown on Fig.3C and Fig.3C’. Further shrinkage leads the
gel to separate into additional pieces as may be seen at Fig.3C at 0.29 or Fig.3C’ at 0.61. Then
shrinkage stops and an opalescence “invades” the sample as seen on Fig.3C at 0.65 and Fig.3C’
starting at 0.70. Eventually, in the very last stage of drying another cracking regime takes place
before the sample turns translucent again as seen on Fig.3C and Fig.3C’ at 1.00.
A very similar but intermediate behavior is found for samples drying on semi-adhesive substrates.
The gel first dries as it would on a non-adhesive substrate, it contracts smoothly without cracking
therefore detaching itself from the sidewalls of the Petri dish as may be seen in Fig.3B. from 0.00 to
0.25; only then the sample starts to fracture (see Fig.3B at 0.33 and Fig.3B’ at 0.59). Further drying
enables the sample to shrink additionally and crack until the opalescence invades the gel surface
(see Fig.3B at 0.68 and Fig.3B’ at 0.69). A second regime of crack finally takes place before
eventually the sample turns translucent again as seen on Fig.3B and Fig.3B’ at 1.00.
From this first set of observations we are able to distinguish two cracking regimes that will be
referred to as first (pointed as 1 on Fig3.C), appearing when the sample shrinks on an adhering
substrate, and the second (pointed as 2) cracking regimes, appearing after the sample turned white,
in reference to their chronological order in the desiccation process when both types occur with the
same sample.
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Figure 3: Aspect of the upper face (subjected to air flux) for gels on different substrates at
different stages of drying: (A) !- =10% on the non-adhering substrate, (B) !- =10% on the
intermediate-adhering substrate, (C) !- =10% on the adhering substrate, (A’) !- =5% on
non-adhering substrate, (B’) !- =5% on the intermediate-adhering substrate (C’) !- =5% on
the adhering substrate. The white numbers indicate the current to total drying time ratio. The
red arrow (1) shows a crack from regime 1, when the sample shrinks, (2) from regime 2,
when the sample has stopped shrinking. The petri dish measures 10cm in diameter.

The different phases of drying of shrinking and/or fracturing gels
Along the desiccation process several different phenomena are successively observed, including a
change of shape when contracting or cracking or changes in the sample colour. The latter may then
be usefully put in relation to the drying rate and their role and influence can be identified.
Regardless of the substrate they dry on and whether the sample cracks during drying, samples are
seen to shrink whether they crack or not while undertaking during their high drying rate period.
Specifically to this period, it is noticeable that, the rate of drying does not necessarily remain
constant for all samples. While a sample exhibiting no crack and simply contracting in this first
drying regime is seen to dry slower and slower as the sample desiccates, by contrast, fracturing
samples are seen either to keep the same drying rate (see Fig.1 Graph-b sample !- =5% and Graphb sample !- =10% on semi-adhesive substrates) or dry faster (see Fig.1 Graph-b sample !- =5% and
Graph-c sample !- =10% on adhesive substrates) until the opalescence occurs. In particular, the
appearance of a large number of cracks during this fast drying period (comparing adhering and
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semi-adhesive substrates for samples !- =5% et !- =10% on Fig.3) seems to correlate with a higher
rate of drying. This therefore suggests that cracking could be the relevant parameter that explains
the variation in drying rates.
Commonly, drying of those gels leads to the appearance of opalescence on the sample surface,
which matches the start of a decreasing rate regime observable on the drying curves. This latter
phenomenon takes place in the last stages of drying when the material stops contracting. From
Fig.1, we also notice that it appears at a specific range of values of m(t)/m(t=0) depending on the
initial concentration of particles which actually corresponds to a common maximal particle volume
fraction !718 ranging from 55-61% for all gels. Finally, the red windows drawn on the drying
curves of Fig.1 cover the period during which the opalescence spreads over the sample surface; this
diffraction within the network or near the surface is consistent with the idea of a modification in the
gel content, the penetration of air and therefore a drying regime transition.
Physical scheme for the kinetics of deformable materials
From the previous results, we have seen that cracking could potentially play a role in the drying
kinetics before the sample turns white, i.e., the first drying regime. Our hypothesis is as follows:
variations in the drying rate recorded for these gels stem from the increase in the surface area of the
sample exposed to airflow when cracking; material drying now occurs from several of its faces and
the sample would experience an increase in drying rate proportional to its total external surface
area. However, this hypothesis raises a question about the absence of a drying rate overshoot upon
cracking, since this phenomenon occurs rather abruptly and can increase the total surface area of the
sample up to 35%. Thus, it is useful to look further at the evolution of the geometry in time and to
understand the drying rate taking into account all this information.

9

EVOLUTION OF THE MATERIAL DEFORMATION DURING DRYING
Analysis of shrinkage and cracking
In this section, we quantitatively follow the evolution of the sample geometry during drying by
measuring shrinkage and crack nucleation to better understand the impact of the sample shape on
the drying kinetics.

Figure 4: Equivalent diameter (see text) of the top area of shrinking samples as a
function of the volume fraction of particles rescaled by the initial volume fraction for
the materials and tests of Figure 1 (same symbols and colours). Red dotted line is a
fit to the data. The inset shows the sample aspect ratio along desiccation for all
samples, h being the sample height. Note that the inner diameter of the petri dish
containing the sample is 89.64mm, hence it is also the initial diameter of the gel.
Direct observations of the sample from above enables us to follow the evolution of its top free
surface (defined a 9 S; ) with time. In order to quantify the evolution of S; , we compute the
equivalent diameter defined as D(t)=2. √(S0 (t) /π). To compare shrinking behaviours between
samples, we represent this diameter as a function of the ratio of the current to initial sample volume
fraction of particles (!/!- ), where ! is computed from the mass data. From Fig.4 we observe that
all gels from a same initial volume fraction, regardless to their substrates, tend to shrink in a similar
manner during drying as their diameter evolves identically; indeed all curves finally fall into master
curve (red dotted line) which generalises the results signifying that all gels actually shrink the same
way.
Specifically, as shown in the inset in Fig.4, we observe that the aspect ratio of all samples remains
constant along desiccation; the shrinkage therefore appears isotropic (here h, the sample height, is
measured with a special MRI profiling [28]). Each sample shrinkage stops when a volume fraction
of 55-61% is reached; this concentration approximately corresponds to the maximum compaction
that may be obtained from disordered bead packing.
From this information we deduce that all samples shrink in an isotropic way. Indeed, a recent MRI
study on similar colloidal gels [28] showed that before the opalescence spreads on the sample
surface, i.e., as long as they are shrinking, the samples remain fully saturated. This suggests that the
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origin of the differences observed on the drying rate (see Fig.1) in particular for samples of similar
initial solid concentration are related to cracking since the only parameter that varies during this
period is the number of pads (independent piece of gel), defined as N, created.

Drying

a

Figure 5: Evolution of the number of pads (N) during shrinkage only for samples of
initial particle volume fraction ranging from !- =5% to !- =20% drying on the 3
different types of substrates, same colours and symbols code used in Figure 1.
Dashed lines are guides for the eyes, dotted dashed lines represents the results of the
fitting model established later on. Inset a. shows a side view of sample !- =20% and
the geometry the sample adopts during drying.
Figure 5 presents the evolution of the number of pads during drying while gels shrink. Consistent
with previous observations, samples on non-adhesive substrates present a single pad over the whole
duration of the drying process. For other substrates an increasing number of cracks develop in time,
with a step-like dynamic. We observe an alternation of short crack nucleation phase, followed by a
long period of shrinkage of the existing pads. Fewer pads are obtained for highly initially
concentrated gels and lower adhering substrates but they form more rapidly. Since these differences
between samples seem correlated with the trends of drying curves for the different situations this
tends to favour the hypothesis stipulating the appearance and development of pads could play a role
on the drying rate.
To be complete we must mention that the pads significantly bend as they delaminate from their
substrate [6,29,41], as shown in the inset of Fig 5. This process is also responsible for the
appearance of well known spiral cracks nucleating at the contact point between the gel and substrate
right before it turns opalescent [30-31]; these cracks will not be taken into account in the next
section as they do not open up.
Even if cracking is clearly seen to make the drying rate of materials vary in the first drying regime,
a minute analysis of the drying curves in Fig.1 suggests that these variations are not directly
proportional to the vertical surface created: indeed, these variations are smooth whereas the total
external interface area varies as successive steps (see Fig.5). Therefore, we foresee that the drying
rate of a deformable material can be more complex than strictly proportional to the external area of
the sample certainly because of the distribution the air velocity in the vicinity of the sample crack
cavity. It is therefore interesting to get some ideas about the way the evaporation process is affected
in such a situation, so we performed basic numerical simulations as described in the next Section.
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NUMERICAL SIMULATION AND MODELING
Distribution of the airflow velocity
Here we aim to identify airflow characteristics around samples that exhibit multiple cracks and their
effects on evaporation. In this frame we will consider a 2D airflow along a box (see Fig.7F) which
represents a cavity between two cracks. Such a tangential flow is assumed to reflect qualitatively
the radial flow, which occurs along the sample free surface as a result of the vertical airflow turning
abruptly at a 90° angle when reaching the sample.
Airflow simulations were performed on COMSOL Multiphysics software using the interface for
single-phase flow enabling velocity and pressure fields calculations in turbulent and stationary
regime. The equations solved by this interface are the Reynolds averaged Navier-Stokes equations
for conservation of momentum and the continuity equation for conservation of mass. Turbulence
effects are included using an enhanced viscosity model based on the local wall distance. The
physics interface therefore includes a wall distance equation. The boundary conditions are shown in
Figure 6: the no slip condition was applied to the bottom and top walls of the box; the entire left
face is set as an inlet for the airflow and the right face is set as the outlet (the pressure on this face is
set to zero). The cavity of width “e” and height “h” is located at a large distance (1000mm) from the
inlet face so that the air flow inlet is not affected by the cavity for all simulations. The sample upper
surface corresponds to the bottom wall of the box which is set to y=0; we define the aspect ratio of
the crack cavity as B/ℎ (Fig.6).
air Inlet

air outlet

100 mm

y
e
h

0

1000 mm

Figure 6: Scheme of the simulated geometry. The red dotted square represents the
area observed in Figure 7.
We carried out simulations in the range of inlet velocities [0.1-30m/s]. In this range the trends
described below are similar, which ensures that the conclusions are sufficiently general. For all
aspect ratios (see Fig.7) we can distinguish two regions of the velocity field: above the envelope of
the sample surface (y>0) the velocity is relatively high and close to the upstream velocity; in the
cavity the velocity is significantly lower. Obviously there is a transition zone between the two
regions with a velocity gradient. Looking at the details of the velocity field in the cavity we observe
a vortex, which more clearly appears in Figure 7E showing the velocity field. This vortex originates
from the top right hand corner of the wall of the cavity, i.e. in front of the flow direction. The
tangential velocity of the vortex is approximately equal to 0.15 times the inlet velocity for all aspect
ratios tested here. However, the size of the vortex significantly evolves with the geometry of the
cavity: when B/ℎ=1 (Fig.7C), the vortex completely fills the cavity; when B/ℎ<1 (Fig.7D) it only
covers the upper portion of the cavity, and when B/ℎ>1 (Fig.7A and B) it fills the right part of the
cavity. Finally, the vortex diameter corresponds to the smallest dimension of the cavity.
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Figure 7: Results of numerical simulations showing the magnitude of the airflow
(from left to right) velocity for any point of the 2D plan along the cavity squared in
red on (Fig.6) for different aspect ratios B/ℎ (A) 4, (B) and (E) 2, (C) 1, (D) 0.5. The
colour scale is the same for all simulations. The arrow length indicates the velocity
amplitude in a logarithmic scale. Note that the dimensions of the crack in the
simulation we present may differ from our experimental case, however this does not
affect the airflow properties, in the simulation.
Experiments showed that cracks span the gels vertically and the resulting pads significantly bend,
reaching curvature radius up to 40 cm. We carried out additional simulations with curved
boundaries which showed that bending of gel fragments negligibly affects the magnitude (up to
12%) and distribution of the airflow velocity in the crack vicinity. Therefore, this effect will be
neglected.
MODELING
On the basis of the qualitative observations above and with further simplifications for describing the
evaporation process we can propose a simple model for the drying of a set of pads lying on a
surface and exposed to a tangential air flux. The drying of a porous media from its top free surface
results from the evaporation of water which is due to the diffusion of vapor from the upper liquidair interface where the vapor density is maximum, to the ambient air, i.e. at some distance from the
sample surface, where the vapor density is fixed at a lower value. When the porous medium is
submitted to a tangential airflow the vapor removal is increased because, roughly speaking, the air
flow maintains a low vapor density at a shorter distance from the sample surface. Since the air flow
velocity rapidly varies from the sample surface in a region of relatively small thickness (boundary
layer), we can consider as a first approximation [12,33] that the vapor density varies linearly along a
distance δ, of the order of this boundary layer, and we obtain the following scaling law for the rate
F I7
of evaporation (DE = . ) in .. 9 KF :
GH

IJ
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VM =

DN . nρ. δ

1

where RS is the diffusion coefficient of water through the air (RS = 2.62×10K* m2 s KF ), n- is the
maximum vapor density (n- = 22.7 g mKZ ) and [ is the density of the liquid. The value of d
depends on the air flow velocity and sample roughness
Using the results from our simulations, we can now adapt this scaling approach to the more
complex present situation where evaporation can occur from the different free surfaces of the pads.
In the initial situation, the gel embraces the shape of the petri dish so that the only surface exposed
to the airflow is the horizontal surface; therefore, we can then determine the value of δ leading to a
total vapor flux Ve S equal to the rate of decrease of the water volume during the first constant rate
period of drying when the sample is saturated and the surface is still homogeneous. The value
associated with the raw data presented here in Figure 1 give here δ = 4mm ± 8%. Since the
distribution of liquid films around the free surface is complex: they may tend to coat some particles
or withdraw between them (this being at some distance from the air flow), this value should be seen
as an apparent boundary layer thickness (leading to the observed drying rate).
During drying we observe a variation (decrease) of the total area of the upper free surface of the
sample; neglecting possible deformations of the pads (see above) this area is assumed to be
submitted to the same airflow throughout the experiment. Moreover, we may have cracks, which
provide new areas along which evaporation may occur. Here, we only consider the period during
which the sample pads are saturated, so that water layers remain relatively close to free surface of
the sample, and the above approach for the estimation of the evaporation rate remains valid. In
particular, the process of drying leading to (1) applies for the crack cavity walls, with now specific
values for the boundary layers δ_ depending on the face “i” of the sample considered.
In any case we assume that the evaporative flux from the upper surface of the sample, i.e., parallel
to the airflow, is DE `0 . This approach is relevant since we have seen that the air flow characteristics
over the horizontal surface are rather weakly perturbed by the presence of openings (see previous
Section). Additionally, there is some vapor flux coming from the interior of the cracks (see Figure
7). Inside the crack cavity we have seen that the airflow forms vortices. A rough approximation to
assess the evaporative flux along the crack walls consists in assuming that most evaporation occurs
along the wall area in contact with the vortex, whereas evaporation along the other walls is
negligible. This is justified by the observation that the air velocity around the latter regions
approaches zero while it is much larger around the former regions. Then we assume that this all
occurs as if such a wall was simply at a distance larger than the upper surface from the air flow.
This additional distance is ad, where d is the vortex diameter, so that the rate of evaporation along
the vertical walls in contact with the vortex is DB. c/(c + ae), with a a geometrical coefficient.
Considering the mean total path of water molecules (see Figure 8) we can expect a ≈ 2. Under
these conditions we distinguish two different regimes according to whether the aspect ratio of the
crack cavity is such that the vortex in the cavity contacts one or both walls:
a.

Air

e

b.

Air

δ
h
Thin crack regime :
e/h < 1

Wide crack regime:
e/h > 1

Figure 8: Scheme of the regimes of evaporation during drying of a shrinking and
cracking gel layer depending on the aspect ratio e/h of the crack cavity. The surfaces
along which most evaporation occurs are shown in green (horizontal) or red
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(vertical). Dotted lines (colors corresponding to each surface type) indicate the
average pathway a molecule of vapor water follows during desiccation in order to
reach the ambient air. The circular black arrow represents the air vortex.
Regime 1 (see Figure 8a): e h < 1 “Thin cracks”. In this case the size of the vortex is e and only
the fraction e h of the total area ( S v ) of the internal crack air-sample interface provides
evaporation (at the rate indicated above) from the crack. Finally the total water flux of evaporation
is:
Φ = DE . `0 + `h .

c B
.
c+B ℎ

2

And (2) Regime 2 (see Figure 8b): e h > 1 “Wide cracks”. In this case the size of the vortex is h
and since it is in contact with only one of the walls of the crack; only the area of the internal crack
air-sample interface provides evaporation. Therefore, the total water flux of evaporation has a
different form:
`h c
.
3
2 c+ℎ
In (3) in particular, we neglected the evaporation along the vertical crack wall opposite to the
vortex. A rough estimation of the corresponding rate of evaporation can be obtained by considering
that the additional length is now B, which yields an additional term in (3) equal to Ve (Sv 2)(d d + e)
. This makes it possible to get a continuity of the expressions (2) and (3) for B = ℎ . However, in
this context of description we ignore processes associated with this term which rapidly becomes
negligible.
Φ = DE . `0 +

ASSESSMENT OF THE MODEL PREDICTIONS
The predictions of the above model are then computed thanks to the information obtained through
the different measurement methods: the set of pictures taken during drying yields `0 2 and B(2)
(the average crack spacing) and j(2) the perimeter of the gel, while MRI profiles provide the
average height ℎ(2) of the sample. From this information, we finally deduce `h 2 = j 2 . ℎ 2 .
Now, it is possible to follow the ratio e/h with time, we simply apply the different regimes
established in (2) and (3) depending on this later value, to deduce the evolution of the drying rate as
a function of time (see Figure 9). Note that in the case of the gel contracting without cracking, seen
on non-adhering and intermediate substrates, the cavity created between gel and the dish walls is
taken into account as a crack and the different regimes apply.
Crucially, it is worth emphasizing that this description explains the reason for the absence of abrupt
variation (increase) of the drying rate when cracks appear: as soon as a crack forms there is a new
additional term in the drying rate (2) but it is proportional to e/h which implies that it is initially
negligible and will become significant only when the crack thickness is sufficiently large.
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a.

b.

c.

d.

Figure 9: Comparison between the experimental data (same as in Fig.1) and the
scaling model (2) and (3) (red lines), for graph (a) !- = 5%, (b) !- = 10% and (c)
!- = 20%, (M-A) Adhesive (M-IA) Intermediate Adhesive, (M-NA) Non-Adhesive
substrates. The predictions assuming a constant rate of evaporation over the total
generated surface (see text) are also shown (grey lines) for (S-A) Adhesive (S-IA)
Intermediate Adhesive, (S-NA) Non-Adhesive substrates. (d) Relative error (∆m) to
the experimental data (triangles) for our model, (circles) if a unitary surface flux is
considered, as a function of the mean vertical surface generated during drying.
Colours and symbols for experimental data match Figure 1.
From Fig.9, we see that the computed mass of water, integrated from the drying rate presented in
the previous model, appears to be in good agreement with the experimental data. We observe that
every red curve closely follows the experimental data before the sample turns opalescent (red
diamond) i.e during the first period of drying; be it in graph a, b or c. Indeed, as shown on Fig9.d,
the relative error between the fit and the experimental data remains very low (~ 4%) for a wide
variation of the average vertical surface generated during drying, which is related to the number of
pads, meaning that the model is robust.
In order to explain the variations in the drying rate recorded when a material cracks, studies [37-38]
often assume the existence of a simple proportionality law between the drying rate and the total
surface generated while cracking. In Fig.9 we show that assuming a constant rate of evaporation per
unit surface over the whole sample surface, fails to explain the actual measurements and introduces
a relative error to the data that increases linearly with the amount of vertical surface (see Fig.9 d),
thus pointing out that the drying rate tend to be significantly overestimated. This tends to confirm
the relevance our model shows for the prediction of the drying kinetics observed.
Now taking our model as a reference we bring the analysis and understanding of the drying kinetics
further. Our aim is to determine the drying rate evolution on the basis of the geometrical evolution
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of the sample. Considering the above experimental results, we can describe this geometry through
the number of pads only. We now express each variable as a function of Sn and N: the mass of
water contained by the sample can be written . = [`0 ℎ ; the sample equivalent radius p =
we deduce from the inset of Fig.4: 10. ℎ ~

Hq
r

F I7

. Finally, the evaporation flux (Φ = .
G

IJ

Hq
r

;

) may be

expressed as:
Φ t ~

3. `0 e`0
.
20 s e2

4

Since in addition we may write the vertical surface as `h ~
to P =
B~

v.

Hq
r

Hq Jw- KHq
xq
.z
y

t
F-

.

Hq
r

, where P could be approximated

(overall relative error of to the experimental data <15%), and therefore

, the equations (2), (3) and (4) provide differential equations from which one can find

`0 (t), and thus the water mass in time, as a function of N(t). For non-adhering surface we do not get
new information from this approach since the sample shrinks as a monolithic disk without cracking.
As the cracking regimes recorded in samples drying on intermediate adhering substrates are
identical to the one for adhering substrates (simply delayed) but with a smaller overall number of
pads, we will here focus our analysis on samples drying on adhering substrates. The results we yield
are however valid for any sample cracking while being saturated. In the case of adhering substrates,
the number of pads strongly varies during drying. Looking at the data in Figure 5 and the relevance
of the fit obtained for gels adhering to their substrates, it seems possible to approximate the
evolution of the number of pads for samples drying on adhering substrates in the form of a twosteps process:

v

!
=
!-

v718
1.86

{| 1 <

v718

{|

!
!718
<
!- 2.5!(5)
!
!718
>
!- 2.5!-

where NÄÅ is the final number of pads and !718 ~ 61% the final volume fraction reached before
desaturation starts and the factors 1.86 and 2.5 being calculated from the experimental data.
Subsequently, from the integration of (2)-(5) we can deduce the variation of the water mass in time
as a function of NÄÅ and !718 . Note that here the material is assumed to be split in pads of equal
dimensions, which is a hypothesis that appears not to far from our experimental observations (see
Fig3).
Through this new approach, we examine how cracking plays a role in the duration of the first drying
regime (defined as t ÇF ) and how transitions in cracking regimes trigger the drying rate variations.
This theoretical approach not only enables to simulate the impact of the total number of pads on
drying, but also makes it possible to quantify the impact of the different cracking regimes on the
drying kinetics, by following the ratio e h and minutely observing the drying rates. In that aim we
consider the case !- = 10% drying on an adhering and non-adhering substrates as a case of
reference.
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Figure 10: Normalized drying curve for the experimental data on adhering substrate (green
triangles), non adhering substrate (green circles), for samples made of !- = 10%, the
prediction of the model established with the measured v718 = 23 (red line on triangles),
for one pad and a single crack regime transition during drying (red line on circles), (grey
lines) model prediction with different v718 ranging from 1 to 500 (1-10-40-50-60-80-100200-500-1000-3000) featuring two crack regime transitions during drying. Note that these
models are stopped at the approach of the red shaded area as the model does not predict
this regime transition. Arrow indicates the increase in the number of pads. The full green
triangle spots the first cracking event. The red shaded area represents the transition in the
second drying regime (i.e opalescence). Note that here the extent of red area slightly differs
from the one observed in Figure 1 as only two samples are presented. Inset presents the
evolution of the simulated 2ÉF with v718 (grey squares); experimental data for 2ÉF for
adhering substrate (green triangles), non-adhering substrate (green circles). Grey dashed
line is a first order rational law fit.
Figure 10 shows that this simple model succeeds in describing the kinetics of drying for samples
which dry saturated with cracks (the red line on the green triangle curve), and samples that exhibit
pure shrinkage (the red line on the circle pointer curve). The relative error to the experimental data,
for a sample drying on an adhering substrate, when introducing the measured NÄÅ = 23 in the
model equation, remains smaller than 5%.
Furthermore, by observing the different simulated drying curves, representing distinct NÄÅ values,
we see that the higher NÄÅ , the shorter the t ÇF . This trend is consistent with the trends observed
comparing Fig.3 and Fig.5 and finds here a quantitative support. In fact, from the inset of Figure 10,
we observe that t ÇF decreases progressively as NÄÅ increases and this trends follows a first order
rational law. This for example means (in the case NÄÅ = 23) that a sample with twice as many
pads would dry ~6% faster in this first drying regime and ~15% faster with four times more pads.
However, t ÇF tends to a finite value (around 12 hr) when NÄÅ → ∞. Indeed, the initial area of the
sample being fixed, as the number of pads increases their thickness tends to zero which tends to
decrease the additional term (due to crack) in the drying rate expression and thus balances the
tendency of this rate to increase due to the crack density. As a consequence, for a given material and
air flux, this asymptotic value likely depends on the initial sample area.
18

CONCLUSION
We have shown that under convective drying, a nano-porous gel undertakes two drying stages.
During the first stage, the sample delaminates and shrinks isotropically while remaining fully
saturated, this enables a high rate of evaporation for the material; whereas the second drying period,
macroscopically occurring as the sample turns opalescent, features the desaturation process
described in a previous work [28] and therefore entails a decreasing drying rate, apparently
common to every sample.A variable number of pads can develop during the first stage, in the form
of a step like evolution for crack nucleation. Nucleation of cracks may induce significant variations
of the drying rate; experimentally, we observe that the average drying rate of a material presenting
100+ cracks may become 35% faster than its counterpart that do not fracture. This acceleration
results from the surface area newly available for evaporation along the new vertical sides of the
sample.
Taking into account the shape of the airflow velocity field around and inside a crack cavity, we
were able to establish a simplified scaling model that makes it possible to accurately predict the
observed variations in the drying rate of nano-porous gels, depending on the number of fragments
formed. It is important to note that this this model represents a particular airflow situation and
simplifications that may not apply in all cases, however, it appears relevant in our case (vertical
airflow). We showed that the duration of the initial stage of drying decreases when the number of
pads increases and tends to an asymptotic value. As a consequence, the use of strongly adhering
substrates, leading to a large crack density, will tend to reduce the drying duration. Moreover, using
larger intensity of the air flux blown on the sample should result in an increase of the crack density
as it is commonly stated to increases the drying stress generated in the material [5-11]. This implies
that the drying duration could further be decreased strictly from the air flux increase.
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