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Abstract:

Liquid corner films in channels or pores of polygonal cross-section are known to have a
strong impact on evaporation with a much faster evaporation compared to a tube of circular
cross section. The aim of this work is to study the interplay between colloidal particles,
development of the corner films and evaporation in a micro channel from a combination of
visualization experiments with fluorescent particles and numerical simulations. It is shown
that the triple line pinning along the corner films due to particle accumulation in the films
leads to the thinning of the corner films. As a result of the film thinning, evaporation is slower
in the presence of particles compared to pure water. The identification of such an evaporation
reduction mechanism at pore scale shed new light on the phenomenon of reduced evaporation

in porous media due to the presence of colloidal particles reported in previous works.
Key words: colloidal suspension, evaporation, corner liquid films, microchannel, wettability

1. Introduction

Drying of colloidal dispersions has been the subject of many studies, e.g. [1-2] and references
therein, because it is both a fascinating phenomenon and of importance as a common
industrial process as well as for engineering innovative materials [3]. As pointed out in [4],
drying of a suspension in a porous medium is also frequent in industry and nature in relation
with the transport of pollutants through soils [5], the evolutions of soil fertility [6], the
hydrophobization of porous components [7] or the improvement of the thermal properties of
electronic chips [8], to name only a few. Nevertheless, the understanding and modeling of the

effect of colloidal suspensions in a drying porous medium are less advanced than for the
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drying of suspensions, e.g. [10] and references therein, but have significantly been improved
in recent years thanks to new experimental and numerical studies, e.g. [4], [10], [11], [12]. In
[12], the focus was on the formation of clogging structures induced by evaporation within a
model porous medium from numerical simulations at the pore scale. In [4] and [11],
experimental results with granular medium columns showed that drying is slower in the
presence of particles compared to pure water. The greater the particle concentration, the
slower is the drying. As in the case of drying with a saline solution, e.g. [13], [14], the
particles are transported by advection up to the evaporative surface where they accumulate,
deposit and reduce the porosity [12]. This process leads to the formation of a region with
deposited particles on top of the granular column [4]. The gradual decrease of the evaporation
rate was then explained by the formation of a receding evaporation front into the medium as a
result of the deposit of particles in the top region of the column.

On the other hand, it has been shown that thick capillary liquid films, also referred to as
corner liquid films, can have an important impact in drying, e.g. [15-18]. These films form in
crevices or corners in the pore space are distinct from the thin films with thickness of the
order of nanometers, e.g. [19]. Compared to that of thick capillary films, the contribution of
thin films to the overall liquid flow in drying is considered as negligible [16]. In the simple
situation of evaporation in a capillary tube, drying is much faster in a square tube compared to
drying in a circular tube due to the presence of capillary liquid films along the inner corners of
the square tube. Such an enhanced evaporation effect was also reported in micromodel
experiments [20] as well as in a packing of grains confined between two plates [18]. Thus, the
question arises as to whether a slower drying in the presence of particles can be attributed to
the effect of particles on the capillary films. In this article, this question is addressed from
evaporation experiments in a channel of almost square cross-section in conjunction with
numerical simulations combining Surface Evolver [21] simulations of the gas-liquid interface
in the channel and computations of the evaporation rate using a commercial code.

The paper is organized as follows. The materials and methods are presented in Section 2.
Experimental results are presented and analyzed in Section 3 with the help of numerical
simulations. The influence of corner film thickness on evaporation rate is determined in

Section 4 from numerical simulations. Section 5 consists of the main conclusions of the study.

2. Materials and methods
Evaporation experiments are conducted in a channel of rectangular cross section. The

channel is 2.4 mm long, with a width of 0.8 mm and a depth of 1mm. As illustrated in Fig.1,
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this is a composite channel with four walls made of a hydrophilic material (SUEX™),
namely the end wall, lateral walls and bottom wall, whereas the top wall is in
polydimethylsiloxane (PDMS). This composite feature facilitates the observation of corner
films, which, as it will be shown, develop only along the two lower corners of the channel.
The channel is crafted using UV lithography of 1mm SUEX epoxy film. The
microfabrication sequence is the following: a glass plate used as support, is cleaned with
acetone, ethanol and dried with compressed air. The SUEX sheet is set on a hot plate to be
cut. Then a first layer of SUEX is set on the glass plate and exposed to UV and stick to the
first layer by hot plate heating. A second layer of SUEX is placed on top of it. This resin
sheet assembly is put in the UV lamp, covered with the mask imposing the channel shape, to
be exposed for 4 minutes at 100% power. To finish, the sheet is developed with propylene
glycol methyl ether acetate (PGMEA), cleaned with isopropyl alcohol (IPA) and dried in an
oven several hours. This yields a 1 mm deep channel on top of the SUEX sheet assembly.
The chip so obtained undergoes a final cleaning protocol. It is gently brushed with soap,
rinsed with ethanol and dried with compressed air, in order to remove any residual deposited
particles or dust. As illustrated in Fig.1, the developed SUEX chip is covered with a thin

layer of PDMS (Fig. 1) to close the channel, ensure proper sealing and avoid leaks.

Fig. 1. Composite SUEX -PDMS channel of rectangular cross section.



Evaporation experiments were performed by filling the channel with either pure water or
water with particles. The particles were carboxylate-modified fluorescent microspheres of 1
um in diameter (Molecular Probes™ Fluo 3, maximum absorption 580 nm and emission
around 605 nm, density of 1.05 g/mL) available in a solution of distilled water containing
particles at a concentration of 2% (g/mL). A calibration curve was built to relate the light
intensity and the particle concentration using a 16-bit grayscale.

Experiments were carried out as follow. After cleaning the channel and closing it with PDMS,
the liquid was injected manually with a syringe. Care was exercised for not flooding the
channel so as to avoid any spreading of solution in excess in the outer region of channel. The
result was that the channel was not fully filled when the experiment started. Then, the chip
was placed under a microscope (Zeiss Axio Scope.Al with a 5x/0.16Ph1 lens) equipped with
a camera (LaVision Image sCMOS) and images of channel during evaporation were taken
from the top at a frequency of 0.1Hz. Positions of the triple line on the SUEX bottom wall or
PDMS top wall were obtained after image processing using ImageJ and Matlab.

Four experiments, with pure water and three different particles concentrations (in g/mL),
namely 107, 0.5 x 10* and 10 *, were performed. These concentrations were obtained by

mixing a volume Vpat Of the 2% (g/mL) solution with a selected volume Vo of pure water.

Vpart Cy
Vy2o0tVpart

This gives C = where C, = 0.02 g/mL and C denotes the obtained concentration.

Prior to each experiment, the conditions in the box around the microscope were measured
and, if necessary, modified with the addition of a salty solution in order to impose the same
relative humidity, 58% =+ 2% in each experiment. The room temperature was T = 22 + 1 °C.
Both the temperature and relative humidity were recorded every 5 minutes.

The wettability properties of the channel materials were characterized from contact angle
measurements. These measurements were performed for pure water and the various
concentrations in particles using the Drop Shape Analyzer Kriiss based on the sessile drop
technique. For both pure water and with particles the contact angle was found to be on the
order 70-75° on a SUEX layer. These values correspond to measurements right after the
droplet has reached an equilibrium on the SUEX, i.e. a short time after the drop is set on the
SUEX plate surface. These values change during the gradual evaporation of the droplet. As
can be seen from Fig.2, the contact angle 9 of a specific drop during evaporation decreases
almost linearly as a function of time for both pure water and water with particles while the
triple line remains pinned. The variation is quite significant with the contact angle reaching
values less than 20°. While SUEX is a hydrophilic material (¢ < 90°), contact angle



measurements on PDMS led to a mean value of 104°, consistent with values in the literature
[22], with a limited effect of the particles. However, with the evaporation, the measured

contact angle decreases and can become as low as 45-50° (Fig.2), in line with the results
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Fig. 2. Contact angle variation on SUEX and PDMS during evaporation of a droplet in the

fixed triple line regime for pure water and the three concentrations in particles.

Contact angle measurements were also attempted on particles forming a homogeneous
deposit on a SUEX plate. Droplets on the particles deposit spread rapidly leading to the
conclusion that the contact angle is close to zero. Hence, the particles are considered as
hydrophilic, consistently with a previous work [24], where a contact angle value of 34° is
indicated for carboxylate modified polystyrene particles.

As indicated in the introduction, numerical simulations were also performed using the open-
source software “Surface Evolver” [21]. This software allows computing the quasi-static
liquid-gas interface within the channel, i.e. the shape of the interface when capillary effects
are dominant. The parameter which is varied in these simulations is the saturation. A given
volume fraction S, of liquid is set in the channel under the form of a plug almost filling the
channel from its end. Then the plug shape in the channel evolves in the simulation due to
capillary effects until the equilibrium shape is reached. The next step is to gradually reduced
the liquid volume (which is an imposed constraint in the Surface Evolver simulations). A
new equilibrium shape is obtained for each considered liquid volume. Hence, by decreasing
S, (or equivalently by increasing the gas volume fraction S;), the evolution of the liquid- gas
distribution due to the evaporation process is mimicked. As explained in Section 4, some of

the liquid gas distributions computed with Surface Evolver were also used to compute the
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evaporation rate by importing the Surface Evolver computed interface shapes in the
commercial code COMSOL Multiphysics.

3. Results

3.1 Phase distribution

The typical liquid distribution in the composite channel during evaporation is illustrated in
Fig.3a for pure water. A main meniscus, also referred to as the bulk meniscus, forms within
the channel. This meniscus is attached to the top wall (in PDMS) and to the bottom wall (in
SUEX). As can be seen, the difference in wettability between PDMS and SUEX introduces a
distortion in the bulk meniscus shape. The triple line is more advanced within the channel on
the top wall (PDMS) than on the bottom wall (SUEX). A major feature is also the
development of corner liquid films in the lower corners of the channel corresponding to
SUEX corners.

Channel open end . Channel open end Liquid
Liquid - films
films SUEX .
X s in SUEX
th SUEE corners
corners
Triple line
on bottom
Triple line Bulk SUEX
on bOttV meniscus &
zbml ------ SUEX bm1 7-- | wall
wall Triple line
on PDMS
Triple line ___| Zpm2|---E8 wall
Z, | — on PDMS
bm2 Fully liquid®  wall
region \
L. fle h
7Y
a) b) c)

Fig. 3. Typical fluid distribution in the channel during evaporation: a) top view of the
channel in the experiment with pure water, b) quasi-static shape computed with Surface

Evolver for Osuex = 30° and Oppus = 104 °, ¢) in the presence or particles (C = 10 g/mL)

Corner films are a well identified feature of evaporation or drainage in tube or channel of
polygonal cross-section, e.g. [15, 17, 25, 26]. However, for such films to form, the contact
angle must be lower than 45° in the case of a right corner geometry, e.g. [17, 27]. The contact
angle fresh value of ~70° (Fig.2, time zero) is not compatible with the development of corner

films. As in the case of the droplet evaporation where, as depicted in Fig.2, the contact angle



decreases with time, the contact angle actually decreases and eventually becomes sufficiently
small for the corner films to form. From the overlay of the experimental image with the
corresponding images obtained from Surface Evolver simulations for various values of the
contact angle on the SUEX walls, it is found that the contact angle in the experiment with
pure water is Osyex = 30 °(Fig.4). This value gives a comparable film thickness and a
comparable distance difference zy,,, — zpm1 (Fig.3) between the triple line position on the
top PDMS wall and SUEX bottom wall. It can be noted that contact angles below 45° on a
SUEX plate are reached after about 30 minutes in the contact angle measurements reported
in Fig.2. However, no delay in the corner film formation is noticeable in the channel
experiments. The corner films form in the channel right from the beginning of the
experiments. Why this is so remains to be explained. Perhaps this is due to wall roughness
generated on the channel walls during the channel fabrication process.

Since from previous works on evaporation in square tubes, e.g. [15, 28], it is known that the
evaporation rate, and thus the bulk meniscus displacement speed, highly depends on the
corner liquid films, it is interesting to look at the effect of particles on the corner films.

The comparison of the triple line on the SUEX bottom plate for various concentrations in
particles in Fig.5 shows that the particle presence significantly affects the corner films (as
evidenced by the comparison with the shape in yellow which corresponds to the pure water
case). Whereas the corner film shape is typical of a quasi-static shape in the case of pure
water (the film thickness wy;;,,,, defined at the distance between the triple line and the nearest
channel lateral wall in Fig. 5, tends to a plateau at some distance below the channel
entrance), the corner films are globally thinner and with a more complex film thickness

variations along the channel in the presence of particles (Fig.5).

Fig.4. Overlay of picture of the experiment with pure water with focus on the SUEX bottom

wall and corresponding images obtained from Surface Evolver simulations (solid lines in
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color) for three values of contact angle.
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Fig.5. Triple line shape on SUEX bottom plate for pure water and the three particle
concentrations. The curve in red is the shape in the main meniscus region in the pure water
experiment whereas the shape in yellow is the shape in the corner film upper region in the
pure water experiment. The bright zones in the pictures with particles correspond to particle
accumulation zones. The indicated times correspond to the time in Fig.8a (see Section 3.2).
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Fig. 6. Corner film thickness at time t = 90 min evaluated at a distance of 0.3 mm from the
channel entrance (this location corresponds to the horizontal orange line in the inset); |
denotes the light intensity (expressed in grey level in the images). In the images with

particles, the light intensity is maximum at the triple line. Note that the plots are over the half
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of the channel width.

This is quantified in Fig.6 which shows the liquid-gas distribution over the half of the
channel width along a line located at a distance of 0.3 mm from the channel open end (this
line is shown in orange in Figs.3a, 4 and 6). Fig.5 shows also the preferential accumulation
of particles along the triple line, notably in the corner film region. Nevertheless, as indicated
by the shape in red in Fig.5, the triple line shape is somewhat similar in the four experiments
in the region of the triple line most advanced points (these correspond to the positions z;,,1
and z,,,,, in Fig. 3).

The effect of particles on the corner films is further discussed in Section 5 after presentation

of the evaporation Kinetics (next two sections) and the particle final deposit.

3.2 Evaporation kinetics (pure water)

The evaporation kinetics in the pure water experiment is illustrated in Figs. 7a and 7b
showing the evolution of the triple line most advanced points z,,,; and z,,, on the channel
SUEX bottom surface and PDMS top surface, respectively and in Figs. 7c and 7d showing
the variation of the distance zy,,1 — Zpm2-

Three main periods can be distinguished. In the first period the triple line moves faster on the
PDMS wall than on the SUEX bottom wall until the quasi-static equilibrium shape illustrated
in Fig.3b is reached. The distance between the triple line most advanced point on the PDMS
wall and the SUEX bottom wall thus increases in this period (Fig.7c) until a plateau is
reached. The plateau in Fig.7c corresponds to the second period where the triple lines move
at the same pace on the top and bottom walls (as well as on the lateral walls). In other words,
the quasi-static liquid - gas interfacial shape illustrated in Fig.3b moves inward at a constant
speed without significant deformation in this second period. The triple line constant speed is
also evidenced by the quasi-linear displacement of the triple line most advanced points z;,,;
and zy,,, in Fig.7a.

The third period starts when the triple line on the PDMS wall reaches the end wall. Then the
triple line continues moving on the SUEX bottom wall as the mass of liquid confined in the
end region of the channel gradually decreases. This is illustrated in Fig.7c, where the distance
Zpm2 — Zpmy DECOMes L — z,,,,, , Where L is the channel length as indicated in Fig.3, and
gradually goes to zero.

As discussed in previous works, e.g. [15, 17], the evaporation rate highly depends on the
presence of the liquid corner films up to the channel entrance. The liquid is transported
within the films from the main meniscus region up to the film tip region where it evaporates.
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This transport induces the displacement of the bulk meniscus within the channel. Due to the
so-called screening effects (see Section 4), evaporation is significantly more important in the
channel entrance region than further inside the channel when the bulk meniscus has
sufficiently receded into the channel. In other words, as reported in [28], evaporation from

the maij ihle and evaporation actually occurs in the corner

film_tip [region.
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Fig. 7. (a) Experiment: Evolution of triple line most advanced point on SUEX bottom
surface (z,,, in Figs. 3 or 6) and on PDMS top surface (z,,,,, in Figs. 3 or 6) for pure water,
(b) Surface Evolver simulation: variation of triple line most advanced point on SUEX bottom
surface and on PDMS top surface as a fraction of the volume fraction of gas in the channel,
(c) Experiment: Evolution of the difference in the triple line most advanced point positions

between PDMS top wall and SUEX bottom wall (i.e. zy;,2 — Zpm1), (d) Surface Evolver
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simulation.

Thus, the evaporation rate J is expected to decrease in the first period as the main meniscus
recedes into the channel and to reach a constant value in the second period. The evaporation

rate J and the liquid mass m(t) within the channel (regardless of the liquid mass in the

dm(t) _

corner films for simplicity) are related by | = ——-

—p[% where p, is the liquid
density and V, is the liquid volume limited by the main meniscus. The latter can be roughly
expressed as V, & A(L — Zpymz(t)) + 0.5 A (Zpmz (t) — Zpme (£)) as long as z,m,(t) < L,

where A is the channel cross-section surface area. As shown in Fig.7¢, zpm2(t) — Zpm1(t) =
constant for pure water in period 2. Thus, in this period, pgAdZ”dL;(t)zj, which

consistently leads to a linear variation of z,,,,(t) with time (and thus also as regards
Zpm1 (t) since zp,,,(t) — zpm1(t) = constant) as | is expected to be constant due to the
combination of the corner film and screening effects in this period. This is further discussed
in Section 4.

As can be seen from Figs.7b and 7d, the simulation with Surface-Evolver leads to evolutions
quite similar to those in the experiment. In the Surface Evolver simulations, there is no time
scale and the parameter which is varied is the volume of gas present in the channel, or more
precisely the gas saturation, i.e. the fraction Sy of the channel volume occupied by gas. As
discussed before it is expected that Sy increases linearly with time since the evaporation is
expected to be constant in the second period. For the sake of comparison between the
experimental results and the Surface Evolver simulations (SES), the SES results have thus
been plotted as a function of Sy in Figs. 7. The comparison between the SES and the
experimental result in Figs. 7c and 7d indicates that the capillary forces control the shape of

the liquid-gas interface in the case of the pure water experiment.

3.2 Evaporation kinetics (with particles)
The evolution of triple line most advanced points on SUEX bottom wall and PDMS top wall
in the presence of particles is shown in Fig.8. Note that the initial filling of channel by the
liquid phase, i.e. the initial liquid saturation, varies from one experiment to the other. For
this reason, the following procedure was used to set a common time in all the experiments.
Concerning Fig. 8a, the triple line on SUEX bottom wall observed in the first recorded image
in the experiments was the most advanced inside the channel for the concentration 10 g/mL.

Let label the experiments from 1 to 4 in order of increasing concentration. This position
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max(zpm,1—;) Was thus selected to set a common time for the four experiments. The time
when this position is reached in each experiment is denoted by t;. Thus t, = 0 for C = 10™
g/mL. Then the time in the other experiments was shifted as t,,.,,; = t + (max(t;) — t;). As
a result of the time shift, the position max(z,,,,_;) is reached at the same time in the four
experiments. Similarly, for Fig. 8b, the triple line on the PDMS wall observed in the first
recorded image in the experiments was also the most advanced for the concentration 10
g/mL. The corresponding position was thus selected to set a common time for the four
experiments in the same way. As can be seen from Fig.8, the triple line displacement is
slower in the presence of particles both on PDMS top wall and SUEX bottom wall with an
impact of the particles more marked as regards the triple line displacement on the bottom
SUEX wall.
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Fig. 8. (a) Evolution of triple line most advanced point on SUEX bottom surface (z,,,; in
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Fig.3), (b) and PDMS top surface (z,,, In Fig.3). (c) Experiment: Evolution of the
difference in the triple line most advanced point positions between PDMS top wall and

SUEX bottom wall (i.e. zp,,,, — Z,m1) for the various concentrations in particles.

However, there is no clear difference on the results between the three particle concentrations.
Based on a previous work on evaporation in the presence of colloidal particles from a
granular porous medium [4], one could expect that the higher the concentration, the slower is
the evaporation. However, as discussed in Section 5, the mechanism leading to the reduced
evaporation, i.e. the film thinning, is different from the one considered in [4]. Figs. 5 and 6
indicate that the greater the concentration, the thinner is the film. However, this impact on
the film thickness is too weak to impart a noticeable variation in the evaporation rate between
the three particle concentrations tested. It can also be noticed that the evolution after t = 130
min in Fig.8a is not monotonic with the concentration.

As depicted in Fig.8c, an interesting difference can be observed between the pure water case
and the case with particles when the difference z,,, — z,,m1 between the triple line most
advanced positions is plotted as a function of time (using the same procedure for setting a
common time as for Fig. 8a). Note that z,,,, is set equal to the channel length L once the
triple line on the PDMS top channel wall has reached the channel end.

This difference reaches a plateau in the case of the pure water experiment whereas it keeps
increasing in the presence of particles. Also, this difference in the presence of particles is
smaller than for pure water when the triple line on the PDMS top wall has not reached the
channel end.

A peak can be observed in Fig.8c for the concentration 10° g/mL when t is the range [80 -
100] minutes. In fact, the triple line on the SUEX bottom gets pinned for a while due to a
local accumulation of particles in the centre of the bottom wall whereas the triple line on the
PDMS continues to move. As a result, the distance zy,,,,—z,,,, increases faster than for the
other concentrations. When the triple line depinning occurs the triple line on the bottom
SUEX wall moves rapidly toward a new capillary equilibrium. This is an illustration of a
stick—slip phenomenon [24] explaining here the peak in the curve when t ~ 80 — 100 min.
Similar stick-slip phenomena are observed for the other concentrations but the triple line
remains stuck for less time than in the case of the peak in Fig.8c for the concentration 107
g/mL. Also, it can be observed from the movies that the stick-slip phenomena occur earlier
for the smaller concentration (10 g/mL) than for the largest one (10 g/mL). Typically,
when the main meniscus is in the last third of the channel for the concentration 10 g/mL
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whereas the phenomenon can be observed over the last two third of the channel for the
concentration 10™ g/mL. The situation for the intermediate concentration (0.5 x 10 g/mL) is
closer to concentration 10™ g/mL than 10 g/mL. The fact that the stick-slip phenomenon
becomes visible after a while can be explained by the fact that it takes some time for the
particles to accumulate at and in the vicinity of the triple line. However, based on this
argument, the stick-slip phenomenon should be expected to be observed earlier for the largest
concentration whereas the contrary is observed. This remains to be explained. It can be also
noticed that the stick-slip phenomenon can be observed both along the triple line region

corresponding to the corner films and along the region corresponding to the main meniscus.

3.3 Final deposit
The final distribution of deposited particles after full evaporation is illustrated in Fig. 9. Very
limited deposition occurred on the PDMS top plate. The deposits essentially formed on the
SUEX walls. As shown in Fig.9, two main regions of deposited particles can be
distinguished. The region where corner liquid films were present and the left and bottom

corners at the junction between the channel bottom and the end wall.

x 1074

16

Fig. 9. Spatial distribution of deposited particles at the end of experiment after full
evaporation. The preferential zones of particle deposition are in bright. The false color image
on the right shows a more detailed information on the deposited particle distribution for the

highest concentration tested.
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The latter are fully consistent with the evolution of the liquid gas distribution toward the end
of evaporation computed with Surface-Evolver (Fig.10), showing the formation of two liquid
wedges in the corresponding corners. It is recalled that the Surface Evolver simulation
corresponds to the case of pure water (no particles). The possible effect of the presence of the
particles is roughly addressed in Fig.10 by considering two values of contact angle on the
SUEX wall (the contact angle on the PDMS wall imposed in these simulations is 104°). For
both values, above and below the critical contact angle of 45°, the terminal wedge effect is

obtained.

Osyex = 30°

Osupx = 50°
Fig. 10. Final liquid distribution in the composite channel as computed by Surface Evolver

for two values of contact angle on the SUEX walls.

The greater the concentration, the greater is the brightness of the deposits in Fig.9, indicating,
as expected, a greater accumulation of deposited particles with an increasing initial particles
concentration. More details can be seen for the highest concentration (C = 10 g/mL) in the
image in false color in Fig.9. To obtain this image, the calibration curve has been used to
convert the light intensity into particle concentration (considered as an indicator of particle
accumulation since the particles are not in a suspension in this image whereas the calibration
curve was established with particles in suspension). This image indicates a greater particle
accumulation in the films compared to the end wedge region. Also, this image indicates than

the particle deposit in the films is heterogeneous with more deposited particles in the upper
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region of the films and in the vicinity of the triple line.

4 Impact of corner film thickness on evaporation rate

Numerical simulations are performed to evaluate the impact of film thickness on evaporation
rate. The simulations correspond to the films illustrated in Fig.4, namely pure water for three
values of contact angle on SUEX (20°, 30°, 40°). The gas-liquid interface in the channel (as
illustrated in Fig.3) is computed using Surface Evolver [20]. Then the result is imported in
the commercial software COMSOL Multiphysics considering the computational domain
illustrated in Fig.11.

Based on a previous work [29], the size of the hemisphere shown in Fig.11a is selected so as
to be sufficiently large for the results to be independent of its size. The diffusion equation is
solved in the channel (gas region) and within the gas region in the hemisphere imposing a
dimensionless vapor partial pressure of 1 on the liquid-gas interface and zero on the
hemisphere limiting surface. Zero flux condition is imposed on the solid walls. In fact, the
vapor partial pressure gradients are significant only in a small region of the computational
domain in the vicinity of the channel entrance. This is further shown in Fig.11c illustrating
the so-called screening effect, i.e. the fact that the vapor partial pressure gradients vanish
inside the channel due to the presence of the corner films.

This gives the variation of the evaporation rate depicted in Fig.11d. As can be seen, the
evaporation rate when the film is established (as depicted in Fig.5) is little less than half that
of the full liquid channel (inset in Fig.11d). When the contact angle on SUEX is varied from
20° to 40°, the film thickness (defined in Fig.11d and made dimensionless using the channel
width) varies from about 0.22 to 0.06, which is comparable to the variation depicted in Fig.6
between the case of pure water and that in the presence of particles. This variation
corresponds to a reduction of about 20% in the evaporation rate (Fig.11d) and illustrates the

strong impact of the corner film thickness on the evaporation rate. From the estimate of the

evaporation rate in the experiment J] = p,A dz”+t1(t), this 20% variation is fully consistent

1 demI

with the mean variation in the slope, i.e. T in Fig. 8 (before the position 0.6 is reached)

between the case of pure water and that with particles (the slope ratio between both cases is
about 0.81).

In conclusion, the presence of the particles makes the corner films thinner in the channel
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entrance region, which is the region of most active evaporation in the channel, and this

reduces the evaporation compared to the case of pure water, which corresponds to the
thickest films.

T
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Fig.11. Impact of film thickness on evaporation rate from the channel from numerical
simulations. a) computational domain, b) computational domain in the channel (gas region),
c) illustration of normalized vapor partial pressure field (dimensionless) in the channel, d)
Variation of evaporation rate as a function of film thickness (in the inset the evaporation rate

is normalized by the evaporation rate from the fully liquid saturated channel).
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.5. On the accumulation of particles in the films and the film thinning effect

5.1 Particle convective transport is dominant in the films
The preferential accumulation of particles in the corner liquid films is consistent with a
dominant convective transport of the particles within the films. This can be supported from

the estimate of the Péclet number characterizing the competition between the diffusive and
convective transports in the films [30]. The latter is expressed as Pe = %l, where U is a

characteristic liquid velocity in the films, [ is the length of the films and D is the particle
diffusion coefficient. The latter can be estimated using the Stokes-Einstein law. For 1 pm

diameter particles, this gives D ~ 10713 m?/s. The velocity in the films can be estimated as

U= Ai% [17], where ] is the evaporation rate and A, is the cross-section surface area of a
c 1

corner film. For simplicity, the latter is estimated for the case of pure water and the contact
angle of 30° (Fig.4) from the formula given in [17] (and also in the Supplementary material of

the present article). As mentioned in Section 3.1, the evaporation rate can be estimated

dzZpm2(t)
dt

highly dominant convective transport of the particles within the films. It is well known, e.g.

asjJ = p,A Application for [ = L/2 gives Pe =~ O(10°), which corresponds to a
[13], that a large Péclet number corresponds to the preferential accumulation of the particles
at the evaporation front. Thus, here, one could expect that the particles accumulate along the
film liquid-gas interface. This is roughly what can be seen from Fig.9. However, as illustrated
in the image in false-color in Fig.9, the greater accumulation at the end of the evaporation is
not at the film top but deeper inside the channel. This heterogeneous distribution is in part due
to what happens in the final step when the films disconnect from the channel end and fully
evaporate. However, the inspection of the movies suggests a relatively complex particle
dynamics in the films during evaporation with possible particle recirculation effects within the
films. These recirculation effects should also play a role in the particle distribution within the

films and would deserve to be explored in details in future works.

5.2 Accumulation of particles and particle compact packing in the corner films
In [1] and [4], the reduced evaporation rate observed in the presence of particles was
18



attributed to the formation of a compact packing of particles and the formation of a dried
zone in the accumulation zone of particles. As in a classical drying problem in porous media,
e.g. [31], the presence of the evaporation front at the boundary of the particle packing
depends on the competition between viscous and capillary effects. When the pressure drop in
the liquid phase due to the viscous flow induced by the evaporation process is too large the
capillary effects are not sufficient to maintain the front at the particle packing boundary and
the front recedes into the packing. This leads to the formation of a dry zone introducing an

additional mass transfeso pesi e accumulation and

consistent with the

. . 3 09 e
experiment, the impact of g fuite noticeable.
g ®

dense-packing (I'l'
73]
=1

L
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Fig.12. Size of a compact particle packing in the corner films made of all particles introduced
in the channel. The inset shows the particle volume fraction in the corner films assuming a

uniform distribution of all the particles in the corner films for zj,,,;=1mm.

Thus, the question arises as to whether a similar phenomenon can contribute to explain the
reduced evaporation observed in our experiments. A simple argument indicating that the
situation is different in the case of our experiments consists in evaluating the volume fraction

of particles in the corner films. The total number of particles in the channel is N, =

VenC/my,, where Ve, is the channel volume (assuming here that the channel is fully filled by
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the solution initially), C is the particle concentration and m,, is the mass of one particle. Let’s

assume a contact angle of 30°, a film thickness of 80 um (Fig.6), a film extent z,,; of 1 mm
and that all the particles are uniformly distributed within the two corner films. Then the
particle volume fraction in the films is &, = (N, /2) V,,/Ac/Zpm1, Where V,, is the volume of
one particle and A. is the film cross-section surface area (see the Supplementary material for
details on how A, can be estimated). This gives the results shown in Fig.12 (inset) indicating
that the particle volume fraction &, is quite low.

In other words, contrary to the situation analyzed in [1] or [32], a compact packing of
particles (corresponding to e = 1 — &, = 0.37) cannot form over a significant region of the
corner films.

To discuss further this aspect, suppose the particles are all in the tip region of the corner
films and form a compact packing. The length L, of this compact zone within the corner
film can be estimated from the equation L, (1 —¢&)A. = (N,/2)V,, where &~ 0.37
(compact packing). This gives the results shown in Fig.12. As can be seen, the length of such
a packing is on the order of a few tens of micrometers. This is too small to expect the dry
zone formation to form and to affect the evaporation rate.

Consistently with the observations a compact arrangement of the particles can thus be
expected only in the vicinity of the triple line during the evaporation process in the channel.
Also, it can be noted that the particles are too large in our experiments to expect an impact of
the Kelvin effect on the evaporation rate [2].

Consistently with the results presented in Section 4, the conclusion is therefore that the
reduced evaporation observed in our experiments in the presence of particles is due to the
film thinning and not to the formation of a dry zone in the corner film region or the Kelvin
effect. Then, the question remains why does the presence of the particles lead to thinner
corner films compared to pure water? This is discussed in the next sub-section.

Nevertheless, the comparison with the results reported in [32] suggests to distinguish at least
two regimes. The situation studied in [32] would correspond to a “high” concentration
regime where the particles are sufficiently numerous for forming a compact packing in a
significant region of the corner films whereas the situation considered in our experiments
would correspond to a “low” concentration regime where the number of particles in the
corner films is much lower and the compact packing, if any, is limited to the vicinity of the
triple lines and the liquid —gas interface.
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5.3 On the effect of particles on corner films

From previous works, e.g. [15, 17, 28], it is known that the corner film thickness depends on
the contact angle and the competition between the capillary and viscous forces (gravity
effects being negligible in the present experiment). As mentioned before, the contact angle
must be lower than a critical value 8, for the corner films to develop (68, = 45° for right
angle corner, [27]). The lower the contact angle below 8., the thicker the corner films are, all
other factors being equal.

To explain the film thinning seen in the experiments with particles, a first possibility could
be the effect of particles on surface tension. As reported in [33], the presence of particles can
reduce the surface tension. Let’s consider that the surface tension varies with the particle

concentration. The quasi-static corner meniscus curvature radius distribution is given by

Y@ _ ()
R Rk (1)

where R is the corner meniscus curvature radius (see Fig.Al in the Supplementary material )
and Ry, is the corner film curvature radius at the junction with the bulk meniscus (see

Supplementary material ). This leads to

Writm (2) = (cos6 = sin 6)Rey -2 @

where wy;;,,, is the film thickness (Fig.5 and Fig.Al in the Supplementary material ).

The maximum surface tension variation in [33] due to particles is from 71 x 10 N/m to

about 67 x 10°% N/m. According to Eq.(2), ~Lm®) _ Y@  Thys the maximum film
Wrim(Zo) ¥ (20)

thickness variation due to this effect can be expected to be <L — Y@ (94, Based
Writm(2o)  v(2o)

on the results shown in Figs. 5 and 6, this effect is too weak to explain the corner film
thinning observed in the experiment. Furthermore, it is likely that the decrease in the surface
tension is partly compensated by a decrease in the contact angle.

Another possibility lies in the effect of the particles on the suspension viscosity. Since
evaporation induces a liquid flow in the films, this liquid flow induces a viscous pressure
drop along the film. When this viscous pressure drop is negligible compared to the pressure
jump, i.e. the capillary pressure, at the liquid-vapor interface, the film thickness does not vary
along the channel except in the channel entrance region. This is the situation in the pure
water experiment (Fig.3). When the viscous pressure drop is not negligible, the capillary
pressure varies along the corner films. This induces the spatial variation of the film thickness,

which increases along the corner from the channel entrance. Since the film thickness
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increases along the corners in Fig.5, it is tempting to consider that the effect of the particles is
to increase the suspension viscosity at a sufficient level for impacting the film thickness.

To evaluate the viscous pressure drop required to obtain a noticeable thinning of the film, the
model presented in [17] is used. The details are presented in the Supplementary material
(SM). As illustrated in Fig.A2 in SM, it is found that the viscosity must be about three orders
of magnitude greater than the viscosity of pure water for the corner film thickness variation
along the channel to be comparable to that seen in the experiment in the presence of particle
(Figs.5 and 6). However, the data reported in [34] indicates that the maximum increase in the
viscosity due to the presence of particles is by about a factor 100, thus an order of magnitude
lower than the value estimated for obtaining a film thinning comparable to the experiment.
Also, the film thickness at a given location decreases with time when the film thinning is due
to viscous effects. This is not what is seen in the experiments in the presence of particles
since the film shape at a given location does not vary with time once formed (except at the
very end of the experiment when the liquid totally disappears and on the few places where
the stick-slip phenomenon mentioned in Section 3.2 and also discussed below occurs). Also
the particle concentration in the films is actually quite low (as discussed in Section 5.2). Thus
the impact of particles on the suspension viscosity is in fact negligible. The corner film
thinning in the presence of the particles cannot therefore be attributed to the increase in the
suspension viscosity due to the presence of the particles.

Finally, as illustrated in Fig.5, the conclusion is that the film shape is essentially affected by
the local accumulation of particles in the vicinity of the triple line. Once the particle
concentration at the triple line is sufficiently high, particles locally form a compact packing
and the triple line gets pinned and this leads to the film thinning illustrated in Fig.5.
However, the details on the complex dynamics of pinning and local packing formation
leading to the corner film shapes shown in Fig.5 remain to be unraveled. For instance, as
mentioned before, the inspection of the movies does indicate some occasional stick-slip
motion of the triple line in the presence of particles. Perhaps, a detailed analysis of this stick-
slip effect, e.g. [24], might help better understand the capillary film thinning phenomenon in
the presence of particles. Also, it has been reported that the wettability of the particles has an
impact on the motion of the triple line, e.g. [24]. Repeating the experiments changing the

particle wettability could be insightful.

5 Conclusions
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From a combination of visualization experiments and numerical simulations, this work has
demonstrated that the presence of colloidal particles reduces evaporation from a single
channel compared to the situation in the absence of particles. Consistently with previous
works [15-18] showing the strong impact of liquid corner films on evaporation, this work
shows that the evaporation reduction effect is due to the effect of particles on the corner films.
The particle accumulation in the corner liquid films modifies the dynamics of the corner
films. The latter are thinner compared to pure water, which in turn reduces the evaporation
rate [18]. In addition to the corner films, the experiments show that particles also tend to
accumulate in the regions of the channel which are the last ones to empty. These correspond
to the two hydrophilic corners at the channel closed end in the presented experiments.

In complement with previous works showing an evaporation reduction effect due to the
particles at the scale of a porous medium [4] or a single channel [1], [2], [32], the present
study thus sheds light on an evaporation reduction mechanism at pore scale, i.e. the corner
film thinning effect, different from the ones considered in these previous works where the
evaporation reduction was related to the formation of a compact packing of particles inducing
the receding of the evaporation front in the porous medium or the channel. In that respect, the
present study suggests to distinguish the low particle concentration regime explored in the
present article from the higher concentration regime considered in the above-mentioned
previous works. Together with these works, it is thus expected that the insights gained from
the simple geometry considered in the current work will be useful for the understanding and
modeling of evaporation in the significantly more complex case of evaporation in porous
media in the presence of particles [4, 10, 12].

In line with a previous work [22], the study also shows that the knowledge of the “fresh”
value of the contact angle is not sufficient to infer whether or not corner films can develop
since the contact angle value can decrease as the result of evaporation and the pinning of the
triple line. In the case of the reported experiments, the contact angle fresh value on the
hydrophilic material was of on the order of 70°, thus not compatible with the formation of
liquid films in right corners, whereas significant corner film effects could in fact be observed.
The latter corresponded to a contact angle value of about 30°, consistent with the contact
angle evolution measured in a separate droplet evaporation experiment.

A natural next step will be to investigate the effect of particles on evaporation in networks of
interconnected channels [19, 35-37] as microfluidic tools for scale bridging between the

single channel and porous media.
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