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ABSTRACT

Sodium chloride crystallization induced by evaporation of aqueous solution is studied from visualization
experiments in a circular capillary tube. In agreement with recent studies, the onset of crystallization is
observed with a significant supersaturation. Detailed information on the precipitation kinetics and
transport of ions is obtained from numerical computations of the ion mass fraction field during the
evaporation process. It is shown that the precipitation kinetics is fast compared to transport so that the
crystal growth is mostly controlled by the transport. This offers possible simplifications for analyzing
more involved situations such as crystallization in porous media. The fact that the significant super-
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. Introduction

Capillary tubes can be seen as model systems for the study of
porous media, [1,2]. For instance, a single capillary tube can often
be considered as the elementary component in pore network
models, e.g. [3]. Studies with an elementary geometry such as
capillary tube are also of interest for the domain of microfluidics, e.
g. [4]. In this context, the present article is devoted to a study of
evaporation of a sodium-chloride aqueous solution from a single
capillary tube of circular cross section.

The study of evaporation in a porous medium in the presence
of a dissolved salt with possible crystallization has been the
subject of several studies in recent years, e.g. [5-8] and references
therein. A motivation is the study of damage on porous stones and
other building materials that can result from the crystallization
process, e.g. [9]. As reported in [9], the so-called crystallization
pressure, which is the key-concept to analyze the generation of
stresses due to the growth of crystal in pores, is directly dependent
on the supersaturation at the onset of crystallization, i.e. the
amount of ions in excess compared with a solution in equilibrium
with salt crystals. In this paper, the supersaturation, denoted by S,
is defined by:
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saturation does not lead to tube damage is explained.

where mo. is the molality (moles of solute by unit mass of
solvent) when crystallization occurs and mosg is the molality at
saturation (mosg:=6.1 M for NaCl).

It should be pointed out that the question of supersaturation in
sodium chloride aqueous solutions is somewhat controversial.
Until recently, it was widely admitted that supersaturation was
negligible with NaCl, i.e. S ~1. This was notably supported by
experiments where the ion concentrations during the evaporation
process were measured using NMR, i.e. [10-13]. By contrast, the
experiments with capillary tubes reported in [14], indicated
supersaturation as high as 1.6, a level of supersaturation largely
sufficient to explain for instance the damages on porous rocks
observed in the experiments reported in [15]. A significant super-
saturation was also indirectly reported from the analysis of drying
experiment with packings of glass beads, [5]. Owing to the crucial
impact of supersaturation on stress generation, it is important to
evaluate the supersaturation. One major objective of the present
experiment is therefore to confirm the findings reported in [5] and
[14] regarding the level of supersaturation that can be expected
from evaporation of a sodium chloride aqueous solution. As
reported in [16] and [13], the supersaturation can be quite
significantly increased by performing delisquescence/recrystalliza-
tion cycles. Here, we do not perform such cycles and are only
interested in the basic situation where the solution evaporates
from the capillary tube without previous purification of the
solution through deliquescence/recrystallization cycles. We note
that the estimate of supersaturation reported in [14] was obtained
from a global mass balance (details are given below) whereas here
we also compute numerically the ion mass fraction distribution



during the evaporation process so as to take into account the
spatial variations of the ion mass fraction within the solution
during the evaporation process.

A second objective, which was not addressed in the above-
mentioned papers, is to discuss the crystal growth by considering
the balance between the precipitation kinetics and the convective-
diffusive transport processes. This allows us to distinguish two
main phases: a very fast one controlled partly by the precipitation
kinetics followed by a much longer one controlled by the ion
transport. This provides interesting indications for the modeling
of the crystal growth process in more complex situations, such as in
porous media.

The paper is organized as follows. The experimental set-up is
described in Section 2. Experimental results are presented and
discussed in Section 3 together with some numerical simulation
results. A conclusion is presented in Section 4. The numerical
model is presented in the Appendix A.

2. Experiments

Evaporation experiments are performed using a circular capil-
lary tube. A circular tube is preferred to a tube of polygonal cross-
section so as to avoid complications associated with the develop-
ment of capillary films along the corners of the tube, i.e. [17,2]. The
tubes are borosilicate glass tubes of 1 mm interior diameter
(Hilgenberg®). This diameter is denoted by d in what follows.
The tube is held either in vertical or horizontal position. The tubes
are soaked in an ultrasound bath with detergent solution before
use. Then, they are rinsed in deionized water and ethanol before
passing in an O, plasma oven. The sodium chloride solution is
prepared with a mass fraction of salt equal to 25% (25 g of salt for
100 g of solution), close to the saturation (solubility) value (26.4%).
Salt is provided by Sigma-Aldrich®, with a purity ensured to be
higher than 99.5%. It is diluted in deionised water prepared by
using an activated carbon filter and 3 deionizer filters. In order to
avoid wetting the top of the tube, the tube is filled from the
bottom as sketched in Fig. 1a. As can be seen from Fig. 1, the tube is
filled in such a way that a volume of solution is confined between
two menisci. Because the top of the tube is surrounded by dry air
and the bottom one is in contact with a gas plug saturated in water
vapor, evaporation takes place only at the upper meniscus. To form
the liquid and gas plugs visible in Fig. 1, the syringe is first
connected to a flexible tube. A volume of solution is sucked into
the flexible PTFE tube, then air is sucked, then again a volume of
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Fig. 1. (a) Schematic of experimental setup, (b) image of the tube obtained by
ombroscopy. Liquid and gas phases are in light gray and walls and interfaces appear
in dark. The liquid plug of solution is in contact with a dry atmosphere at its top
and with a saturated atmosphere at its bottom. The volume of solution at the
bottom is connected to the filling syringe.

solution. The flexible tube is then glued to the entrance of capillary
tube and the adjacent liquid and gas plugs are slowly injected into
the capillary tube to obtain the phase distribution shown in Fig. 1b.

The tube is set in an enclosure at controlled temperature (T
~22°C) and relative humidity (RH ~7%) thanks to a lithium
bromide (LiBr) solution covering the bottom of the enclosure. The
temperature and relative humidity in the enclosure are measured
and recorded during the experiment. All the data are obtained
from successive images of the capillary tube during an evaporation
experiment. Images are taken with a Nikon® D70 camera with an
AFS micro Nikkor 105 mm lens for the low acquisition frequency
(typically 0.0033 Hz), and a film camera CCD Sensicam PCO® for
higher frequency (typically 0.5 Hz). These devices are interfaced to
a computer thanks to Camera Control Pro 2° and Camware®
software, respectively. The objective is to follow the receding
meniscus during evaporation in order to: i) measure its kinetics,
ii) determine the size of liquid plug, which gives access to values of
saturation. Also the visualization enables us to measure the
crystallization kinetics. As can be seen from Fig. 1, gas and liquid
phases appear in light gray and wall and interface in dark with the
ombroscopy method used for this experiment.

Results are presented for seven experiments (Table 1), four with
the tubes held in a vertical position and three with the tube in a
horizontal position. This is basically the same experiment, which is
repeated seven times. The differences lie in the position of the tube,
vertical or horizontal, the initial position z,,q of the receding meniscus
within the tube and in the initial volumes of gas and liquid plugs.

Looking at Fig. 1b, one may wonder whether the dark thick
lines along the vertical edges of the tube image in the regions of
the tube occupied by the gas phase corresponds to liquid films
along the tube inner wall. These dark lines are, however, due to an
optical effect associated with the curvature of the tube wall. They
are also observed in a perfectly dry tube. Note that the contact
angle of a salt solution on glass is on the order of 40-45° [18]. Thus
we are far from a situation of perfect wetting. A very thin film, of a
few nanometers, might be present. However, we do not believe
that such a film, if any, can play a role in the investigated problem.

3. Results and discussion
3.1. Evaporation kinetics

A first step is to control that the evaporation kinetics before the
onset of crystallization is in good agreement with the available

Table 1

Global and local supersaturation obtained for each experiment (see Section 3.4).
The global supersaturation is obtained from an average mass balance whereas the
local supersaturation is obtained from determining numerically the ion mass
fraction distribution within the tube; Meaning of letters is: V: vertical, H:
horizontal, T: top, B: bottom, M: middle; z,,o is the initial position of the receding
meniscus measured from tube entrance, Hy is the initial length of liquid plug; D; is
the molecular diffusion coefficient of the ions in the liquid phase (D;=1.3 10~° m?/
s). The Peclet number Pe is defined and discussed in §3.2. Note that the images in
Fig. 1b and Fig. 3 do not correspond to one of the experiments mentioned in the
table. They correspond to an experiment performed with a shorter initial liquid
plug designed to visualize the fall of the crystal within the plug (see text).

Experiment # 1 2 3 4 5 6 7
Tube orientation \% \% \% \% H H H
Zmo (Mm) 14 37 13 19 35 88 40
Hp (mm) 273 194 194 169 186 18.2 20.5
Crystal growth site position T B B B T M T
Initial Peclet number Peoz%(onimoy 373 1 286 1.7 101 04 098
Global supersaturation 135 134 146 132 122 140 162
Local supersaturation 159 153 162 152 141 151 178




theoretical prediction. The problem of evaporation in a circular
tube is classically referred to as the Stefan diffusion tube problem,
after Stefan (1871), who was the first to study it. The solution to
this problem, which is described in text books, e.g. [19], reads:

PD 1-y
v v Voo _ 2
Zm(t) = \/ZMp,;RT ln<1fyve >(t to) +22,(to), 2)

where z, is the position of receding meniscus in the tube
measured from tube entrance; M, is the water molecular weight,
P and T are the gas total (atmospheric) pressure and temperature
in enclosure, p, is the liquid density, R is the ideal gas constant, D,
is the molecular diffusion coefficient of water vapor in the gas
phase (considered as a binary mixture of air and water vapor), ¥,..
is the water vapor molar fraction in the surrounding air and y,. is
the equilibrium molar fraction of vapor at the meniscus. Index
0 refers to the initial time. Eq. (2) is referred to as “Stefan's law” in
what follows.

As mentioned in the Section 1, we developed a numerical
solution to determine the ion mass fraction distribution within the
tube. This numerical approach is described in the Appendix A.
Before considering the computation of ion mass fraction within
the plug during the evaporation process, a first step is to verify
that the numerical solution leads to a correct prediction of the
receding meniscus dynamics induced by the evaporation process.
To this aim, the case of evaporation of pure water was first
simulated and the solution compared to the theoretical prediction
given by Eq. (2). The comparison is shown in Fig. 2 and corre-
sponds to the curves labeled “Simulation test”. As can be seen, a
good agreement is found between the numerical solution and the
prediction given by Eq. (2). Thus, the receding meniscus dynamics
is correctly computed for pure water. The next step is to take into
account the presence of the ions in the plug.

Eq. (2) cannot be used anymore as reference solution since this
equation is obtained based on the assumption that the equilibrium
molar fraction of vapor at the meniscus is constant. This is a
correct assumption for pure water under negligible temperature
variation condition, which is the case in our experiment. However,
the presence of ions modifies the water activity a,,= Pye(C)/Py.(0),
which is the ratio of equilibrium vapor pressure at the surface of a
sodium chloride aqueous solution (of ion mass fraction C) to the
equilibrium vapor pressure at the surface of pure liquid water. As
discussed in [5], the water activity decreases with increasing ion
mass fraction C. In our experiment, the ion mass fraction increases
progressively. This affects the water vapor partial pressure at the
surface of receding meniscus and thus the evaporation kinetics.
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Fig. 2. Position of receding meniscus versus time. Experimental results are

compared with Stefan's law calculated with fluid properties corresponding to the

initial state, and numerical simulations considering various options as regards the

variations of water activity and solution density as a function of ion mass fraction.

Note that the simulation curves corresponding to a,=cst, p, =g(xs) and a,,=f(x;),
p,=cst lie on the same line and cannot be discerned from each other.

This effect was taken into account in the numerical solution of the
problem summarized in the Appendix A. We have also taken into
account the variation of solution density with ion concentration in
the numerical solution but not the variation of salt diffusion
coefficient with ion concentration because the variation is weak
according to the data reported in [20]. One problem is that the
variations of density and water activity are only known in the
range of ion mass fraction [0 - xs,] whereas the ion mass fraction
can reach values above the solubility mass fraction in the presence
of supersaturation. We have tested two options: the first one is to
assume that the density (and activity) cannot be greater (lower
respectively) that the solubility values, i.e. p,(Xs) = p,(Xsar) and
Ay (Xs) = Aw(Xsar) fOr X5 > X5qr. The second option consists in taking
into account the variations of activity and density above the
solubility, that is in the range [xs,—X.|, where x. is the ion mass
fraction corresponding to supersaturation. The density in the
range is determined using the same expression as for lower salt
mass fraction, namely, pf(xs)zlf"T(%s, whereas the variation of
activity over the full range [0, x| can be obtained from the data
reported in [21].

The comparisons between the experimental data correspond-
ing to experiments #3 in Table 1, the prediction given by Eq. (2), i.
e. Stefan's law neglecting the variation in the equilibrium vapor
partial pressure and the density, and the numerical solutions, thus
taking into account the decrease in the equilibrium vapor partial
pressure and the increase in the density with an increasing ion
mass fraction, are presented in Fig. 2. Similar comparisons were
obtained with the other experiments.

As can be seen, the meniscus displacement is slower with the
solution considering the variation of properties compared to a
solution with constant properties. This was expected since the
density increases with an increasing ion mass fraction while the
water activity decreases. However, the best agreement with the
experimental data is obtained assuming a,(Xs) = aw(Xsqe) for
Xs > Xsqr and p,(xs) varying above X, There is clear discrepancy
with the experimental results when values a,,(x;) vary in the range
[xsae—Xc]. However, it can be noted that this is not in agreement
with the experimental results reported in [21] or [14], which
indicate that the water activity decreases below ay(xsqr) when
Xs > Xsqr. In fact, the liquid plug is not perfectly stable during the
experiments, presumably due to some vibrations in the experiment
room. The associated uncertainty might explain the discrepancy.

Also, it may appear surprising that the simulations for a,,=f(xs),
pr=8(xs) and a,,=f(xs), p,=cst lead to almost the same result in
Fig. 2 whereas the consideration of a variable density has clearly
an impact when a,,=cst. Actually, the variation of activity in our
simulation is expressed as a function of ion mass fraction, which is
the ratio of ion concentration to solution density. The result is that
the variation of x, is different in both simulations and this explains
the observed result.

To close this section, it can be also noted that there should exist
a vapor flux in the air gap between the top (evaporating) plug and
the lower (saturated) plug since the activity becomes different
between the two menisci closing this gap owing to the progressive
change in the ion concentration in the upper plug. Estimate of this
flux, which is directed from the lower plug to the upper plug,
shows that it can be neglected in the analysis.

3.2. Location of first precipitation spot

As the meniscus recedes into the tube, the ion concentration
increases in the shrinking liquid plug until first crystals become
visible and grow. Only one crystal growth site was observed in the
experiments summarized in Table 1. As reported in Table 1, there
are three main places in the tube where this crystal growth is
observed. Generally, crystal growth takes place at a meniscus. The



growth site can be located either at the inner (liquid) surface of the
receding meniscus (position denoted by letter “t” in Table 1), at the
liquid side of bottom meniscus (letter “b” in Table 1, which refers
in fact to the immobile meniscus located at the other end of liquid
plug and is indeed the bottom meniscus when the tube is vertical).
In one experiment (experiment #6), however, the crystal growth
took place in the middle of tube. The growth site was usually
located near the receding meniscus in the experiments with the
tube in the horizontal position (with the exception of experiment
#6 where growth took place in the middle of the tube). The
situation seems at first sight different when the tube is held in the
vertical position, where the most likely growth site was the
bottom (immobile) meniscus. However, the observation of series
of images taken with a bigger zoom and at a higher frequency
(0.5Hz) actually in a dedicated experiment showed that the
crystals first form at the upper meniscus also when the tube is
in vertical position. Then the crystal, of density greater than the
solution density, fell into the liquid plug until it reached the
bottom meniscus, where most of its growth took place. This is

|

|
H

illustrated in Fig. 3. The conclusion is therefore that the most likely
place of crystal formation is the receding meniscus. However, as
can be also seen from Fig. 3, the crystal might stay attached to the
upper meniscus where the interfacial forces are sufficient to
overcome the gravity forces acting on the crystal. Note also the
formation of a third growth site in Fig. 3 in the upper part of the
receding meniscus on the left, leading to salt creeping along the
inner wall of the tube. In the particular experiment shown in
Fig. 3, three growth sites can be seen. As mentioned before, only
one crystal growth site was observed in the experiments summar-
ized in Table 1.

The observation of the growth site in the middle of the plug in
experiment #6 can be related to the lower initial Peclet number
Pey characterizing this particular experiment. This is due to the
initial receding meniscus position deeper inside the tube com-
pared with the other experiments. As discussed in more details in
§3.4, a lower Peclet number means a more uniform ion mass
fraction distribution within the liquid plug and therefore a lower
probability to observe the precipitation at the receding meniscus.

]

t,+2s t,+8s t,+10s
J I m n
|
| |
| | |
t,+16s t,+18s t,+38s t,+58s t,+98s t,+27min t,+80min

Fig. 3. Series of pictures obtained by ombroscopy showing the sodium chloride crystal growth in the tube. Red circles locate crystals. Time is counted from first precipitation
time t,, which is the time when the first crystal is detected by visual inspection of the image (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).



This is also consistent with the lower discrepancy between the
local and global supersaturations for experiment #6 compared
with the other experiments.

The fact that the most likely place of crystallization is at the
receding meniscus can be explained from the numerical computa-
tion of the ion mass fraction field within the plug during the
evaporation process. The method of solution is described in the
Appendix A. Owing to the discrepancy observed between the
experiment and the simulation as regards the receding meniscus
dynamics when we consider the conditions that a priori must
apply (see Section 3.1), we have decided to perform the computa-
tion of this field in such a way that the dynamics of receding
meniscus is in almost perfect agreement with the experimental
dynamics. Nevertheless, we have also checked the other options
corresponding to the various curves depicted in Fig. 2. We found
that the results were not significantly sensitive to the option
considered provided that the solution density variation was taken
into account in the simulation. Neglecting the density variation
leads to overestimation of the ion concentration at the receding
meniscus compared to the simulations taking into account the
density variation.

Fig. 4 shows a representative example of the computed ion
mass fraction field within the liquid plug. As can be seen, the
simulations indicate the formation of dissolved salt concentration
gradients during the evaporation process. The ion mass fraction is
greater in the region adjacent to the receding meniscus. The ion
mass fraction is the greatest near the contact line, i.e. the line
where solid, liquid and gas meets. This is fully consistent with the
observations since first crystals are generally seen in the wedge
formed by the meniscus and the tube wall near the contact line.

Physically, the distribution depicted in Fig. 4 can be explained
as follows. When the receding meniscus moves over a distance dz
during the time dt, this corresponds to the evaporation of a certain
volume V of solution. It is easy to show that this volume is actually
equal to dz zd?/4 independently of the shape of the meniscus
(provided that this shape does not change over the time dt). The
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Fig. 4. Example of computed salt mass fraction distribution within the liquid plug
after 21 h of evaporation (simulation of experiment #3). Note that only a half
vertical section of the tube is shown because of the symmetry of the problem. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

mass of salt contained in this volume is ms=xsp,V. Since the ions
do not evaporate, this is the mass of salt added to the plug as the
results of the displacement of the meniscus over the distance dz.
This mass is added locally along the meniscus inner boundary.
When the motion of the meniscus is too fast, diffusion cannot
homogenize ion mass fraction within the plug and the salt
concentration increases near the receding meniscus as illustrated
in Fig. 4. This leads to introduce a dimensionless number for
characterizing the competition between the two effects, namely
the ion diffusion and the fact that ions are added with a certain
rate along the receding meniscus, expressed as:

dm/dt _ion production rate at receding meniscus

Js diffusion rate 3
The diffusion rate is given by: J, %/)t,”‘lizDS%, leading to:
Pe— (dzm /dt)H’ @
Ds

which has the form of a Péclet number and is therefore denoted by
Pe. Accordingly, it is expected that the ion mass fraction is uniform
within the plug when Pe «1 and not uniform with greater ion mass
fractions near the receding contact line when Pe ~ O(1) or greater.

Then the greater concentration near the contact can be quali-
tatively explained as follows when Pe is greater than one. Suppose
that an excess ion mass fraction is distributed all along the
meniscus. Then it is clear that diffusion will be more efficient near
the middle of the receding meniscus (the point of the meniscus
which is the most advanced within the plug), which is closer to the
less concentrated solution occupying the plug than the points of
the meniscus located closer to the contact line. In brief, the
confinement effect within the wedge formed by the meniscus
and the tube wall near the contact line explains the greater ion
mass fraction in this region. Note that the excess mass fraction is
therefore uniform along a moving flat meniscus.

From the above consideration, it is possible to determine when
the ion mass fraction can be reasonably expected to be nearly
uniform within the plug. This might help experimentalists to set
up experiments so as to have a nearly uniform ion mass fraction
when crystallization occurs, without using numerical simulations.
From Eq. (2), we get:

dzm A

dt "z ©

where A= M= In (11’_55’;:). Combining Eq. (4) and Eq. (5) leads to:
AH

Pe :Z_mDs’ (6)

Log(Pe)

Log(zm)

Fig. 5. Pe number as a function of receding meniscus position within the tube. L is
the length of computational domain, which corresponds to the section of the tube
containing the upper plug; L=H(t)+z(t) (see Fig. 1b).



As can be seen in Fig. 5 (for the case y,.,=0), the hypothesis of
a homogeneous salt concentration can be often not relevant. For
example, when the meniscus is located at 1 mm from the entrance
of a 3 cm long tube, Pe number is equal to 6.23, much higher
than 1.

3.3. Convective motion along the receding meniscus

It is well known that the structure of liquid velocity field in the
vicinity of an evaporating meniscus can be complex with possible
rotating vortices in the region adjacent to the meniscus, e.g. [22].
The convective rolls reported in [22] were induced by the
temperature variations along the meniscus generated by the
preferential cooling near the contact line, which is the place of
the highest evaporation flux. However, this Marangoni flow is
expected to be insignificant in our experiments owing to the quite
low evaporation rates and the operating fluid used. Nevertheless,
the evaporation flux is not uniform along the meniscus with
greater evaporation fluxes near the contact line as illustrated in
Fig. 6. According to our numerical approach (see Appendix A),
which thus assumes negligible temperature variations, the eva-
poration flux variation along the meniscus induces a double
convective loop in the liquid as shown in Fig. 6. It could be
concluded that this convective flow contributes to the transport of
ions from the middle of meniscus to the contact line region.
However, the simulations indicate that the maximum velocity
V¢ max in this flow pattern is at most on the order of 10~8 m/s. If
we define a local Péclet number based on this convective velocity
and the tube diameter:

Ve maxd
Pem =5~ )
S

a value of about 1072 is obtained. The conclusion is therefore that
the ion concentration field is in fact almost not affected by the
convective motion depicted in Fig. 6. The greatest concentration
near the contact line is not due to this convective effect but to the
confinement effect briefly discussed in the previous section.
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Fig. 6. Computed flow pattern (stream lines) induced in the liquid in the region
under the receding meniscus. The red arrows indicate the distribution of evapora-
tion flux along the meniscus (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

3.4. Supersaturation

A first estimate of supersaturation can be obtained from a
simple mass balance. Knowing the initial volume Vj, of the liquid
plug, the initial ion mass fraction in the plug xq, the average ion
mass fraction X.when first crystals are detected in the images is
then given by:

%: P/SXO)VO ’ ®)
0o PrXer) Ver

where V,, is the volume of the liquid plug right before first crystals

are visible; p, is the density of the solution, which depends on the

ion mass fraction, p, = ;=57 Combining the latter with Eq. (3)

leads to:

Xcr 1

X0 @+0.7%(1—w) ©)

where o=V, [Vy. Expressing the supersaturation, Eq. (1), in terms
of ion fraction leads to:
Xer

=9 10
M;s(1 —Xcr)MOsqr (10)

which can be easily computed from the determination of X.using
Eq. (9). This leads to the values referred to as the global super-
saturation values in Table 1.

Averaging over the seven experiments yields S=1.39+0.1,
which is slightly lower than the values (~1.6) reported in [14]
but still greater than one. This lower value compared with the
results of [14] is explained by the fact that the ion mass fraction is
not uniform within the liquid plug in our experiments. Therefore,
the numerical simulations were used to determine the local ion
mass fraction where and when the first precipitation spot was
observed in each experiment. Using these values in Egs. (9) and
(10) led to the values referred to as the local supersaturation in
Table 1. As can be seen the local values are greater than the global
values with a lower relative variability. Averaging over the seven
experiments, one obtains S=1.57 + 0.1, which is very close to the
values reported in [14]. The global method was used in [14] for
determining the supersaturation. Their experimental conditions
were different than ours. Using values deduced from their article
in Eq. (6) leads to Pe < 0.05 for their experiments. This is much
smaller that the values of Peclet number in our experiments (see
Table 1). This low value of Peclet number consistently explains
why the consideration of the average ion concentration was
sufficient in their case.

3.5. Crystal growth kinetics

First insights on the crystal growth kinetics can be gained from
the spatiotemporal diagram shown in Fig. 7, for the case here of
the tube in vertical position. This diagram shows the receding of
the upper meniscus as a function of time and the growth of the
crystal attached to the immobile bottom meniscus. This diagram is
obtained by plotting the one pixel wide line located in the middle
of each image. This line is schematically shown in Fig. 7. It
corresponds to the vertical dashed line on the right in the figure.

In the experiment shown in Fig. 7, there is only a single crystal
growing. This is the situation generally observed in our experi-
ments. As can be seen, one can distinguish three main phases.
During the first phase, when no crystal is present, the ion mass
fraction increases in the liquid as a result of evaporation. Then
there is the short phase in which the crystal appears right under
the receding meniscus and falls within the plug until it reaches the
bottom meniscus. This short phase is not visible in Fig. 7 and is
therefore not considered as a distinct phase in this section. The
second phase corresponds to rapid crystal growth indicated by a



quasi-vertical line in spatiotemporal diagram in Fig. 7. During the
third phase the growth becomes much slower.

Regarding the crystal growth kinetics, one can therefore distin-
guish two main phases: a first phase where the growth is quite fast
and a second phase where the growth is much slower. This can be
further illustrated from the computation of the crystal growth
velocity w,, which is defined by:

dr¢
Wer = g (11)

where ¢ is the height of crystal as sketched in Fig. 7. The crystal
growth velocity w, is computed from the series of images of crystal
developing in the tube (again it is computed from the one pixel
wide middle line used to plot the spatiotemporal diagram). This led
to the evolution of crystal growth velocity depicted in Fig. 8, which
clearly shows the short phase characterized by a much higher
growth velocity from the second phase where the growth velocity is
much lower.

As can be seen from Fig. 8, the duration of the first phase is
quite short, on the order of 20 min. Also, Fig. 8 shows that the
numerical simulation based on the model summarized in the
Appendix A leads a qualitative agreement with the experiment.
The two phases are well reproduced and the duration of the first
phase, although shorter than in the experiment, is on the same
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Fig. 7. Spatiotemporal diagram. On the left: initial time picture, on the right: final
time picture, in between: meniscus position versus time, each pixel column corre-
sponds to a picture section in the middle of the tube. A crystal (dark region) appears
after 37 h of evaporation. The diagram shown here corresponds to experiment #2.
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Fig. 8. Crystal growth velocity versus time; t=0 corresponds to the time when
crystal becomes visible for the first time in the images.

order as in the experiment. The shorter duration of the first phase
in the simulation is attributed to the consideration of a crystal
shape much simpler than the shape seen in the experiment. As
indicated in the Appendix A, the crystal was actually assumed to
fully occupy the tube cross-section and the crystal-liquid interface
was assumed to be perfectly flat.

To discuss further these results, we recall the expression of the

precipitation kinetics proposed by [23]:
9 K51, (12)
where K, is the growth parameter, depending on temperature and
g is the crystal growth exponent. The growth parameter K., can
be expressed thanks to the Arrhenius law: K = Cexp(—Eq/RT)
where C. is a constant, E;, the activation energy and T the
temperature. Summarizing different values of the literature, [24]
suggests the following values for each coefficient: C.,=1.14 10* m/
s, E,=58,180 ]J/mole and g.=1 for NaCl. Eq. (12) indicates that the
growth is directly linked to the existence of ion in excess (the
supersaturation S should be greater than 1).

The fact that there are two well distinct phases in the crystal
growth kinetics can then be discussed first from the consideration
of the Damkholer number Da, which compares the reaction time
(precipitation time) ant the transport (convection+ diffusion) time
scale. The Damkholer number Da can be expressed here as:

KeH

Da = D;

(13)

At the beginning of cristal growth, Da ~ 6. We recall that Da
> 1 indicates that the reaction is fast compared to transport. This
means that the crystal consumes all the dissolved salt in excess
near it surface when crystallization starts, and then the process is
controlled by transport. This value of Damkhéler crystal thus
suggests that the growth is first limited by the reaction and the
transport over a short first phase until the solubility concentration
is reached at the crystal surface. In the second period, much
longer, precipitation is limited by transport only.

This scenario is confirmed from the numerical computation of
the ion mass fraction field within the liquid plug during the
evaporation - crystal growth process. Again, the mathematical
model and the method of solution are described in the Appendix
A. The results of simulation are depicted in Figs. 9 and 10 for the
case of experiment #3. Similar results were obtained for the
other experiments. z=0 corresponds to the crystal-liquid inter-
face in Fig. 9 whereas z=z,q4 corresponds to the receding
meniscus position (z,q is the point where the curves stop on
the right in Fig. 9). As can be seen from Fig. 9, the phase of rapid
growth corresponds to a short phase where the supersaturation
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Fig. 9. Computed variation of supersaturation in the salt solution in the liquid plug
at different times in the configuration of experiment #3; z=0 corresponds to the
crystal interface and the greatest value of z for each curve corresponds to the liquid
gas interface, i.e. the receding meniscus.
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Fig. 10. Computed variation of supersaturation at crystal surface (z=0) in the
configuration of experiment #3.

is greater than 1 at the crystal surface in contact with the liquid
(see the decrease in supersaturation at z=0). This is still more
visible in Fig. 10 which shows the variation of supersaturation
right at the crystal surface. This is a phase where the crystal
growth is controlled by both the precipitation kinetics and
transport (since the supersaturation decreases at z=0). As shown
in Fig. 9, this phase is characterized by a strong ion mass fraction
gradient at the crystal surface, especially at the very beginning of
the growth. In this phase, the crystal clearly consumes more salt
than the amount of salt in excess produced as a result of
evaporation. In other terms, the average ion mass fraction in
the plug markedly decreases during this phase. This phase lasts
about 15 min. Then the ion mass fraction becomes very close to
the solubility at z=0 (which corresponds to S ~1) and the
growth is then controlled by the transport only. This corresponds
to the phase of slow crystal growth. As depicted in Fig. 9, the ion
concentration gradient at the crystal surface progressively
decreases during this phase and the ion mass fraction tends to
become more uniform over the liquid plug. This phase, which is
controlled by the transport and the volume variation of the liquid
plug, could be computed imposing xs=xs, at the crystal-liquid
interface and solving only the transport equations without
considering the precipitation kinetics Eq. (12).

We have seen in §3.3 that ion mass gradients can be induced by
the motion of the receding meniscus (when Pe is sufficiently high).
One can also wonder whether the motion of crystal-liquid inter-
face can induce convective effects in the liquid and therefore also
gradients in the ion mass fraction within the liquid plug. Similarly
as in §3.3, a first insight into this question can be gained from the
consideration of a Peclet number Pe,, defined by:

Pe., — (df/dt)H, (14)

D

where d#/dt is a characteristic velocity of the flow induced in the
liquid plug by the crystal growth. Using experimental values of
d¢/dt during the phase of fast crystal growth leads to Pe, ~17,
which clearly suggests that the crystal growth induces ion mass
fraction convective effects in the plug and thus ion mass fraction
gradients, at least during the phase of rapid growth.

Another interesting result drawn from simulations concerns
the direction of average velocity within the plug induced by the
crystal growth. One could be tempted to predict that this velocity
near the crystal is directed toward the receding meniscus accord-
ing to the naive view that the crystal is pushing the liquid.
Actually, the crystal growth induced a flow in the opposite
direction, that is directed toward the crystal and not away from
the crystal. Note, this holds however only under condition of
negligible salt solution density gradient. This can be understood
from the expression of liquid velocity at crystal surface that can be

deduced from Eq. (A15) in the Appendix A. The projection of Eq.
(A15) along the z-direction leads to:

Vez = Werz (1 —&) s (15)
Pe
where wg, is the crystal-solution interface velocity. Since the
crystal density p.(pe=2170 kg/m?) is greater than the solution
density p,, the flow induced in the liquid is in the direction
opposite to the crystal growth direction. The convective effect
induced in the liquid by the crystal growth thus increases the
transport of ions toward the growing crystal. Hence the water is
pushed away by the crystal, the ions are directed toward the
crystal and the solution, i.e. the mixture of the two species water
and dissolved salt, is directed toward the growing crystal interface.
Finally, we note that it is easy to determine the crystal growth
rate in the low Peclet limit when the ion mass fraction can be
considered as uniform within the plug. Since we know from §3.4
that the supersaturation is quite significant at the onset of
precipitation, a first step is to consider that the fast crystal growth
phase corresponds to a phase where all the salt in excess
precipitates. The second phase, much slower, would be then
controlled by the slight increase in the ion mass fraction due to
the shrinking of liquid plug. It is assumed that the resulting
increase in the ion mass fraction precipitates immediately. Thus,
the system would operate in the second phase under quasi-
equilibrium condition between the crystal and the solution
(xs~Xsqr throughout the solution) in this low Pe regimes. Under
these circumstances, the crystal growth rate during the second
phase can be predicted from the simple mass balance:

dzm, df)

de dH
Per ge  ~PeXsat g N PeXsat <T +ar (16)

where p, is the crystal density (p.-=2160 kg/m?), which gives:

% ~ PeXsat dzp

— 17
dt (pcr_pfxsut) dt (0

Note that we assumed a compact crystal.

The prediction given by Eq. (17) is compared with the full
simulations in Fig. 11.

As expected, Eq. (17) leads to a lower bound in the crystal
growth velocity. In the case of our experiments, the distribution of
ions is far from the quasi-uniform distribution expected in the low
Peclet limit and the crystal growth is much faster. This could be
also simply anticipated from the computation of the diffusion time
H?/D,, which is on the order of 40 h for our experimental condi-
tions, about 10 times greater than the typical duration of our
experiments after nucleation. As can be seen from Fig. 11, the
agreement with the quasi-equilibrium assumption is excellent
when the simulation is performed over a sufficiently long time.
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Fig. 11. Comparison between the evolution of crystal growth velocity obtained by

simulation and quasi-equilibrium assumption (Eq. (17)) in case of experiment 3.
t=0 corresponds to the onset of crystallization.



3.6. Crystallization pressure

The maximum stress AP that can be produced from the super-
saturation of a solution reads, e.g. [21]:

ap="R s, (18)
Ve

where n is the number of ions forming the salt (e.g. n=2 for Nacl),
R is the gas constant, T the temperature (K), V¢ is the crystal molar
volume (Ve=2.7 x 107> m® mol ! for NaCl). Applying Eqgs. (18) for
S ~1.6 gives AP~ 135 MPA which is greater than glass tensile
strength (~40 MPa). However, the capillary tube is not damaged
at all by the crystal growth. This can be explained as follows. First
the existence of a possible stress due to supersaturation is highly
transient since the supersaturation rapidly decreases in the tube
(see Fig. 10). Second the crystal is actually not in contact with the
tube wall when the supersaturation is high at its surface. The
crystal grows in the liquid phase at a distance from the wall when
the supersaturation is high. When stress can be generated on the
tube wall, i.e. when the crystal is contact with the tube wall, the
supersaturation has significantly decreased and the generated
stress is weak, not sufficient to cause the tube rupture. In brief,
these results emphasize the transient nature of the possible stress
generation and that the local geometrical of the pore space shall
be such that the crystal is in contact with the pore wall during the
phase of high supersaturation for damages to be caused by the salt
crystallization.

4. Conclusion

The results presented in this paper confirm that supersatura-
tion as high as 1.6 can be expected during the evaporation of
sodium-chloride solutions, at least under somewhat ideal circum-
stances (pure solution, carefully cleaned surfaces, minimal expo-
sure to dirt in the environment, small volume of solution). Such a
supersaturation level is sufficient to generate significant stresses
on pore walls according to the known expression of crystallization
pressure. However the period of possible stress generation is quite
short and the growing crystal was not in contact with the tube
wall when the supersaturation was high in our experiment. As a
result no tube damage was observed.

This study also shows that significant ion mass fraction gradient
can be generated during the evaporation process so that the con-
sideration of average ion mass fractions cannot be sufficient to
determine the supersaturation depending on the experimental con-
ditions. This might explain in part why no supersaturation with NaCl
was detected in some previous works, i.e. [10-13], in contrast with
the result of the present study and those reported in [14]. However, it
can be also argued that the situation in a porous rock or a building
material is somewhat different from the ideal system considered in
the present work. Building materials have heterogeneous surfaces
that may favor nucleation, and the larger the body, the higher the
likelihood that it contains a potent nucleating agent. This might also
explain why such a level of supersaturation has not been reported so
far in the available experiments with real porous media.

The study of crystal growth led to distinguish two main phases:
a first, relatively short, phase where the crystal growth depends on
both the precipitation reaction rate and the ion transport rate
within the tube. The second phase, much longer, is characterized
by comparatively low crystal growth rates and is dominated by the
transport of ions in the solution and the production of ion in
excess due to the liquid plug volume variations. The precipitation
reaction is fast compared to the ion mass fraction variations due to
transport or volume changes and therefore has no impact on the
crystal growth rate in this second phase.

Also, a numerical method was described to compute the flow
and the ion concentration field in the tube with a receding
meniscus and a growing crystal.

Our study may help to develop a model of evaporation with salt
precipitation in porous media and also to design microfluidic
experiments in which the impact of crystallization pressure could
be directly observed and quantified.

Appendix A. Numerical solutions

This Appendix presents the numerical solution used to com-
pute the ion mass fraction distribution within the shrinking liquid
plug during the evaporation-crystallization process. The computa-
tional domain is formed by the liquid plug and the domain
occupied by the gas phase located between the tube inlet and
the receding meniscus. The problem was modeled mathematically
as follows assuming negligible temperature variations.

The gas phase is a water vapor-air binary mixture. The
continuity equations for the gas phase and the vapor are expressed
as:

op
a—f+pgwg =0, (A1)
ay
(Ttv =D,Ay,, (A2)

where p, is the gas density, y, is the vapor mass fraction, D, =2.5
107> m?/s is the diffusion coefficient of vapor in air, v, is the gas
phase velocity and ¢t is the time. In fact, the problem in the gas
phase can be considered as quasi-steady as in the classical one
dimensional analytical approach leading to Eq. (2) in the main
text. We have nevertheless solved the problem keeping the
transient form of the equations. The simulation results confirmed
that the evolution in the gas phase was quasi-steady.

The liquid phase is a sodium chloride aqueous solution. The
continuity equation for the liquid phase, the species (NaCl)
continuity equation and the momentum balance equation are
expressed as:

I,

W"‘,DKVV/ =0 (A3)
ov

Pe {0—:+WVW} = — VP, +u, Vv, (Ad)

0Xs

y-i- V.(XsV¢) = DsAXs (A5)

where x; is the ion mass fraction, p, the liquid density, v, is the
liquid phase velocity, P, is the pressure in the liquid phase, p, is
the liquid dynamic viscosity, Ds=13 10~°m?/s is the sodium
chloride diffusion coefficient in the liquid phase.

The boundary conditions are: y, =Y., (which is the vapor mass
fraction corresponding to the relative humidity 7%) at the tube
inlet (z=0 in Fig. 1b), v, =0, v4=0, dx;/or =0 and 9y, /or =0 at the
tube wall. The bottom meniscus is considered as a wall.

A crucial point in the model is the coupling between the gas
phase and the liquid phase at the moving meniscus. The top
meniscus is assumed to be a rigid interface. This assumption can
be justified considering that the capillary pressure jump across the
meniscus, P. ~ (4y/d) where y is the interfacial tension and d the
tube diameter is much greater than the pressure variation along
the meniscus due to viscous dissipation. The later can be estimated
as 6Py ~ (u,vm/d) where the characteristic velocity can be esti-
mated as the meniscus velocity:

dzm _Pg Yve—Y
—_m Pep Jve " Vv
Vin dt Py v d p



considering here an upper bound since the initial position of
receding meniscus is greater than the tube diameter in the
experiments. This gives %w%z 8.10'°, which justi-
fies our assumption. ‘

Thus, we can consider that the interface velocity, w, is the same
at each point of the moving meniscus and can be express as (0,0,
w,) using the cylindrical coordinate system (r,¢,z). Denoting the
evaporation rate by J, it can be shown that:
By Y (A9)
perd

where J can be express as:

J= | -

A10
s T1-y (A10)

D,Vy,nds.
ve

The interfacial condition expressing the continuity of mass flux
at the meniscus surface is expressed as:

Pg

peve—win=—="E_p,vy,n, (A11)
ve

As proposed by [25], the free shear stress boundary condition is
expressed as:

t-r=0, (A12)

where t is a unit vector tangential to the interface and = is the
viscous stress tensor.

The assumption of local thermodynamical equilibrium is made
at the meniscus. Thus,

Yv="Yve- (A13)

The salt cannot cross the meniscus surface, which is expressed
mathematically as:

(XspVe—pyDs VXN = p Xswi. (A14)

The initial position of moving meniscus within the tube and the
length of liquid plug H are input data for the simulation as well as
the initial ion mass fraction which is assumed spatially uniform at
t=0.

The above problem is solved until the time where crystals are
visible in the considered experiment as explained in the text.

To perform the simulation in the presence of a growing crystal
at the bottom of the liquid plug, boundary conditions at the
crystal-solution interface must be introduced. These conditions
read:

Pe(Ve—=Wer)l = —poWe I, (A15)

vy-t=0, (A]G)

where p, and wg are the crystal density and crystal-liquid
interface velocity respectively.

(XspVe—pDsVxs)n = pwn (A17)
with
perWn =Ko (S— 1), (A18)

For simplicity, it was actually assumed that the crystal-liquid
interface was flat with the crystal extending over all the cross-
section of the tube.

The initial conditions for the simulation considering the crystal
growth are given by the results of the simulation obtained when

the supersaturation marking the beginning of crystallization is
reached within the tube.

The above problems were solved numerically using the com-
mercial software Comsol Multiphysics. In order to track the inter-
face and maintain a fine mesh near the receding meniscus or the
crystal-liquid interface, a method of deformed mesh was used. We
used the “deformed geometry” option proposed in the software.
We checked that the salt and water mass balances were well
satisfied when using this method.

Owing to the symmetry of the problem, the above problems
were solved using cylindrical coordinates considering only one
half of the tube longitudinal cross section.
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