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An experiment is presented showing enhanced water transport across a porous layer
compared to pure water vapor diffusion. The enhanced transport is explained by the
presence of brine in the layer and the dependence of the equilibrium vapor pressure with
the dissolved salt concentration. The impact of the salt presence is further demonstrated
by a comparison with the case of pure water. A significantly longer period of sustained
evaporation is obtained in the presence of salt. The transport enhancement effect can last
over long periods of time when the conditions are such that the porous layer reaches
a dynamic equilibrium between condensation and evaporation. Also, the porous layer
can adapt to changes in the boundary conditions via changes in the brine saturation and
associated modifications in the salt concentration and the equilibrium vapor pressure. The
transport enhancement effect is also illustrated in relation with the dynamics of salt crusts.

DOI: 10.1103/PhysRevFluids.7.064304

I. INTRODUCTION

Evaporation of saline aqueous solutions in porous media is a subject of interest in relation
with several important applications, such as evaporation from soils [1], soil salinization [2], or
degradation of building materials due to salt crystallization in pores [3], to name only a few. Often,
in these applications, the salt presence is considered as negative since it can cause damage [4] or
makes soils unsuitable for growing crops [5]. In the present article, we report on an effect of the salt
presence, which can be considered as positive since it contributes to the evaporation enhancement
compared to the same situation with pure water. The enhancement is attributed to a shortcut effect
due to a condensation-evaporation process at the boundaries of the brine clusters present in the
porous layer. Enhanced vapor diffusion in a drying porous medium is a long-standing issue in
the theory of drying [6]. Phillip and de Vries [7] were the first to introduce a vapor diffusion
enhancement factor in their drying continuum model when water vapor diffusion occurs in the
presence of liquid water. The enhancement effect is attributed to evaporation-condensation effects
in the presence of thermal gradients. Later, the possible significance of evaporation-condensation
mechanisms in the presence of thermal gradients was clearly evidenced in microfluidic experiments
[8]. The thermal gradients induce a spatial variation of the equilibrium vapor pressure at the surface
of the menisci and thus vapor partial pressure gradients. The enhancement is due to condensation
at the warmer end of the liquid island followed by evaporation at the cooler end. The end result is
that the liquid islands provide a path of reduced resistance that short circuits the normal vapor phase
diffusive path which must circumvent the liquid islands [9]. This is quite different from the classical
models for vapor diffusion where the liquid islands are obstacles to the vapor phase diffusion path
and, thus, hamper the vapor transport with increasing saturation. Accordingly, there should be no
enhancement when the temperature is spatially uniform, which is the situation considered in the
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FIG. 1. Variation of water vapor equilibrium pressure as a function of NaCl mass fraction in the NaCl
aqueous solution; pvsat is the saturated vapor pressure.

present article. However, the situation is different in the presence of salt and a somewhat similar
enhancement effect can be expected in the presence of brine in an isothermal situation since the
equilibrium vapor pressure at the interface with an aqueous solution of NaCl depends on the NaCl
concentration in the solution (Fig. 1).

As illustrated in Fig. 1, the equilibrium vapor pressure at the surface of a NaCl aqueous solution
can vary between the pure water saturated vapor pressure, denoted by pvsat, for a very low salt
concentration to 0.75 pvsat for a saturated brine. As a result, condensation-evaporation enhanced
transport can be expected when NaCl is present. The objective of the present paper is therefore to
present experimental results, analyses, and numerical simulations demonstrating the condensation-
evaporation enhanced transport induced by the presence of dissolved NaCl.

The paper is organized as follows. The experiment is presented in Sec. II. Experimental results
obtained in the absence of dissolved salt are analyzed in Sec. III. The experimental results with
dissolved salt are analyzed in Sec. IV. This is followed by Sec. V in which numerical results are
presented considering two main situations: when the liquid phase is percolating and when it is
nonpercolating. The impact on the enhanced transport due to the dissolved salt on the dynamics of
salt crusts is illustrated in Sec. VI. Section VII consists of the main conclusions of the study.

II. EXPERIMENT

As illustrated in Fig. 2, the experiment is performed in a Hele-Shaw cell connected to a 1 cm
diameter cylinder that allows feeding the cell bottom with pure liquid water. The pure liquid water
bottom layer is visible in Fig. 2. The Hele-Shaw cell is 60 mm high and 20 mm wide, with an
aperture of 2 mm. The cell is rendered hydrophobic by silanization so as to avoid salt creeping
on the cell inner walls [10,11], and the development of liquid films along the cell corners; see, e.g.,
[12]. A suspended porous layer is set in the cell. The procedure for suspending the crust in the cell is
delicate and a key aspect of the presented experiment. The method developed to this end is described
in Appendix A. The suspended layer is a 3.5 mm thick layer made of glass beads of diameters in the
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FIG. 2. Experimental setup: Hele-Shaw cell with suspended porous layer. The Hele-Shaw cell is connected
to the feeding cylinder on the right via a microchannel in the polymeric base in which the cell and the cylinder
are inserted. The Hele-Shaw cell internal width is 20 mm, its aperture is 2 mm, and its height is 60 mm. The
feeding cylinder plug is perforated by a needle in order to maintain the gas in the cylinder at the atmospheric
pressure.

range 1–50 μm. The Hele-Shaw cell is open at the top. The setup is set in a temperature-controlled
enclosure (∼23 ◦C). Temperature and relative humidity in the enclosure are measured every 1000 s
using a Rotronic Hygropalm 2 fitted with a Rotronic Hygroclip SP05 probe. Optical images of the
setup are taken every 1000 s with a Nikon D800E camera at a resolution of 7360 × 4912 pixels.
From the images, the liquid levels in the cell and the cylinder can be determined every 1000 s as
well as the position of the porous layer bottom and top surfaces. The interface positions in the
cell considered later in the paper are average positions considering seven vertical lines of pixels
evenly distributed over the Hele-Shaw cell width. The mass of the setup is recorded every 100 s
with a precision scale (Mettler Toledo AX205 with a readability up to 10–5 g). The experiment is
performed twice. In the first experiment, referred to as the pure water experiment, the suspended
porous layer is saturated with pure liquid water initially. In the second experiment, referred to as the
salt experiment, the suspended porous layer is saturated by a NaCl aqueous solution initially. The
initial NaCl mass fraction in the solution is 20%, thus relatively close to the solubility (26.4%). In
both cases, the relative humidity in the air at the top of the cell is sufficiently low for evaporation to
occur. The overall duration of each experiment is 14 days.

TABLE I. Initial positions in the cell for both experiments (see Fig. 2 for definitions).

Pure water experiment Salt experiment

Suspended porous layer thickness (mm) 3.4 3.5
(hsl = hb–ht )
ht (mm) 14.7 14.7
hb(mm) 18.2 18.2
hlc(mm) 25.4 24.7
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FIG. 3. (a) Relative humidity variations at the cell top in both experiments. The inset shows the relative
humidity difference driving the evaporation from a pure water liquid surface and a NaCl saturated solution
respectively. (b) Variation of the liquid level in the cell (measured from cell top).

The initial position of the pure water level in the cell and the position of the suspended porous
layer are quite close (Table I). As depicted in Fig. 3(a), the relative humidity variation at the top of
the cell is slightly different in both experiments. Since the relative humidity at the surface of a salt
saturated solution (75%, Fig. 1) is less than for pure water (100%), the relative humidity difference
driving the evaporation is also plotted in Fig. 3(a) (inset). As can be seen, the relative humidity
difference is higher in the case of the pure water experiment. Figure 3(b) shows that the position of
the liquid water level in the cell, which varies due to evaporation, is comparable in both experiments.

A key result is shown in Fig. 4. Figure 4(a) shows the evaporated mass m(t ) obtained
from the setup weight measurement whereas Fig. 4(b) shows the evaporation rate. The latter is

FIG. 4. (a) Evaporated mass as a function of time for both experiments (b) Evaporation rate determined by
finite difference from evaporated mass with running average smoothing (see text). Jref is the evaporation rate
obtained from Fick’s law at the beginning of the pure water experiment.
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estimated as follows. The evaporation rate is first estimated from a simple finite difference,
J = −[m(t ) − m(t−�t )]/�t with �t = 100 s. Then the data so obtained are smoothed performing
a running average over successive intervals containing 100 values. This leads to the curves in red and
black shown in Fig. 4(b). The reference flux in Fig. 4(b) is the flux determined from Fick’s law in
the case of pure water at the very beginning of the experiment, namely, Jref = ADv

Mv

RT pvsat
(1−RHinf )

ht
,

where Dv is the vapor molecular diffusion coefficient (Dv ≈ 2.7 × 10−5 m2/s), R is the universal
gas constant, Mv is the water molecular weight, T is the temperature, A is the cell cross-section
surface area, and pvsat = 2800 Pa. As can be seen, except over a short initial period of about 17 h,
the evaporation rate is greater by about a factor of 1.6 in the presence of salt over a period of about
9 days leading eventually to an increase of the overall evaporated mass after 10 days of about 50%
compared to the pure water case. In spite of the differences in the initial and boundary conditions
for both experiments (i.e., mainly the relative humidity at the cell top depicted in Fig. 3), this shows
that the salt presence enhances the evaporation and that the effect can be quite significant.

It can also be noticed from Fig. 4(b) that the evaporation rate becomes comparable in both
experiments after about day 11. The slight increase over time of the evaporation rate in the pure
water experiment is due to the decrease in the external relative humidity shown in Fig. 3(a).

III. PURE WATER EXPERIMENT ANALYSIS

The experiment with pure water can be analyzed as follows by distinguishing two main periods:
period 1, corresponding to the short initial period of higher evaporation, and period 2, corresponding
to the much longer period of lower evaporation. Initially, the suspended porous layer is saturated
with liquid water. Thus, from Fick’s law, the evaporation rate can be estimated as

J = ADv

Mv

RT
pvsat

(1 − RHinf )

ht
, (1)

where RHinf is the relative humidity at the cell top.
From this the evaporated mass variation can be expressed as

dm(t )

dt
= −ADv

Mv

RT

pvsat

ht
(1 − RHinf ). (2)

The evolution of the evaporated mass is then computed by a simple finite difference approxima-
tion as m(t + �t ) = m(t ) − ADv

Mv

RT
pvsat

ht
(1 − RHinf )�t .

As can be seen from Fig. 5, the evolution of the evaporated mass so determined, i.e., from
Eq. (2), is fully in agreement with the experiment over the first period. Then, the evaporation rate is
significantly lower, suggesting that the suspended layer has dried out.

If the suspended layer is assumed to be dry, then the evaporation flux can be estimated from
Fick’s law as

Jdry = A

(
hlc − hb

Dv

+ hb − ht

εDeff
+ ht

Dv

)−1 Mv

RT
pvsat (1 − RHinf ), (3)

where ε is the suspended layer porosity and Deff is the suspended layer effective diffusion coeffi-
cient. The latter can be estimated as [13] Deff = τDv with τ ≈ ε1/3. The evaporated mass m1 when
the curve slope change occurs in Fig. 5(a), i.e., at the end of the first period, is 0.071 g. From this
value, one can estimate the suspended porous layer porosity ε from the equation m1 = ρ�εV where
ρ� is the liquid water density and V is the volume of the suspended layer (Table I). This gives
ε ≈ 0.5. This value seems a bit too high since the layer is formed by a packing of polydisperse
beads. For ε ≈ 0.5, one obtains εDeff/Dv ≈ 0.4 using the relationship τ ≈ ε1/3. Then using again
the same method as before, i.e., m(t + �t ) = m(t ) − Jdry�t where Jdry is given by Eq. (3), the
evaporated mass can be computed. This leads to a somewhat greater evaporated mass compared
to the experiment. For this reason, we have proceeded differently and adjusted the coefficient
εDeff/Dv = ε1.33. The value εDeff/Dv = 0.23 leads to the excellent agreement with the experiment
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FIG. 5. Pure water experiment: (a) Evaporated mass as a function of time. Comparison with predictions
from Fick’s law. (b) Computed relative humidity at suspended layer top and bottom surfaces and corresponding
meniscus curvature radius according to Kelvin’s law (inset).

shown in Fig. 5. This corresponds to an apparent porosity of 0.33 according to the relationship
0.23 = εDeff/Dv = ε1.33 [13]. Although a bit high for a polydisperse packing, this value is much
more consistent with a random packing of glass beads than the value 0.5 obtained from the
evaporated mass in the first period. In fact, we conclude that a film of liquid was present along
both sides of the suspended layer at the beginning of the experiment. This explains the too large
porosity estimated from the evaporated mass at the end of the first period of greater evaporation.
The film thickness e can be estimated from the difference in the evaporated mass at the end of
period 1 and the initial mass in the suspended layer assuming the porosity equal to 0.33 and the
film present on both sides of the suspended layer, ρ�2eA = m1 − ρ�εAhsl . This gives e ≈ 300 μm,
which is an order of magnitude lower than the suspended layer thickness hsl (Table I). Thus, the
presence of liquid film at the beginning of the experiment seems a quite reasonable assumption to
reconcile the evaporated mass at the end of period 1 and the porosity estimate.

In any case, the following conclusion is reached: The suspended layer is wet in the first period
and evaporation takes place on top of the suspended layer, whereas the suspended layer is dry in the
second period and evaporation takes place at the top of the liquid water layer in the cell.

Actually, the suspended crust is not fully dry in the second period. The relative humidities
RHbottom and RHtop at the suspended layer bottom and top surfaces can be computed from Fick’s law:

Jdry = ADv
Mv

RT pvsat
(1−RHbottom )

hlc−hb
and Jdry = ADv

Mv

RT pvsat
(RHtop−RHinf )

ht
with Jdry computed from Eq. (3)

with εDeff/Dv = 0.23 since this value of εDeff/Dv leads to very good agreement between Eq. (3)
and the experimental values. This gives the results shown in Fig. 5(b). Then applying Kelvin’s law,
RH = exp(− Mv

RT
2γ cosθ
ρ� r ), where γ is the surface tension, θ is the contact angle (taken equal to zero),

and ρ� is the liquid water density, allows us to estimate the meniscus curvature radius corresponding
to liquid water in equilibrium with the considered relative humidity. As can be seen from Fig. 5,
the meniscus radii are in the range 5–20 nm, significantly lower than the smallest beads in the
packing (∼1 μm). Thus, liquid water can be present at the contact points between beads under the
form of very small liquid bridges. The corresponding liquid saturation is, however, negligible (even
more than considered here since the contact angle is probably greater than zero in our system of
hydrophilic but not perfectly wetting glass beads).
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FIG. 6. Salt experiment: (a) Comparison of absorption and evaporation rates; (b) computed evolutions of
relative humidity at suspended layer top and bottom surfaces.

IV. SALT EXPERIMENT ANALYSIS

A. Evaporation and absorption rates

Two main periods can be also distinguished in Fig. 4(a) as regards the salt experiment. However,
as pointed out in Sec. II, period 1, i.e., the period of greater evaporation, is much longer than
with pure water. Since period 1 corresponds to a period in which the suspended layer is wet in
the pure water experiment, the suspended layer can also be expected to be wet in period 1 in the
salt experiment. Since the suspended layer stays wet over a much longer period, this means that the
evaporation rate must be balanced by incoming water. This is possible because the relative humidity
in the presence of salt is less than 1 (Fig. 1). This makes possible the mass transfer in the gas phase
by vapor diffusion between the pure liquid water layer top at the cell bottom, where the relative
humidity is 1, and the suspended layer bottom surface, where RHbottom < 1 due to the impact of
dissolved salt on water activity (Fig. 1). Hence, the variation of the suspended layer saturation,
denoted by S, can be expressed as

ρ�EAhsl
dS

dt
= Jevap − Jabsorp, (4)

where Jabsorp is the mass transfer rate between the liquid layer at the bottom and the suspended layer
bottom surface. It is referred to as the absorption rate.

This analysis is fully supported by the comparison of the absorption rate and evaporation rate
depicted in Fig. 6. The evaporation rate is determined as indicated before by a simple finite differ-
ence as J = −[m(t ) − m(t−�t )]/�t and the results are then smoothed out by running averages.
The difference between Figs. 4(b) and 6 is that the running average was performed over intervals of
100 successive values in Fig. 4 and 1000 values in Fig. 6 for better clarity.

The absorption rate is computed from the variations of the liquid levels in the cell and the adjacent
cylinders as

Jabsorp = −dmlevel

dt
= −ρ�

(
A

dhlc

dt
+ Acyl

dhlcyl.

dt

)
, (5)

where hlcyl is the liquid level in the feeding cylinder (visible in Fig. 2), Acyl is the cylinder cross-
section surface area, and mlevel is the mass of liquid water at the bottom of the setup (cell and
cylinder). The latter is expressed as Ahllcell + Acylhllcyl.. The derivatives on the right-hand side of
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Eq. (5) are again computed by finite difference as dhlc
dt = hlc (t+�t )−hlc (t )

�t (and similar expression for
dhlcyl

dt ). Then the results are smoothed out by running averages using intervals of 100 successive
values. This gives the curve in black in Fig. 6(a).

As can be seen, Jevap ≈ Jabsorp over a long period of 8 days. This indicates that the change in
saturation, if any, must be weak over the considered period. The fact that the suspended layer is
wet, liquid saturated, or close to liquid saturated, can also be confirmed from the computation of the
relative humidity at the suspended layer top and bottom surfaces. From Fick’s laws, the evaporation
and absorption rates can be expressed as

Jevap = ADv

Mv

RT
pvsat

(RHtop − RHinf )

ht
, (6)

Jabsorp = ADv

Mv

RT
pvsat

(1 − RHbottom )

hlc − hb
. (7)

From polynomial fits of the smoothed curves in Fig. 6, applications of Eqs. (6) and (7) lead to the
results shown in Fig. 6(b). As can be seen, RHtop ≈ 0.75 over the considered period, consistently
with a saturated NaCl solution (see Fig. 1). The lower relative humidity at the bottom in this period
is compatible with an inhomogeneous distribution of the NaCl mass fraction over the suspended
layer thickness as discussed here. Assuming the suspended layer fully saturated, the NaCl mass
fraction along the suspended layer thickness is given under steady-state condition by ( [14]; see also
Appendix B)

C(z) = Cbottom exp

(
Pe

z

hsl

)
, (8)

where z is a vertical coordinate with z = 0 at the suspended layer bottom, hsl is the suspended
layer thickness (hsl = hb − ht ), Cbottom is the salt mass fraction in the solution at the suspended
layer bottom (z = 0), and Pe is the Péclet number. The latter is defined as Pe = UDhsl

εD∗
s

where UD =
J

Aρ�
is the solution filtration velocity and D∗

s is the ion effective diffusion coefficient (D∗
s = τDs

where Ds = 1.3 × 10−9 m2/s and τ = ε0.33 [13]). From the average value of the evaporation rate in
Fig. 4(a) (between day 1 and day 8), UD can be estimated leading to Pe = 0.14. Then assuming that
the ion mass fraction corresponds to solubility at the suspended layer top (Ctop ∼ 0.264), one obtains
from Eq. (6), Cbottom ≈ 0.23. As can be seen from Fig. 1, this value corresponds to RHbottom = 0.8,
in good agreement with Fig. 6(b).

The conclusion is therefore that the suspended layer remains saturated with liquid much longer
than in the case of pure water thanks to the presence of the salt. The reduced relative humidity in the
presence of the salt (roughly 0.75 compared to 1 for pure water) allows us to compensate the water
loss by evaporation from the top surface by absorption (condensation) of water on the suspended
layer bottom surface. The fact that the suspended layer can be considered as liquid saturated is also
consistent with the results presented in Sec. V. Also, considering the steady solution represented by
Eq. (8), and not a transient solution, is consistent with the scale characterizing the evolution toward
a steady state as presented in Appendix C.

B. Suspended layer is fully dry after day 11

After day 8, the comparison of the evaporation and absorption rates in Fig. 6 indicates that the
suspended layer dries in about 3 days between day 8 and day 11 since the evaporation rate is greater
than the absorption rate in the corresponding period. Then both rates become similar, which is
consistent with a fully dry suspended layer, neglecting the very small amount of solution that can
be trapped in the bead contact point regions as discussed in Sec. III for the pure water case. This
corresponds to the period after day 11 in Fig. 6. Then the term “absorption” rate used to refer to the
mass transfer rate between the liquid surface in the cell and the suspended layer bottom becomes
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FIG. 7. Evaporated mass as a function of time. Comparison with predictions from Fick’s law in the last
period.

inadequate in this last period since there is no condensation anymore at the suspended layer bottom.
The fact that the suspended layer is fully dry after day 11 can be confirmed by using Eq. (3),
Computing the evaporated mass from the equation m(t + �t ) = m(t ) − Jdry�t where Jdry is given
by Eq. (3) leads to the result shown in Fig. 7, which is consistent with a fully dry suspended layer
after day 11.

As indicated in Fig. 6, the analysis eventually leads to distinguishing three periods rather than
two: the long period where the evaporation rate and the absorption rate are comparable and the
saturation in the suspended layer is high (wet suspended layer in Fig. 6), the transition period where
the evaporation rate is greater than the absorption rate and the suspended layer dries out (“Drying”
in Fig. 6), and the last period where the suspended layer is dry (“Dry s.l.” in Fig. 6 where “s.l.”
means suspended layer).

C. Efflorescence formation and disruption of the evaporation-absorption balance

As illustrated in Fig. 8, salt efflorescence forms on top of the glass beads. The efflorescence
formation occurs during the drying period between day 8 and day 11. First crystals are detected

FIG. 8. Salt efflorescence formation over the suspended layer top surface (image at day 11). The red dashed
line approximately indicates the suspended glass bead packing (suspended layer) top surface.
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at day 8 (when they are at least a few pixels big) and no further efflorescence development
occurs after day 11 consistently with a fully dry suspended layer. The average thickness of the
efflorescence can be estimated by image processing, leading to heffl = 880 μm. Assuming the
suspended layer fully saturated initially, the mass of salt in the suspended layer is ms = ρ�C0εAhsl .
The corresponding equivalent thickness of crystallized salt when all the salt has precipitated is given
by the mass conservation equation ms = ρ�C0εAhsl = ρcrAhe f f l−eq where ρcr is the halite density
(ρcr = 2160 kg/m3). This gives he f f l−eq = 200 μm for ε = 0.5 (if liquid films are present) and
he f f l−eq = 130 μm for ε = 0.33. From these estimates, the porosity of the salt efflorescence can

be estimated as εeffl = 1− he f f l−eq

heffl
. This yields εeffl ≈ 0.85 for ε = 0.33 and εeffl ≈ 0.77 for ε = 0.5.

These high values of porosity can be explained as follows.
As can be seen from Fig. 8, the efflorescence tends to detach from the glass bead substrate (this

is especially visible on the right of the image). The fact that the efflorescence can detach from the
substrate has been reported in [15,16] whereas the upward migration of a precipitated salt layer due
to dissolution-precipitation mechanisms has been analyzed in [17,18]. The partial detachment of the
efflorescence can thus explain the high apparent efflorescence porosity. Although some precipitation
can occur within the top region of the glass bead layer, the conclusion is therefore that the dissolved
salt initially in the solution is essentially in the efflorescence which forms during the drying period.

The formation of the efflorescence contributes to further disrupt the balance between evaporation
and absorption (condensation) after day 8. The efflorescence is itself a porous material [19,20], with
pore sizes expected to be smaller than in the porous substrate (the glass bead packing here) [21,22].
Here, we do not refer to the very big pores or cavities resulting from the efflorescence detachment
process (Fig. 8) but to the efflorescence smaller pores. The efflorescence salt crust is therefore wet
when it forms. The efflorescence sucks in the solution due to the smaller pores compared to those
in the glass bead packing. The solution filling the efflorescence is NaCl saturated. As a result, the
evaporation is localized at the top of the efflorescence. The latter being closer to the cell top, the
efflorescence formation contributes to enhance the evaporation rate [23] since Jevap ∝ h−1

t . Note
that the efflorescence top surface area remains on the order of the Hele-Shaw cross-section surface
area. As a result, the increase in the evaporation rate is essentially controlled by the distance ht .
This is different from situations where the salt structure limiting surface increases significantly as
exemplified in [11].

The evaporation rate Jevap is also proportional to the relative humidity difference between the
efflorescence top surface and the cell top RHbottom − RHinf , where RHbottom ≈ 0.75 (saturated
solution in the efflorescence). It can be seen also from Fig. 3 that the difference 0.75− RHinf slightly
increases between day 8 and day 11. Similarly, according to Fick’s law, Jabsorp ∝ (1−RHbottom )

(hlc−hb) . The
denominator hlc − hb decreases by a factor of 0.93 between day 8 and day 10 whereas 1 − RHbottom

decreases by a factor 0.86 over the same period due to the slight increase in RHbottom [Fig. 6(b)].
This leads to the 20% reduction of the absorption rate in Fig. 6(a) between day 8 and day 10. The
slight increase in RHbottom can be explained by the migration of the ions toward the efflorescence
(as a result, the dissolved salt concentration tends to decrease at the suspended layer bottom) and
possibly by the receding of the liquid inside the suspended layer since the solution is sucked in by
capillarity into the growing efflorescence.

The conclusion is therefore that the efflorescence formation contributes to further enhance the
disruption of the balance between evaporation and absorption, initially induced by the gradual
increase in the distance between the liquid level in the cell and the suspended layer bottom surface.
This eventually leads to the full drying of the suspended layer and the efflorescence.

Finally, it can be noted that the evaporation rates in both experiments are quite similar in the
last period when the suspended layer is dry [after day 11 in Fig. 4(b)] whereas the external relative
humidity is lower in the salt experiment [Fig. 3(b)]. This is attributed to the additional resistance to
diffusion resulting from the efflorescence formation, see, e.g., [24,25], which here compensates the
impact of the lower relative humidity.
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FIG. 9. Evaporation-wicking situation. The cell is continuously fed by water at its bottom.

V. DISCUSSION

In this section, the enhanced transport mechanism is further discussed from simple numerical
computations. Also, we discuss whether a similar enhanced transport effect can be expected when
the brine is not percolating, a situation also referred to as a pendular state. To this end, the somewhat
simpler evaporation-wicking situation depicted in Fig. 10 is considered. This situation is close to the
one discussed previously. The difference here is that the liquid water level at some distance below
the suspended layer does not recede. It is considered as fixed for simplicity. The lengths in Fig. 9 are
similar to the ones in the experiments. For the computations presented below, the following values
were considered: ht = 17.7 mm, hb = 21.1 mm, and hlc = 26.1. The thickness of the porous layer
is hsl = hb − ht = 3.5 mm.

The objective is to compute the enhancement factor β, characterizing the enhancement of the
mass transfer rate compared to the case where the suspended layer is dry. Hence, this factor is
defined as

β = J

Jdry
, (9)

where J is the mass transfer rate in the considered system whereas Jdry [Eq. (3)] is the mass transfer
rate assuming that the suspended layer is dry. The layer is supposed fully saturated initially with a
NaCl aqueous solution of NaCl mass fraction C0. Then the saturation is supposed to vary until the
equilibrium between the absorption rate [Eq. (7)] and the evaporation rate [Eq. (6)] is reached, i.e.,
J = Jevap = Jabsorp. From Eqs. (6) and (7), this condition implies the following relationship between
the relative humidities at the bottom and top surfaces of the suspended layer:

RHbottom = 1 − (RHtop − RHinf )
(hlc − hb)

ht
. (10)

A. Percolating brine (funicular state)

The steady solution for the situation depicted in Fig. 9 is obtained combining Fick’s law, i.e.,
Eqs. (6) and (7), and the solution to the dissolved salt convection-diffusion equation in the suspended
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layer. Regarding the latter, it is first argued that the saturation can be assumed as spatially uniform
over the layer because of the expected low value of the capillary number Ca = μJγ

Aρ�
where γ is the

surface tension (∼0.8 × 10–3N/m) and μ is the solution dynamic viscosity (∼2 × 10–3Pa s). With,
for example, J = Jevap ≈ 0.05 g/day as in the period of higher evaporation rate in the experiment
[Fig. 6(a)], this gives Ca∼10–8. This very low value indicates that the saturation can be considered
as spatially uniform over the layer [26,27]. Under these circumstances, it is shown in Appendix B
that the ion mass fractions on the layer top and bottom surfaces are related by

Ctop = Cbottomexp(Pe), (11)

where Pe is the Péclet number defined as for Eq. (8) but expressed here as a function of the average
interstitial velocity, namely, Pe = Uzhsl

D∗
s

where Uz = J
ρ�εSA .Ctop and Cbottom are related to RHtop and

RHbottom via the water activity relationship ϕ(C) depicted in Fig. 1, namely, Ctop = ϕ−1(RHtop),
Cbottom = ϕ−1(RHbottom ).

For a given external relative humidity RHinf , the solution to the above problem is sought as
follows. We search a solution without efflorescence formation. Thus, the relative humidity at the
top of the suspended layer cannot be lower than 0.75. Hence, RHtop must be in the range 0.75–1.
The objective is then to determine the saturation S. The algorithm for determining S can be listed as
follows:

1) S is varied in the range ] Sc, 1]. where Sc is the irreducible saturation. Sc ≈ 0.1 for a random
packing of particles [28].

2) For a given RHtop the mass transfer rate is computed as J = Jevap = ADv
Mv

RT pvsat
(RHtop−RHinf )

ht
.

3) RHbottom is computed from the condition Jabsorp = Jbottom, i.e., Eq. (10): RHbottom = 1 −
(RHtop − RHinf ) (hlc−hb)

ht
.

4) The mass transfer rate in vapor phase through the suspended layer is computed as Jvap =
Aε(1−S)Deff

Mv

RT pvsat
(RHbottom−RHtop )

he
.

5) The mass transfer rate in liquid phase is computed as J� = J− Jvap.
6) The average interstitial velocity is computed as Uz = J�

AεSρ�
.

7) Ctop and Cbottom are computed from the activity curve, i.e., Ctop = ϕ−1(RHtop), Cbottom =
ϕ−1(RHbottom ).

8) The Péclet number is computed from Eq. (11): Ctop = Cbottomexp(Pe), i.e., Pe = log( Ctop

Cbottom
).

9) The effective diffusion coefficient D∗
s is determined from Pe = Uzhsl

D∗
s

, i.e., D∗
s = Uzhsl

Pe .
10) Saturation S2 corresponding to the computed value of D∗

s is determined from the relationship
D∗

s = ( S2−Sc
1−Sc

)τDs [29], i.e., S2 = Sc + ( D∗
s

τDs
)(1 − Sc).

11) The difference �S = S − S2 is computed.
12) The sought solution is the one for which �S = 0.
After convergence, the average ion mass fraction in the layer is computed as C̄ = 1

he
∫he

0 Cdz,

which yields C̄ = Cbottom
Pe [exp(Pe) − 1] (see Appendix B). Assuming that the layer was initially

saturated, the initial ion mass fraction C0 is determined from the salt mass conservation as C0 =
C̄S = SCbottom

Pe [exp(Pe) − 1].
For simplicity, no supersaturation effect, e.g., [30,31], is considered; i.e., crystallization is

expected to occur when C ≈ Csat. However, it would be fairly easy to incorporate a supersaturation
effect in the algorithm. This will simply modify the lower bounds discussed below. As a result,
solutions are sought only for RHtop � 0.75.

It can be noted that the equation used in step 4 to evaluate Jvap is an approximation since the
vapor partial pressure does not vary linearly across the layer since C, and thus RHtop = ϕ(C), does
not vary linearly [Eq. (8) and Appendix B]. However, the Péclet number is low in the considered
example (Pe ∼ 0.1–0.5) and the computations for the considered data show that Jvap is negligible
compared to J when the saturation is not too low (S > 0.4). In other words, the results presented
below are only an approximation when the saturation is low. A more refined solution in the range
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FIG. 10. (a) Variation of the mass transfer rate enhancement factor as a function of the ion initial mass
fraction in the layer (supposed fully saturated initially) for three values of the external relative humidity. (b)
Variation of the saturation in the suspended layer as a function of the ion initial mass fraction in the layer for
three values of the external relative humidity.

of the lower saturations requires a numerical approach to solve the coupled transport equations in
the vapor and liquid phases. However, as we shall see, the greater enhancement factors correspond
to the greater saturation range, for which Jvap is negligible compared to J�. Although the obtained
results are less accurate in the range of the lower saturations, a more refined numerical approach
will not change the main trends discussed below.

The above algorithm leads to a solution only for a range of RHtop. For instance, solutions are
obtained for RHtop in the interval 0.81–0.9 for RHinf = 0.65, 0.75−0.85 for RHinf = 0.5, and 0.75–
0.79 for RHinf = 0.35, which correspond to intervals in the initial ion mass fraction C0. These are
indicated in Fig. 10. Let C0min and C0 max be the lower and upper bounds of the initial ion mass
fraction interval for a given RHinf . As sketched in Fig. 10, crystallization is expected when C0 <

C0min whereas no solution where Jabsorp = Jevap and S � 1 can be found when C0 > C0 max. In
fact, this means that Jabsorp > Jevap when S = 1. Thus, a liquid film can form above and below
the suspended layer until a steady state is reached (this could be interpreted as a solution for when
S > 1 ). For simplicity, this solution has not been explored but the formation of liquid films is
a priori compatible with a steady-state solution with enhanced mass transfer rate. In other words,
considering the liquid film formation should extend the range of solution (on the right side of the
curves in Fig. 10). Thus, in what follows, only the situations where S � 1 are considered.

Solutions are illustrated in Fig. 10. As can be seen, the enhancement factor β can be high, up to
about 1.5–1.6. From Fig. 4(b), β ≈ 1.5 in the experiment, thus comparable with the highest values
computed here. Figure 10 indicates that the higher values of β correspond to the higher values of the
initial ion mass fraction, which in turn correspond to high saturations (Fig. 10). In the experiment,
this value was 20%. For this value of the initial ion mass fraction, the results shown in Fig. 10 are
consistent with a liquid saturated or nearly liquid saturated layer as considered in Sec. IV.

Some overlaps in the initial ion mass fraction intervals can be seen in Fig. 10. This suggests
that the system can adapt to changes in the external relative humidity without drying out or salt
precipitating if the initial ion mass fraction is adequately specified. This is illustrated in Fig. 11 for
C0 = 9%.

As can be seen, the system adapts to change in RHinf in the range 0.4–0.7 in this example while
maintaining a significant enhancement factor. The adaptation is via change in the saturation and thus
in the average ion mass fraction in the layer.
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FIG. 11. Variation of saturation and mass transfer rate enhancement factor as a function of external relative
humidity for C0 = 9%.

B. Nonpercolating brine (pendular state)

In this section, it is argued that the liquid phase needs not to be percolating for the enhancement
effect to occur over a long period. To this end, the model depicted in Fig. 12, where brine layers
alternate with dry layers free of brine, is considered.

Eq. (10) resulting from the condition J = Jevap = Jabsorp still holds; namely, RHbottom = 1 −
(RHtop − RHinf ) (hlc−hb)

ht
. The ion mass fraction is assumed to be quasiuniform in each wet layer

(because of the low Péclet number at the scale of each layer) but varies from one layer to the other.
The mass transfer rate can thus also be expressed as

J = AεDeff
Mv

RT
pvsat

(RHk − RHk+1)

αw
, (12)

FIG. 12. Simplified brine distribution in the pendular state in the suspended layer. The wet layers are
saturated by brine. The salt concentration varies from one wet layer to the other.
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FIG. 13. Nonpercolating liquid phase: (a) Variation of enhancement factor and saturation as a function
of α for RHinf = 0.6; (b) ion mass fraction distribution in the wet layer for two saturations and RHinf = 0.6
(S = 0.054 and S = 0.56 correspond to α ≈ 19 and α ≈ 0.9, respectively).

where RHk is the relative humidity at the boundaries of wet layer number k. The relative humidity
differences across the dry layers can thus be expressed from Eq. (12) as

RHk − RHk+1 = JRT α w

AεDeff Mv pvsat
. (13)

Summing up Eq. (13) over all the dry layers yields

RHbottom − RHtop = JRT α w (n − 1)

AεDeff Mv pvsat
. (14)

From the expression of the layer thickness hsl = nw + (n−1)w and Eq. (14), the following
relationship is obtained,

α =
( n

n − 1

) ( Jvap−dry

J

)
1 − ( Jvap−dry

J

) , (15)

where Jvap−dry = AεDeff Mv pvsat (RHbottom−RHtop )
RT he

is the mass transfer rate through the layer assumed dry for
RHbottom and RHtop imposed at the layer bottom and top boundaries.

The method of solution is as follows. Given values of lengths ht , hb, and hlc (the same values as
in the percolating case are considered), external relative humidity (i.e., RHinf ) and n are specified
(n = 10 in the results shown below). Then a value for RHtop is selected in the range 0.75–1. J is
computed from Eq. (6) and RHbottom from Eq. (10); then α is computed from Eq. (15). The saturation
in the layer is computed [S = n

n+(n−1)α ] as well as the enhancement factor β [Eq. (9)].
Representative results so obtained are shown in Fig. 13. As can be seen, a significant enhance-

ment effect can also be expected in the nonpercolating situation depicted in Fig. 12. However, it
can be noticed that the enhancement factor is significant only for relatively high saturations. This
suggests that the enhancement effect is small when the pendular state is reached via a classical
drying process (for random packing of particles the pendular state is expected for S < Sc with
Sc ≈ 0.1).

Nevertheless, Fig. 13 illustrates a situation where the transfer process is somewhat similar to
the one described by Philip and de Vries [7] but due to the ion mass fraction spatial variation
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FIG. 14. Experiment with a suspended salt crust in which a layer of glass beads (immobile layer below the
red line) is present over only one-half of the cell. The salt crust is above the red line. The elapsed time between
the image on the left (day 4) and the image on the right (day 8) is 4 days.

[Fig. 13(b)], and not a thermal gradient. Condensation occurs on the left-hand side of each wet layer
in Fig. 12 and evaporation of the right-hand side. The resistance to transport in the layer is only
due to the vapor diffusion transport in each dry layer between two wet layers. As a result, the liquid
layers act as a shortcut for the water transport.

C. Beyond the Hele-Shaw cell situation

Situations similar to the ones considered in the current study can be expected in the field. For
instance, referring to Fig. 9, a possible situation could be the following: the liquid water at the
bottom would correspond to the water table (plus the capillary fringe), the suspended layer to a
porous layer with brine, and the gas layers above and below the suspended layer to dry porous
zones. Also, the enhancement transport effect can contribute to explaining the complex dynamics
of salt crusts. As discussed in [15,16], an efflorescence salt crust can detach from the surface of
the porous substrate on which it forms initially. When a detached crust is present whereas brine is
trapped in the upper region of the porous substrate and is at a lower concentration at some distance
below the top region of the porous substrate, the situation is in fact quite close to the one considered
in the article. As illustrated in the next section, the enhancement transport effect due to the salt
presence can then have an impact on the salt crust dynamics.

VI. ENHANCED TRANSPORT AND SALT CRUST DYNAMICS

As discussed in previous works, e.g., [19,32], the formation of an efflorescence salt crust at the
porous medium surface is a major feature of evaporation in the presence of salt. As shown in [15,17],
the salt crust is not simply an accumulation of precipitated salt at the porous medium surface. As
already mentioned in Sec. IV C, the salt crust can move upward and detach from the porous medium
surface. As a result, the understanding of evaporation in the presence of salt crust implies to better
understand the salt crust dynamics. The objective in this section is not to address in depth this
complex problem, see [17,18], but merely to illustrate the possible impact of the enhanced transport
of the salt crust dynamics from a simple experiment.

The experiment is illustrated in Fig. 14. The experimental setup is very similar to the one
considered previously in the article (Fig. 2). The main new feature is the presence of a salt crust
suspended in the Hele-Shaw cell. One can refer to [17,18] for explanations on how the suspended
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crust is obtained. As in the main experiment (Fig. 2), some pure liquid water is injected at the cell
bottom, which induces evaporation. As can be seen, a suspended glass bead layer, referred to as the
immobile layer in Fig. 14, is present at some distance below the crust. However, it is noteworthy that
the immobile layer is present only over the left half of the Hele-Shaw cell whereas the corresponding
right half is free of a porous layer, i.e., occupied by the gas phase only. This evaporation situation
leads to the upward migration of the salt crust via a combined mechanism of dissolution at the crust
bottom and precipitation at the crust top, e.g., [17,18]. As can be seen, the crust upward displacement
is significantly greater in the half part of the cell where the immobile layer is present. As discussed in
[18], the salt crust displacement speed is proportional to the water absorption rate at the crust bottom
surface. Hence, Fig. 14 shows that the absorption rate is greater above the immobile layer than in the
region where the immobile layer is not present. If the immobile layer was dry, the opposite would
be expected with a greater mass transfer flux and thus a greater crust displacement in the half part
where the beads are not present due to the lesser effective diffusion coefficient in the immobile layer
compared to free gas. In fact, the immobile layer is partially saturated with brine. As a result of the
enhanced transport mechanism analyzed in the article, the crust displacement speed is greater above
the immobile layer than in the cell half where the immobile layer is not present.

This simple experiment indicates that the dynamics of salt crust forming at the surface of a porous
medium can be significantly affected by the distribution of the brine within the porous medium and
illustrates nicely the impact of the enhanced transport mechanism studied in the present article.

To end this section, it can be noted that a reviewer of the present paper original version has
suggested that the process of salt crust migration illustrated in Fig. 14 might be related to recent
works showing the partial detachments of NaCl crystals from hydrophobic [33] or superhydrophobic
surfaces [34]. Nevertheless, our approach of the detachment mechanisms in our experiments,
[17,18], is different and does not involve the consideration of interactions between crystals and
hydrophobic surfaces. Our motivation is to address situations where detachment occurs in the
absence of hydrophobic surfaces as reported, for instance, in [15,16].

VII. CONCLUSION

Water transport mechanisms across a porous layer partially or fully saturated with brine were
investigated from a combination of experiments and simple analytical approaches. It was shown
that the presence of the brine brings about a short cut effect enhancing the water transport compared
to pure water vapor diffusion when the layer is dry. The short cut effect results from condensation-
evaporation phenomena at the boundaries of the brine region and the associated flow induced in the
brine. The study has demonstrated that a porous layer submitted to vapor gradients at its boundaries
can stay wet, i.e., partially brine saturated or nearly saturated, under isothermal conditions over
a long period due to the impact of salt on the equilibrium vapor pressure. Such a system can
adapt to changes in the boundary conditions by modification of the ion concentration via saturation
adaptation so as to reach situations where the condensation rate is balanced by the evaporation rate.

The transport enhancement due to the salt presence was also illustrated through an experiment
showing its possible impact on the dynamics of salt crusts.
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APPENDIX A: HOW TO SET A SUSPENDED POROUS LAYER IN A HELE-SHAW CELL

The procedure used to obtain a suspended layer in the Hele-Shaw cell can be outlined as follows.
The main steps of the procedure are sketched in Fig. 15.
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FIG. 15. Schematic of the procedure for suspending the glass bead layer in the Hele-Shaw cell.

As sketched in Fig. 15(a), the Hele-Shaw cell is held upside down in the first step and set on a
plate. A mixture of glass beads and solution (at a fixed salt mass fraction) is injected into the cell by
means of a syringe up to a level corresponding to the desired suspended layer bottom position while
the excess liquid is allowed to leak out of the cell end in contact with the plate. Then, the Hele-Shaw
cell is gently set in its normal position. Due to capillary effects and cell hydrophobization, the glass
beads stay in the top part of the cell as sketched in Fig. 15(b). The next step [Fig. 15(c)] consists of
removing the mixture of glass beads and solution in excess (if needed) so as to obtain the desired
porous layer thickness. This is performed gradually by means of a small rod allowing the removal
of a small amount of the mixture every time. The final step (not shown) before the experiment is
launched consists of perforating the porous layer with a very small needle. Once the needle is in
place, liquid water is set in the cell bottom up to a desired level by injecting water in the feeding
cylinder (Fig. 2). The role of the needle is to avoid the gas compression underneath the porous layer
when the liquid water is injected. Once the liquid water at the cell bottom has reached the desired
level, the needle is removed and the porous media gently vibrated so that the hole remains. Then the
experiment can start.

APPENDIX B: STEADY-STATE SOLUTION TO THE DISSOLVED
SALT TRANSPORT EQUATION

Within the framework of the continuum approach to porous media, the equation governing the
ion mass fraction in the layer can be expressed as [35,36]

ε
∂ρ�SC

∂t
+ ∂

∂z
(ρ�εSUzC) = ∂

∂z

(
ρ�εSD∗

s

∂C

∂z

)
, (B1)

where Uz is the average interstitial velocity of the solution. When the saturation is spatially uniform
in the steady-state regime, Eq. (B1) reduces to

ρ�εSUz
∂C

∂z
= ρ�εSD∗

s

∂2C

∂z2
, (B2)

and thus to

Uz
∂C

∂z
= D∗

s

∂2C

∂z2
, (B3)

which can be solved to obtain

C = Cbottomexp
(

Pe
z

hsl

)
, (B4)
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where Pe = Uzhsl

D∗
s

. The corresponding average ion mass fraction in the layer can be determined from
Eq. (B4) as

C̄ = 1

hsl

∫ hsl

0
Cdz = Cbottom

1

hsl

∫ hsl

0
exp

(
Pe

z

hsl

)
dz = Cbottom

Pe

[
exp

(
Pe

z

he

)]hsl

0
, (B5)

which gives

C̄ = Cbottom

Pe
[exp(Pe) − 1]. (B6)

APPENDIX C: TIMESCALE

A characteristic time to reach the steady-state distribution, given by Eq. (B4), starting from a
uniform distribution of the initial ion mass fraction, denoted by C0, can be obtained as follows.
While the origin of z (z = 0) is at the bottom of the layer with Eq. (B4), the origin is considered in
the middle of the layer in what follows. The distribution is considered as antisymmetrical about the
plane z = 0 (the increase in the salt mass fraction in the region 0 � z � hsl/2 due to the advective
transport is balanced by the decrease in the salt mass fraction in the region −hsl

2 � z � 0). Then the
solution at intermediate times in the upper half of the layer is expressed as

C = C0exp

(
Uz[z − δ(t )]

D∗
s

)
δ(t ) � z � hsl/2, C = C0 for 0 � z � δ(t ). (C1)

The next step is to express that the growth of the region where the mass fraction is in excess (i.e.,
above C0) results from the incoming adjective mass transfer rate, Js = ρ�εSC0UzA. Thus,

Jst = ρ�εSC0UzAt = ρ�εSA

{∫ hsl /2

δ(t )
C0exp

(
Uz[z − δ(t )]

D∗
s

)
dz −

[
hsl

2
− δ(t )

]
C0

}
, (C2)

which gives

ρ�εSC0UzAt = ρ�εSAC0

(
D∗

s

Uz

{
exp

[
Uz

( hsl
2 − δ(t )

)
D∗

s

]
− 1

}
−

(
hsl

2
− δ(t )

))
. (C3)

In our study, the Péclet number is small (∼0.1–0.5). Using a second order Taylor expansion of
the exponential term in Eq. (C3) gives

ρ�εSC0UzAt = ρ�εSAC0

{
D∗

s

2Uz

[
Uz

( hsl
2 − δ(t )

)
D∗

s

]2}
, (C4)

ρ�εSC0UzAt = ρ�εSAC0

[
Uz

2D∗
s

(
hsl

2
− δ(t )

)2]
, (C5)

from which the desired characteristic time can be estimated as [when δ(t ) = 0 ]

tch = h2
sl

8D∗
s

, (C6)

which finally is nothing else than a classical characteristic diffusion time (low Péclet number limit).
For S = 1, Eq. (C6) gives tch ≈ 30 min. This time is short compared to the duration of the long
period [8 days in Fig. 6(a)] before the first crystals are detected and where Jevap ≈ Jabsorp. Thus
considering a steady-state solution in Sec. IV A is quite reasonable.
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