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Most evaporation experiments using artificial porous media have focused on single capillaries or sand
packs. We have carried out, for the first time, evaporation studies on a 2.5D micromodel based on a thin
section of a sucrosic dolomite rock. This allowed direct visual observation of pore-scale processes in
a network of pores. NaCl solutions from 0 wt. % (de-ionized water) to 36 wt. % (saturated brine) were
evaporated by passing dry air through a channel in front of the micromodel matrix. For de-ionized
water, we observed the three classical periods of evaporation: the constant rate period (CRP) in which
liquid remains connected to the matrix surface, the falling rate period, and the receding front period, in
which the capillary connection is broken and water transport becomes dominated by vapour diffusion.
However, when brine was dried in the micromodel, we observed that the length of the CRP decreased
with increasing brine concentration and became almost non-existent for the saturated brine. In the
experiments with brine, the mass lost by evaporation became linear with the square root of time after
the short CRP. However, this is unlikely to be due to capillary disconnection from the surface of the
matrix, as salt crystals continued to be deposited in the channel above the matrix. We propose that
this is due to salt deposition at the matrix surface progressively impeding hydraulic connectivity to
the evaporating surface. Published by AIP Publishing. https://doi.org/10.1063/1.5004246

I. INTRODUCTION

Drying of a porous medium is an important process that
has motivated many studies; its applications are vast including
environmental and industrial applications such as groundwater
and soil remediation, food processing, and preservation, and
geological applications such as carbon sequestration and the
recovery of hydrocarbons from underground reservoirs. Two
boundary conditions are common; first, if dry gas is injected
into the pore space, it will displace the liquid already saturating
the matrix away from the injection surface simultaneously with
evaporation;1 second, if dry gas passes across the face of a
porous medium as it would for a surface soil or in gas injection
into a fractured formation, the evaporation flux is orthogonal
to the main gas flow.2 We will discuss the second process.
In this case, the drying process is characterised by the step-
wise gas phase invasion of an initially liquid saturated porous
medium. This leads to the formation of a drying front defined as
an interface separating the liquid saturated and partially gas-
filled domains.2 Evaporative drying from a porous medium
can also be seen as an immiscible displacement process in
which a viscous wetting phase (brine) is replaced by a less
viscous nonwetting phase (gas) in the pore space.3 Despite the
extensive literature available on the drying process, accurate
predictions of the evaporative drying rate and a comprehensive
description of the different stages involved in drying are still
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major challenges, particularly when drying is combined with
the deposition of salt.

Generally, three stages of the evaporation of pure water in
a porous medium have been clearly described: initially, at high
liquid saturation, there is an early stage with a high and rela-
tively constant evaporation rate (stage-1) followed by a falling
and much lower evaporation rate (stage-2).2–6 These stages
are connected by a crossover period characterised by a signif-
icant drop in evaporative drying rate.4 In some literature, the
stage-2 period and the crossover period are described as one
period; however, these periods are often classically referred to
in sequential order as the constant rate period (CRP), falling
rate period (FRP), and receding front period (RFP).5 The kinet-
ics of these periods depend on the combination of external and
internal mass transfers during the drying process.4 During the
first period, liquid water is still present at the external surface
of the matrix and the drying rate is dependent on the external
mass transfer to the vapour phase. Dry gas entering the pores
to balance the loss of liquid becomes rapidly saturated with
water vapour, so little evaporation occurs inside the porous
medium. The drying rate during this period is constant (or at
least pseudo-constant),

dx
dt
α K . (1)

By integrating Eq. (1), we have x α t. Hence, evaporation varies
linearly with time during the CRP. During the later stages when
the region close to the surface becomes dry, the internal mass
transfer limits the drying rate, and diffusion of water vapour
is the dominant process,
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dx
dt
α x. (2)

By integrating, ∫
xdx =

∫
dt, (3)

and then
x2α t. (4)

The drying rate varies linearly with the square root or time
during the later stages of evaporation. In simpler terms, evap-
orative drying rates in porous media are affected by the tem-
perature, surface area, humidity, and velocity of drying air
(all external mass transfers) and vapour diffusion, thermal and
hydraulic conductivities, and pore space geometry (internal
mass transfers).

The dynamic interplay of these factors leads to com-
plex interactions between transport processes, boundary con-
ditions, atmospheric conditions, and media properties which
consequently results in a complex and sometimes ambiguous
range of evaporation behaviors.2,5,7 At the onset of evapora-
tive drying, the evaporative demand imposed by atmospheric
conditions is balanced by capillarity, i.e., liquid flow through
wetting films connecting the evaporative surface to the reced-
ing drying front.2,6,8,9 However, the liquid connections to the
drying surface cannot be maintained for long; as the liquid
saturation in the region below the drying surface reduces and
the size of this region increases, the connecting liquid path-
ways can no longer provide sufficient flow and capillarity is
overcome by viscous (and gravity) effects. This marks the
beginning of the receding front period. The motivation for this
study was to investigate the impact of salt deposition on this
process.

Sub-surface porous media (saline aquifers, oil and gas
reservoirs, etc.) naturally contain dissolved mineral salts. Oth-
ers have salt trapped in them, for instance, salts get trapped
in masonry materials during acid rain.10 The crystallisa-
tion/dissolution cycles these salts undergo cause significant
damage to the porous building materials used in civil engi-
neering.11–19 Salt crystallisation in porous media also causes a
significant decrease in permeability of underground reservoirs.
This decrease in permeability leads to reduced injectivity and
possibly storage potential in CO2 sequestration and reduced
oil and gas production from hydrocarbon reservoirs.20

In addition to the studies on the drying of pure water from
porous media, a number of publications address salt crys-
tallisation during evaporation of water from brine in porous
media. These studies looked at a variety of factors affecting
crystallization in porous media such as wettability,21,22 1D
systems,15,23–26 2D systems,22,25 relative humidity,27 hetero-
geneity of the porous media,28–30 and the effect of confined
systems.19,31,32 The distribution (crusty or patchy)10,21,28,29

and the position (surface salt, efflorescence, or salt precipi-
tation within the matrix, sub-florescence) of the precipitated
salt have also been observed.9,18,21 However, a good under-
standing of the effects of the salt and its deposited crystals
on the different stages of water evaporation in porous media
is imperative to mitigate the aforementioned problems caused
by salt precipitation.

Lastly, the geometry of a porous medium is often very
complex, and in order to understand more clearly what takes

place, we must begin by looking at very simple patterns, from
which some qualitative deductions can be made.33 Studies on
individual capillaries have been shown to be a very important
step in gaining more insight into understanding the transport
processes in porous media.4,34–36 The evaporation from a cap-
illary bundle, the next simple model of porous media, has also
been studied.36 There are a number of evaporation studies in
the literature using micromodels22,37–40 including very recent
ones.41,42 These previous studies have used different methods
of injecting the dry gas that provides the driving force for evap-
oration, depending on the application of the research. Some37

have chosen to inject directly into the matrix, producing a
simultaneous drainage displacement and evaporation process
appropriate to the near well-bore dry-out occurring during
CO2 storage in an unfractured reservoir or saline aquifer.
Others22,38–42 flow the drying gas past the outside of the micro-
model allowing evaporation through a region of “stagnant air”
where diffusion controls the maximum evaporation rate, a pro-
cess representative of the drying of a soil at the surface of the
earth. In this study, we have chosen to continuously flow dry
air through a channel adjacent the matrix, thereby maintaining
a very low relative humidity at the exposed edge of the matrix
throughout the drying process. This is the boundary condition
appropriate for what happens in a fractured reservoir when dry
CO2 is being injected for carbon storage processes. Therefore,
our micromodels were designed to have (fracture) channels on
each side of the matrix, and the flow rate of dry gas was care-
fully chosen to maintain a humidity close to zero in the channel
while preventing forced advection into the matrix. Choices also
need to be made about the geometry of the matrix region of
the model, and while the previous studies discussed earlier use
synthetic arrays of either capillaries or pillar obstacles, in this
study, we have decided to use micromodels based on a thin
section of sucrosic dolomite, a natural carbonate rock. This
study will also be of interest in the increasingly popular field
of microfluidics.34,43

The use of micromodels allows the visualization pore
scale events in real time using direct imaging and optical
microscopy. This is of great advantage as a direct visualisa-
tion of transport processes at the pore scale in real porous
media is very challenging requiring the use of complex com-
puted tomography scanners. These scanners, however, cannot
provide real time visualization.44,45 Hence, the use of opti-
cally transparent micromodels offers an attractive alternative
for real time visualization (imaging) at the pore scale. Also,
since micromodels are synthetic systems, they offer an added
advantage of flexibility. The micromodels can be designed
(user has a major control on model’s wettability, geometry,
roughness, and so on) to address very specific research ques-
tions. In Sec. II, the characterization of the micromodels used
for this study will be presented in more detail.

II. METHOD DEVELOPMENT
A. Micromodels

Micromodels are 2.5D pore networks that allow direct
visualization of flows in them through a microscope or other
visual imaging technique. The micromodels used in this study
are based on thin-section images of a sucrosic dolomite rock as
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FIG. 1. An SEM image of the sucrosic dolomite micromodel wafer.

an example of a simple carbonate structure. The pattern designs
were derived from existing rock section images as pioneered
by Hornbrook46 and Rangel-German and Kovscek.47 The
micromodels were fabricated from silicon wafers with a glass
cover, allowing precise control of the channel geometry and
hence a good representation of the original rock thin section.
The fabrication procedure follows the procedure pioneered by
Ref. 46. A Scanning Electron Microscope (SEM) image of a
section of the etched micromodel wafer is shown in Fig. 1.

Fluid injection and production are through the ports (high-
lighted with red circles in Fig. 2) connected to the ducts that
run along the two open edges of the micromodel matrix. These
ducts allow one edge of the matrix to be maintained at a low
humidity to induce evaporation (representing a fracture in real
rock structures). They also allow fluids to flow in and out of
the model during the initial saturation. The model matrix size
is 2.5× 1 cm2 etched area with a constant etch depth of 25 µm.
The duct width at each end is 500 µm, and the matrix grain
size ranges between 6 and 1250 µm. The average porosity
measured from the binarized model image was estimated to
be 0.28, and the total pore area (excluding vertical channels)
is approximately 0.7 cm2. The coordination number varied
between 1 and 4, with matrix permeability of about 350 mD.
The etched silicon surface of the micromodel was oxidised to
ensure that it is water wet before bonding the glass plate onto
the silicon wafer to create an isolated flow path. This was done
by heating the silicon wafer on a hotplate at about 315 ◦C for
1 h. The high air temperature oxidizes the silicon by forming a
silicon oxide film, which is water wetting. The oxidation was
done during fabrication at École Supérieure d′Ingénieurs en
Électrotechnique et Électronique [ESIEE (Paris)].

B. Imaging techniques

The results and images presented in this study were
acquired by optical imaging techniques. A DSLR (digital sin-
gle lens reflex) camera (D800E, Nikon) combined with a
macro-lens (AF-S Micro Nikkor 105 mm, Nikon) and filter
(Pro1 Digital Close-Up No. 3, Hoya) was used to capture
images that require a wide field of view and rapid image
acquisition. For continuous operation, instead of a conven-
tional battery, an AC adapter (EH-5b, Nikon) was connected
to the camera via a power connector (EP-5B, Nikon). Snap-
shots and videos can be recorded with the DSLR; it can also
be set to take images at set time intervals. The camera was
linked to the personal computer (PC) via a universal serial bus
(USB) cable that allows the camera to be controlled remotely
via dedicated software: Camera Control Pro 2 (version 2.13.0,
Nikon).

For high-resolution imaging of the micromodel, an
inverted light microscope (ILM) (AxioObserver A1.m, Zeiss)
was used. A motorized stage (Mac 6000 system Ludl Elec-
tronic Products Ltd.) was incorporated into the ILM; this
allows for accurate positioning of the micromodels. The ILM
was equipped with a number of objectives ranging from
2.5× to 50×magnification providing high-quality images from
which precise dimensions of the micro-model channel, pore,
and throat widths can be measured. Images are captured by a
digital camera (AxioCam HSc) attached to the left side port
of the microscope; live images of the model positioned on the
stage can be viewed through either the eyepiece or directly
on the PC by running specialist software AxioVision (Ver-
sion 4.8.1, Zeiss) attached to the microscope via a FireWire
cable.

C. Experimental procedure

All experiments were conducted at ambient temperature.
Fresh NaCl brine solutions ranging in concentration from
0 wt. % to 36 wt. % (saturated) were prepared as required
for this study. Fluorescein (46960-25G-F, Sigma-Aldrich.
1:700 000 v/v) dye was added to the brine solution for easier
phase differentiation. The brine was injected into the micro-
model with a 10 ml syringe (BD Plasipak, BD300013) using a
programmable syringe pump (BS-80000, Braintree Scientific
Ltd.). The experimental setup with the inverted light micro-
scope system is shown in Fig. 3(a). The micromodel holder
designed and fabricated in-house was used to position the
model with the injection and production ports.

Initially, 100% brine saturation of the micromodel could
not be achieved due to the presence of trapped air bubbles.

FIG. 2. Micromodel dimension with
the repeated pattern shown as an inset.
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FIG. 3. The experimental setup with
the (a) ILM and (b) DSLR.

To mitigate against this, at the start of the experiment, the dry
micromodel was flushed with CO2 to displace the air before
brine injection. This allowed 100% brine saturation of the
model to be achieved due to the solubility of CO2 in brine.
After ensuring model saturation by microscopic inspection,
the valves at the four ports were closed and the imaging tech-
nique was changed to the DSLR system to obtain images of the
entire micro-model matrix. The DSLR camera was positioned
on an adjustable stand, constructed in-house, facing vertically
downwards onto the micromodel which was positioned hori-
zontally to eliminate any gravity effects [Fig. 3(b)]. The camera
was linked to a personal computer via a USB cable allowing
it to be controlled remotely via dedicated software: Camera
Control Pro 2 (version 2.13.0, Nikon).

The two ports on the duct at the side of the matrix chosen
for evaporation were then opened: one to a dry compressed air
line and the other to the atmosphere to allow the flow of air out
of the model. The compressed air pressure was set at 0.5 bar
which resulted in an air flow rate of approximately 0.3 ml/s.

The air flow-rate was carefully chosen to avoid forced advec-
tion into the matrix while at the same time to maintain the very
low humidity boundary conditions in the channel. The drying
pattern, the movement of the evaporating front into the matrix
and the salt deposition left in its wake, was imaged at differ-
ent time intervals until complete dry-out. The microvisual data
thus obtained were processed and quantitatively analyzed as
described in Sec. II D.

D. Image processing

The raw images captured with the DSLR camera were
saved in the Tagged Image File Format (TIFF) format (without
compression) to preserve important image qualities and prop-
erties. Extracting quantitative data from the images requires
some image processing. This was done with ImageJ, an open
source software. The images were initially cropped and regis-
tered before image segmentation. First, the foreground colour
was set to white and the background to black before setting
the measurements needed, for example, area, perimeter, and

FIG. 4. (a) Raw image of a micromodel
saturated with dyed brine, cropped to
show only the matrix. (b) Segmented
image of a micromodel saturated with
brine (measured area is covered in red
in ImageJ).
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area fraction and so on. The images were opened in 24-bit
red-green-blue (RGB) format in ImageJ; spatial calibrations
were done by scaling the pixel size to an appropriate unit
of length (µm) using the known size of the micromodel pat-
tern. The threshold colour plugin was then used to segment the
dry pores for subsequent area measurement. Examples of the
image segmentation are given below.

Figure 4(a) is a raw image of the micromodel at zero liq-
uid saturation, i.e., full of gas and empty of any liquid taken
with the DSLR camera setup before drying starts; the white
regions represent empty pore areas, while the deep blue regions
represent the micromodel solid “grains.” Figure 4(b) is the
result of segmenting Fig. 4(a) using ImageJ with the proce-
dure highlighted earlier; the empty pore regions are now red
in colour, while the solid “grain” remains the same colour.
Similarly, Fig. 5(a) is a raw image of the micromodel taken
sometime during dry-out; the greenish yellow regions repre-
sent pore areas saturated with dyed water (or brine); the white
regions represent pore areas that are completely dry; the light
blue regions are pore areas empty of liquid but still with liquid
films at the corners, while the deep blue regions represent the
micromodel solid “grains.” Figure 5(b) is the result of segment-
ing Fig. 5(a); regions still with liquid phase remain greenish
yellow; dry regions (including dry regions with liquid corner
films) are now red in colour, while the solid “grain” remains
the same colour.

Unfortunately, the pore area containing precipitated salt
could not be accurately segmented separately from the dry pore
area due to insufficient contrast. Also, a simple mass balance
on the brine (the total volume of the salt in the micro-model
was calculated before and after dry-out) shows that the salt
deposition does not completely fill the entire depth (25 µm)

of the micro-model throughout the matrix. This means that
there are regions where the pores and throats are only partially
blocked after salt deposition. The quantitative data presented in
this study are subject to uncertainty in dry pore area measure-
ments. This has been estimated to be ±0.02 cm2 from repeated
experiments and measurements.

III. RESULTS AND DISCUSSION
A. Evolution of drying in a water-wet micromodel

During drying, the area of the pores occupied by
gas/vapour (equivalent to mass lost by evaporation) was esti-
mated by image analysis as shown earlier. Figures 6(a) and
6(b) show the dry pore area as a function of time for differ-
ent brine concentrations. Three different periods can be seen
from the plot of each of the brine concentration. The slope of
each of the plot indicates their respective evaporation rates.
The rate of evaporation at early times was pseudo-constant for
all the brine concentrations measured. This was followed by
a transition period, eventually leading to a late time evapo-
ration period with a much lower slope. For de-ionized water
(0 wt. % NaCl), these three periods correspond to the classi-
cal periods of evaporation expected from earlier experiments
and modeling in porous media drying: the constant rate period
(CRP) in which liquid remains connected to the drying sur-
face, the falling rate period (FRP) or transition period, and the
receding front period (RFP), in which the capillary connection
is broken and water transport becomes dominated by vapour
diffusion.1–5,48–50

For the different brine concentrations (12 wt. %–36 wt. %
NaCl brine), we observed the same trend although the

FIG. 5. (a) Raw image of a micromodel
during drying. (b) Segmented image of
a micromodel during drying brine (mea-
sured area is covered in red in ImageJ).
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FIG. 6. Evolution of drying: (a) dry
pore area as a function of time (hori-
zontal black dotted line shows the total
pore dry area = 0.7 cm2) and (b) early
time dry pore area as a function of time.

transition from the CRP occurred systematically earlier and
at higher liquid saturations as the initial brine concentration
was increased. The evaporation rates for the brine solutions
during the CRP are lower than that of de-ionized water; this
is expected from the reduction of water vapour pressure in the
presence of dissolved ions: the equilibrium vapour pressure
above de-ionized water is 2.49 kPa, significantly higher than
1.88 kPa for saturated brine solution.51 The observation that
the CRP (for de-ionized water) is actually a period of slowly
reducing evaporation rate in porous media drying was first
put forward over three decades ago.5 However, in this study,
the evaporation rate of de-ionized water was seen to remain
constant during the initial period.

According to our vapour pressure theory, the evaporation
rate of the different salt concentrations should all become the
same just before salt deposition. This is not the case seen in
Fig. 6(b); the slopes of the CRP decrease with increasing ini-
tial salt concentration. To normalize the CRP, we scaled the
slopes by the vapour pressures of their corresponding salt con-
centration as illustrated in Table I. The slope/vapour pressure
for the different salt concentrations is of the same order and
approximately the same for 0 wt. %, 12 wt. %, and 18 wt. %
NaCl brines. The slight difference in the slope/vapour pressure
of the 24 wt. % and 36 wt. % NaCl brines may be attributed to
salt deposited at the early time acting as a physical barrier to
the liquid phase connectivity.

B. Different stages of evaporation during porous
media drying

The three periods of evaporation are best illustrated in
Fig. 7(a), which shows the drying curve as a plot of evapora-
tion rate E (normalised by maximum evaporation rate, Emax)

TABLE I. Slopes of the CRP as a function of vapour pressure for the different
NaCl brine concentrations.

Salt Evaporation Vapour
concentration (wt. %) rate (cm2/min) pressure (KPa)

Rate ( cm2
min )

Vapour pressure (KPa)

0 0.0023 3.170 7.3 ×10�4

12 0.0022 3.091 7.1 ×10�4

18 0.0019 2.650 6.8 ×10�4

24 0.0014 2.518 5.6 ×10�4

36 0.0010 2.401 4.2 ×10�4

as a function of liquid saturation, S. The evaporation rate E
is estimated from δA/δt. The liquid saturation is defined as
S = (Amax � A)/Amax; this has been computed to follow the
same convention as for real porous medium drying curve. Amax

is the total pore area which is equal to the pore dry area after
complete dry-out. The assumptions made in generating these
parameters are as follows:

1. We have neglected possible wetting films still connected
to the evaporative surface from the drying front. The
dry areas are assumed to be completely dry without any
remaining liquid at the corners.

2. Liquid filled pore areas are assumed to be completely
saturated (this might not be accurate as we can only view
the 25 µm silicon depth in one direction from above).

3. We have assumed that water density is uniform and
neglected gravity effects.

Figure 7(a) gives a clearer picture of the three periods of
drying. For de-ionized water, we observed the three classical
periods of evaporation expected: the CRP, FRP, and RFP. The
transition from the CRP is at the time (or saturation) at which
the drying rate ceases to be almost constant, while the transition
from FRP to RFP is marked by the time (or saturation) at
which the evaporation rate becomes linear in the square root of
time.

For the brines, we observed that the length of the CRP
decreased with increasing brine concentration and became
almost non-existent for 36 wt. % NaCl solution (saturated
brine). In the experiments with brine, the dry area of the matrix
became linear with the square root of time [Fig. 7(b)] after the
short CRP. However, this is unlikely to be due to capillary dis-
connection from the surface of the matrix as is usually the case
for de-ionized water drying,4 as the salt crystals continued to
be deposited almost exclusively in the duct at the edge of the
matrix as seen in the time sequence images in Fig. 8. We there-
fore contend that the onset of the square root of time drying
for brines should not be associated with a receding evapora-
tion front, as is the case for de-ionized water, as the liquid
brine must remain connected to the outer surface of the matrix
through corner wetting films for salt to be deposited there.
For brine systems, the square root of time behavior started
almost immediately after the start of drying (especially for
the saturated brine). Therefore, we speculate that the develop-
ment of dry solid salt patches in the fracture and matrix close
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FIG. 7. Evolution of drying: (a) evapo-
ration as a function of liquid saturation
and (b) dry pore area as a function of
square root of time.

to the fracture (plugging the pores and throats) and the rel-
atively high viscosity of saturated NaCl brine (compared to
de-ionized water) which will provide a higher viscous resis-
tance to mass transfer (liquid flow) are possible causes for the
square root of time behavior. Eventually the hydraulic con-
nectivity to the evaporating surface is broken, and the salt
concentration deep inside the matrix increases until the solu-
bility limit is exceeded, resulting in solid salt deposition within
the matrix.

C. Combined evaporation and salt precipitation

Evaporation in brine systems is accompanied by salt
precipitation. As water is evaporated from the solution, the
brine concentration increases until it exceeds the solubil-
ity limit, leading to the deposition of solid salt crystals.52,53

The achievable degree of supersaturation may depend on the
porous media, and there is some evidence from studies in
glass capillaries that higher supersaturation can be attained
in confinement.31,32 Figure 9 provides visual evidence for salt

precipitation mainly in the evaporating surface and in some
pores just below it for a water-wet micromodel. The grayish
dark particles in each of the images are precipitated salt in
the evaporating surface (fracture) and in the matrix near the
evaporating surface. Figure 9(b) is a zoomed-in image of the
matrix showing a blocked pore.

For saturated brine, we expect the evaporation rate to
remain relatively high (although lower than that of de-ionized
water because of the decrease in vapour pressure) since the
deposited salt crystals have a similar wettability to that of the
clean micromodel. Tests on single NaCl crystals showed that
the saturated brine spreads on the dry salt surface. Capillary
continuity is maintained for a significant time into the experi-
ment. However, the reverse is what we observe: the evaporation
rate falls sharply as soon as drying starts, and we believe this is
due to the appearance of dry patches above the deposited salt
at the evaporating surface, thereby reducing the surface area
available for evaporation.

From Fig. 7(b), we see that the drying curve for the
36 wt. % NaCl brine (saturated brine) goes into the square

FIG. 8. Evolution of salt deposit at the
fracture for initial salt concentration of
36 wt. % NaCl brine at different times
during dry-out (the greenish yellow
regions represent pore areas saturated
with dyed brine; the white and light blue
regions represent pore areas that are dry,
while the deep blue regions represent the
micromodel solid “grains.” Salt can be
seen growing continuously in the frac-
ture and in the matrix close to the frac-
ture). The red arrow shows the direction
of air flow into the fracture.
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FIG. 9. (a) Images showing deposited
salt in the evaporating surface and in
the matrix below at the end of complete
drying (i.e., liquid saturation, S = 0).
(b) The zoomed-in image of a pore body
blocked by deposited salt. The red-O
rings highlight crystals blocking pore
throats and bodies. The high-resolution
images were taken with the inverted
light microscope.

root of time (
√

t) regime almost immediately as drying starts.
The reason for this immediate transition into the vapour dif-
fusion limited period for saturated brine is likely due to the
deposition of salt (which starts almost immediately with dry-
ing at this brine concentration) greatly impeding liquid flow
to the evaporating surface as seen in Figs. 9(a) and 9(b). The
higher viscosity of the saturated brine also makes the viscous
resistance to liquid flow greater. All these combine to make
the evaporation rate fall as soon as drying starts.

As stated earlier, liquid transport takes place at the evapo-
rating surface through capillarity. Theoretical evidence for this
is provided by Refs. 25 and 26. This leads to the accumulation
of salt at the evaporating surface. As drying continues, there
is a gradual increase in brine concentration at the evaporat-
ing surface until it becomes precipitated as solid salt. This
effect is counterbalanced by the Fickian diffusion process
that tends to homogenise the salt profile.45 Hence, we esti-
mated the Peclet number, Pe, at the high and low evaporation
rates for the saturated brine experiment using the following
equation:

Pe =
EL

WφD
. (5)

E is the evaporation rate (estimated as the pore dry area per
unit length and unit time in cm2/s), L is the length of the micro-
model in cm, W is the width of matrix in cm, φ is the model
porosity, and D is the diffusion coefficient in cm2/s. For high
Peclet numbers (Pe� 1), the salt accumulates at the evaporat-
ing surface, while for low Peclet numbers, diffusion dominates
and the deposited salt profile is homogeneous and spreads out
in the matrix. From our experiment, the Peclet number for
the high evaporation rate period for 36 wt. % NaCl solution
was calculated to be about 260 at ambient conditions, con-
firming that the advection pulls the brine to the evaporating
surface much faster than diffusion could spread dissolved salt
in the opposite direction in the matrix. However, for the low
evaporation rate [from a liquid saturation of about 0.8 from
Fig. 7(a)], the Peclet number was calculated to be about 10.

This is still greater than 1 but much lower than the value for the
high evaporation rate period. Therefore, we suggest that dif-
fusion has become relatively stronger and could in fact spread
high concentration dissolved salt to some degree against the
evaporative flux in the matrix.

D. Permeability alteration in porous media
as a consequence of salt deposition during drying

During the injection of CO2 in underground reservoirs,
solid salt is precipitated as a result of convective drying
(and/or a strong water desaturation) of the residual brine in
the reservoir. A sizeable amount of the salt is deposited in
the fracture, while some are deposited in the matrix close
to the fracture. This often leads to a decrease in porosity,
permeability, and the overall storage potential of the reser-
voir. It also leads to increase in injection pressure and the
overall cost of the process. We have studied the permeability
alteration due to salt precipitation induced by drying for our
micromodels.

We have done this in two ways: first considering the
fracture permeability and then the matrix permeability. The
two permeabilities were measured after complete drying by
injecting air at a known flow rate and measuring the resulting
pressure drop first through the matrix and then only through
the duct carrying the dry air during the evaporation stage of the
experiment. The results are plotted in Fig. 10. We observed two
regions [highlighted with red and blue trend lines in Figs. 10(a)
and 10(b)] of a linear downward trend in the matrix and frac-
ture permeability measurements: first with 0 wt. %–18 wt. %
before a sharp decrease and another downward trend from the
24 wt. % to the 36 wt. % brine. Overall, the matrix perme-
ability, fracture permeability, and permeability alteration all
decreases with increasing brine concentration and is almost
total for the saturated brine concentration (36 wt. % brine or
360 g/l brine).

Also, we defined permeability alteration as the ratio of
final permeability to initial permeability54 and plotted it as a



126603-9 A. Rufai and J. Crawshaw Phys. Fluids 29, 126603 (2017)

FIG. 10. Permeability versus initial salt
concentration for the micromodel (a)
matrix and (b) fracture. (c) Permeability
alteration versus initial salt concentra-
tion for the matrix and fracture.

function of brine concentration for the fracture and matrix as
plotted in Fig. 10(c).

IV. CONCLUSIONS

The rate of drying has been measured for de-ionized
water in a micromodel based on a thin section image of a
sucrosic dolomite rock. The evaporation rate followed the
well-established constant rate period at an early time and then
a transition to a lower rate becoming linear in the square root
of time as the capillary connection to the drying surface was
broken and diffusion of water vapour through dry pores started
to dominate.

Drying curves were also measured in the same micro-
model for NaCl brine at a range of initial concentrations up
to saturation. The shape of the drying curve was superficially
similar to that of water but with a shorter CRP. However, in
this case, the break from the constant evaporation rate is not
simply related to liquid depinning from the external surface of
the pore space as it occurs sooner and the wettability of the
deposited salt (water wet) is similar to that of the micromodel
surfaces. Deposition of salt crystals appears to block liquid
paths to the evaporating surface and may lead to the develop-
ment of dry patches at the surface of the pore space. After a
short transition, the brine drying curves were all linear when
plotted as the square root of time.

The extent of permeability damage measured after com-
plete drying depended systematically on the initial brine

concentration for both the matrix and the duct representing
a fracture at the face of the matrix.
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