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Abstract

For the first time, results are presented from studies using magnetic resonance imaging techniques to follow the
behaviour of single water droplets evaporating from porous surfaces. The droplets are initially embedded in the porous
substrate by impingement, and are then evaporated over a period of several hours, the surface of the substrate being
ventilated by a controlled airflow. The configuration is intended to mimic the behaviour of droplets evaporating into
atmospheric flows from surfaces such as sand, or concrete. The method produces several types of data, including images
of impinged droplets inside the porous substrate and their development with time during the evaporation episode, one-
dimensional concentration profiles through the substrates, and corresponding estimates of the mass fraction of liquid
remaining, evaporation rate and mass flux per unit area. The results obtained show that the impinged droplet resides in
the porous medium in a shape similar to a semi-spheroid. The results also indicate that the transport of liquid by
capillary diffusion has a very strong influence upon the evaporation process, providing a challenge to the simple re-

ceding evaporation-front assumption that is utilised in many modelling procedures.

© 2002 Published by Elsevier Science Ltd.

1. Introduction

The study of the impact and evaporation of liquid
droplets on porous surfaces is important for a wide
range of situations, varying from environmental appli-
cations to inkjet printing technology. When a liquid
droplet impinges on a permeable flat surface, there is a
rapid increase in the pressure at the impact region,
transforming the axial momentum of the liquid into a
radial fluid flow. At the same time the pressure at the
impact point also forces the liquid to move through the
permeable surface. If the resistance imposed by the po-
rous substrate is large enough to prevent complete liquid
absorption, part of the liquid may reside as a lens-
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shaped mass over the surface of the substrate, while the
rest of liquid is embedded in the porous substrate. On
the other hand, if the resistance imposed is not large
enough, the liquid will be completely absorbed by the
porous substrate. In either case the evaporation rate of
the liquid droplet is considerably affected, since the
process is dependent not only on the air stream over the
droplet, but also on the transport mechanisms and phase
change behaviour occurring inside the porous substrate.

Previous studies on this topic were mainly based on
observations of the time evolution of the shape of the
liquid droplet outside or on the surface of the porous
substrate, during the impingement and/or the subse-
quent evaporation [2-5]. These studies reported detailed
investigations conducted in laboratory, wind-tunnel and
field experiments. However, there is still very little in-
formation about the shape of the liquid droplet and the
behaviour of the liquid inside the porous medium.
Further information is necessary to evaluate the
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Nomenclature
area (m?)
c integrated concentration along the horizon-

tal plane (kg/m)
dM/dT evaporation rate (kg/s)
mass flux to the air stream (kg/s m?)
mass of the liquid (kg)
droplet radius (m)
time (s)

~ Y &

v, vapour transfer velocity to the air stream
(m/s)

Subscript
0 reference value

Superscript
* non-dimensional value

importance of liquid transport during the evaporation
episode to substantiate and validate model development.
For instance, such information would clarify the validity
of the assumption of the receding evaporation-front
approach (assumed in some droplet evaporation models
[1,2]), as well as the importance of a two or three-
dimensional representation of the phenomenon.

Accordingly, the aim of this work is to provide in-
formation about the behaviour inside the porous me-
dium. In order to achieve this objective, a magnetic
resonance imaging (MRI) study was carried out to pro-
vide images of the shape of droplets inside the porous
medium after the impact and throughout the evapora-
tion episode. The experimental apparatus attempts to
mimic to some extent the conditions applying to the
evaporation of droplets exposed to the atmosphere,
simulated by a controlled air stream on the surface of the
porous substrate. It should be noted that the MRI ap-
paratus very severely constrains the extent to which such
a situation represents real atmospheric conditions.

2. Experimental set-up and procedure

The objective of the experimental work was to study
the shape of the liquid droplet after the impingement,
and to follow the variation of this shape as the droplet
evaporates from within the porous medium, under
conditions similar to those in the atmosphere. Accord-
ingly, the experimental procedure described here tries to
mimic atmospheric conditions inside the MRI magnet,
where the evaporation process can be monitored and
imaged. The droplet is delivered to a porous substrate
inside the MRI magnet, and a carefully adjusted airflow
is established over the porous surface, in order to ven-
tilate the surface and support an evaporative mass flux
similar to that in the atmosphere. In order to evaluate
the influence of the porous medium itself, several porous
substrates were tested.

2.1. Experimental set-up

All MRI acquisitions were performed using a Bruker
DMX-300 spectrometer operating at a 'H (proton) fre-

quency of 300.13 MHz corresponding to a static mag-
netic field strength of 7.07 T. All one-dimensional
profiles and two-dimensional images were acquired
using a 15 mm diameter birdcage radiofrequency reso-
nator. These dimensions restrict the maximum sample
holder/set-up diameter to 14 mm. Spatial resolution
was achieved using three-orthogonal axis (x, y and z)
actively shielded gradient system capable of producing a
maximum gradient strength of 1 T/m in all three carte-
sian directions. An experimental cell was built to pro-
vide the required ventilation airflow within this limited
space. The ventilation cell consists of a Perspex tube and
a flange, containing three internal orifices: one to supply
the inlet airflow, another to allow the outlet airflow and
a third used to place a capillary tube close to the porous
surface and deliver the droplet (Fig. 1a).

The experimental procedure involves partially filling
a test tube with a porous material (e.g. sand or glass
beads), in order to obtain a well-defined porous layer
(Fig. 1b). The ventilation cell is then carefully lowered
down the bore of the magnet so that it forms a lid close
to the surface of the porous substrate. A capillary tube
(connected to a syringe pump) was used to deliver a
liquid droplet to the porous substrate. Rapid in situ on
line one-dimensional profiling was used to monitor the
progress of a single droplet starting with the formation
of the droplet at the capillary orifice to its impingement
on the porous substrate. After the droplet had been
delivered to the substrate an airflow was maintained via
the inlet and outlet orifices, creating an airflow parallel
to the porous surface.

2.1.1. Determination of the flow rate of the air supply
In order to simulate evaporation under atmospheric
conditions the air supply must be carefully controlled.
However, it is not possible to simulate the turbulence
levels and the pattern of the airflow in the atmosphere
inside such a small apparatus. Nonetheless, it can be
argued that this is not a serious deficiency, since the
crucial factor is the magnitude of the evaporative mass
flux through the surface of the porous medium. If the
flow velocity inside the cell is carefully adjusted, it is
possible to approximately match the mass flux expected
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Fig. 1. (a) Perspective view of the Perspex cell. (b) Detailed view of a longitudinal section of the cell placed inside the test tube

containing the porous substrate.

under given atmospheric conditions and the mass flux
obtained in the cell. If this matching is achieved, the
phenomena displayed within the porous medium in the
NMR experiment should be representative of those oc-
curring in a field situation.

The mass flux to the air stream is usually parame-
terised as [1]:

F=uv(c;—c,) (1)

where F denotes the mass flux to the air stream (kg/
m?s), v, is the mass transfer coefficient (m/s), ¢, is the
vapour concentration at the surface (kg/m?) and ¢, is
the vapour concentration (kg/m?) in the air stream. The
value of ¢, is usually taken to be equal to zero, as
the background concentration is often neglected [2,6].
The value of v, is mainly dependent on the characteristics
of the airflow (especially the friction velocity).

By using this parameterisation, the mass flux to the
air stream can be treated as a convective transport of
vapour, with characteristic velocity v, determined by the
transport mechanisms through the air stream/porous
surface interface. For droplets evaporating exposed to
atmospheric flows, the value of v, ranges from 0.02 to
0.15 m/s, depending on the wind velocity and turbulence
conditions (these values are based on expressions pre-
sented in [1]). In order to determine the value of v, inside
the cell, and thereby to simulate evaporation of droplets
exposed to the atmosphere, a computational fluid dy-

namics (CFD) model of the fluid flow inside the cell was
developed. In order to validate this procedure, the mass
flux values obtained during the experiments were com-
pared with field experimental data reported in [7], and a
relatively good agreement was found, the CFD simula-
tion values being within 10-15% of the corresponding
field data. '

2.2. Experimental procedure

In this study two-dimensional and one-dimensional
imaging techniques are used. While the two-dimensional
images give qualitative information about the droplet
shape after impingement and its variation throughout
the evaporation episode, the one-dimensional images
also yield quantitative information about the concen-
tration profiles along the depth direction in the porous
substrate. The concentration profiles are then used to
determine the mass fraction of liquid remaining in the
substrate, and the corresponding values of evaporation
rate and mass flux to the air stream.

Each MRI acquisition cycle comprises a one-
dimensional water droplet profile acquisition and a
two-dimensional slice selective water droplet image

! The data involved in these comparisons are not presented
here because of space limitations. For a full description see [8].
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Fig. 2. General representation of a lateral (xz-slice) two-dimensional image of the liquid droplet just after impingement and a cor-

responding water concentration profile.

acquisition. During the full evaporation episode many
such acquisition cycles are performed, generating a time
series of images that is used to reconstruct the time
evolution of the drying phenomenon. Fig. 2 shows
schematic representations of the two-dimensional image
and the corresponding concentration profiles. The fol-
lowing sections present a short description of these ex-
perimental procedures.

2.2.1. Two-dimensional images

The entire evaporation episode for a single drop
typically takes about 2-4 h, depending on the flow rate
of the ventilation air supply and the properties of the
liquid. In order to obtain the time evolution of the shape
of the droplet, several lateral (xz-slice) view images of
the droplet were taken during the evaporation episode,
at intervals of approximately 5 min.

Two-dimensional slice selective proton spin-echo
images of water droplets were acquired using a fast spin-
echo RARE pulse sequence [9]. One hundred and twenty
eight points were sampled in the gradient frequency en-
coding (z) direction and 64 phase encoding (x) gradients
were used yielding a final image of 128 x 64 pixels. All
2D proton images were acquired with a field of view of 10
mm in the radial direction and 5 mm in the axial direction

corresponding to an isotropic spatial pixel resolution in
the xz-plane of 78 um. The slice thickness in the xz-plane
was 1.5 mm. A ‘RARE’ factor equal to 4, and eight ac-
cumulations, at a recycle time of 1.5 were used to obtain
each two-dimensional image giving a total imaging ac-
quisition time equal to 3.2 min. A RARE factor of 4 was
chosen as a reasonable compromise between image ac-
quisition speed and image quality.

As neither the Perspex cell nor the porous substrate
(glass beads or sand) have a detectable NMR signal, the
images obtained display only the shape of the liquid
droplet, and the brightness of each pixel indicates the
concentration of liquid at the corresponding position.

2.2.2. One-dimensional images or profiles

One-dimensional proton profiles of water droplets
were acquired using a standard spin-echo profiling im-
age sequence with an echo time, TE = 2.54 ms, a recycle
time, TR = 6.0 s and eight averages were acquired. The
total acquisition time was approximately 1 min. A field
of view of 20.0 mm was used and 256 data points were
acquired giving a digital one-dimensional spatial reso-
lution of 78 um [10].

This procedure gives the profile of liquid concen-
tration with depth in the substrate (along the x-axis in
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Fig. 2), where the signal at each position is proportional
to the integrated concentration along a horizontal plane
of the impinged droplet. As the acquisition time (1 min)
is not very long in comparison with the total evapora-
tion time of a sample, we believe that there is negligible
drying during the acquisition of the profile data.

Since the amount of liquid delivered to the porous
substrate is known, it is possible to correlate (normalise)
the total intensity of the signal obtained by one-dimen-
sional profiling, i.e. the integral of the signal along the
entire thickness of the porous medium, with the known
mass of the liquid droplet. Thus, it is possible to trans-
late the signal intensity into liquid concentration units,
and express the profile graphs (Fig. 2) as integrated
concentration 2 (kg/m) vs. x (m). In addition, the rate of
change of the signal integrated over the entire thickness
of the porous medium can provide the evaporation rate
of the liquid droplet, since the total signal is propor-
tional to the mass of liquid present in the substrate.

2.3. Accuracy considerations

Although the intensity of the signal obtained from
each scan is proportional to the concentration of liquid
at each point of the sample, it is necessary to account for
the signal loss due to relaxation. Quantitative results
from MRI may only be obtained when a full detailed
knowledge of the spin-lattice (7}) and spin-spin (73)
relaxation time constants of the system under study are
known. A detailed discussion of how 7 and 7, relax-
ation times affect image quantitation is beyond the scope
of this text and the reader is referred to the monograph
by Callaghan [10].

Bulk, i.e. non-spatially resolved 7> measurements
were carried out for single drop of water impinged on
the 180 um sand, 50 um glass beads and 120 um glass
beads using a Carr—Purcell-Meiboom-Gill spin-echo
magnetic resonance method [11]. In the initial stages of
the experiments the 75> average value is approximately
126 ms (7> 50 pm beads = 120 ms; 7, 120 um beads =
125 ms; 75 180 pm sand = 133 ms) which makes the
amount of signal lost due to 7, relaxation practically
negligible (less than 2.0%) for one-dimensional profile
experiments. For RARE image acquisition, since an
echo time of 12.64 ms * was used, the loss of signal in the
initial stages is approximately 9.5%. However, as the
evaporation proceeds the amount of liquid in the sample

2 Integrated concentration is defined as liquid concentration
in the porous medium integrated over the area of the horizontal
plane.

3 This value is calculated considering a RARE imaging
sequence with four echoes, spaced by 3.16 ms, i.e. it is necessary
to account for the signal degradation of each echo and the
summation of the signal of the four echoes.

is reduced and the value of 7, value decreases as the
amount of ‘free’ liquid changes [10]. In the final stages of
the evaporation process the average 7, value (7> 50 um
beads = 34 ms; 75 120 pm beads = 30 ms; 7, 180 um
sand = 30 ms) is approximately equal to 31 ms, which
represents a signal loss of approximately 33% for the
images and 7.9% for the profiles.

The bulk 7} value for the all systems was found to be
between 1.6 and 2.0 s (for 50 and 400 um glass beads,
respectively). This implies that a maximum of only 5%
of the available water signal is lost due to 7} relaxation,
as the recycle time of our profile experiments was 6.0 s.

Therefore, when analysing the time evolution of the
concentration profiles inside the porous medium, one
must bear in mind that there is a small, but significant,
influence of the signal degradation due to 7} and T re-
laxation (approximately 7% of signal loss at the begin-
ning, and 12% at the end of the experiments, for
concentration profiles). This will have two main effects:
(1) the rate of loss of signal is slightly higher than the
evaporation rate of the droplet, since the rate of signal
loss includes the evaporation rate plus an decrease in the
value of the 75 relaxation time towards the end of the
experiments; (ii) there is a minimum concentration de-
tectable; very small liquid concentrations will present a
smaller 7, relaxation time reducing even more the
amount of signal recorded.

In order to determine the minimum concentration
detectable, the samples were weighed before the droplet
delivery (i.e. only the test tube + porous substrate) and
after the drying, so that if there was any residual liquid
undetected after the drying, it would show up as an in-
crease in weight of the sample. The measurements in-
dicate an average residual mass of 0.9 £+ 0.6 pg, which is
equivalent to 4.69% of the initial mass of the droplet.
This indicates a probable residual concentration of ap-
proximately 11.43 & 8.33 kg/m?, which was determined
using the approximate volume of the impinged droplet
obtained from the NMR images.

This value represents the undetectable (by MRI
profiling) moisture in the sample for the concentration
profile scans. For the two-dimensional images, the
minimum concentration of detectable water is higher,
and therefore the water signal from the images disap-
pears well before that of the profiles. By comparing the
profile data and the images, it is possible to estimate that
concentrations smaller than 28.59 4 5.27 kg/m? are not
detected on the 2D images. *

4 Value determined by using the approximate volume of the
impinged droplet obtained from the NMR images just after
impingement and the total signal recorded by the profiles for
the time interval that there is no longer signal recorded by 2D
images.
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Compared with the liquid concentration inside the
fully saturated region (approximately 500 kg/m?), this
amount is very small (2.79% for profiles). However, this
does show that the use of NMR imaging to study the
transport of liquid in non-saturated regions has some
limitations. Nevertheless, the data provided by the
concentration profile scans complements the data con-
tained in the images.

2.4. Parameterisation

By normalising the data obtained using characteristic
values for the evaporation of a free liquid surface ex-
posed to a similar air stream, it is possible to analyse the
limiting influence of the transport inside the porous
medium upon the evaporation process. Accordingly, a
characteristic mass flux can be estimated as (for a neg-
ligible background vapour concentration in the air
stream):

Fy = v (2)

where v,y denotes the characteristic vapour transport
velocity for a given flow rate and ¢, represents the value
of the saturated vapour concentration in air. In order to
determine the characteristic time scale, it is necessary to
determine a characteristic area through which the flux £
transports the mass of the liquid droplet (M;). A satis-
factory magnitude for this area can be calculated by us-
ing the droplet radius prior to the impingement (ro), since
the radius of the wet spot after the impingement will be
larger than rg, but of the same order of magnitude.
Therefore, the time scale of the process is defined as:

My

Ty = —2
" R,

(3)
where 4, denotes the characteristic area (4y = nr3).

This time scale represents the approximate time that
an equivalent mass of liquid would take to evaporate
from a fully saturated wet spot (i.e. a free liquid surface)
with a radius equal to »y, when exposed to the given air
flow. Normalising the relevant variables of the problem
by using characteristic time scale (7;), mass (M) and
mass flux (Fp), the following dimensionless parameters
were introduced:

T M F
"= M'=— F=—
Ty My Fy
. dM/dr
(@mjary = <ELE 8

where T* is the non-dimensional time, M* is non-di-
mensional mass, also called mass fraction remaining,
and F* and (dM/dT)" are the dimensionless mass flux
and evaporation rate.

By analogy with this treatment of time, mass flux,
evaporation rate and droplet radius, it is also necessary

to present the concentration profiles in non-dimensional
form. As discussed previously, the concentration profiles
of liquid inside the porous substrate are expressed in kg/
m. Accordingly, it is necessary to specify a means of
correlating the values in kg/m with the actual saturated
liquid concentration for the porous medium.

The concentration profiles are expressed in kg/m
because they represent the integrated concentration in
the horizontal plane of the impinged droplet. In the
same way, one can translate the actual liquid saturation
concentration for the porous medium to kg/m by using
the characteristic area of the impinged droplet (4y).
Thus, it is possible to rewrite the concentration of liquid
as:

. cC
== 5

where ¢ is the concentration expressed in kg/m and ¢y is
the characteristic concentration (co = cgido), Where cgy
is the saturated liquid concentration for the porous
medium.

3. Results and discussion

The results presented here are divided into two main
sections. In the first section, a basic configuration rep-
resenting a typical droplet impingement/evaporation
case is simulated, and the main features of the process
are discussed. As a base configuration a water droplet
(1.6 mm radius) was delivered to a porous substrate
composed of 120 um diameter glass beads, with an im-
pact velocity of 0.5 m/s. The impinged spot was then
exposed to a 10 ml/min air stream (v, equal to 0.008 m/s,
which is approximately equivalent to a friction velocity
in the atmosphere of 0.1 m/s). In the second section, the
same droplet configuration is tested on several different
porous substrates.

3.1. Base case—outline of the physical mechanisms

For analysis purposes, it is possible to consider the
phenomenon of droplet impingement/evaporation as
two separate events, since several orders of magnitude
separate the time scales of the mechanisms involved. The
time scale of the droplet impingement/absorption is of
the order of milliseconds. On the other hand, the time
scale of the liquid motion due to capillary effects is of the
order of minutes, > and the time scale of the evaporation

5 This value is calculated based on the capillary diffusion
coefficient value for sand [12] and the characteristic dimensions
of the impinged droplet.
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Fig. 3. xz-slice of the liquid droplet just after impingement, for (a) 50 um glass beads, (b) 120 um glass beads, (c) 400 um glass beads

and (d) 180 pm sand.

process for a liquid such as water is of the order of
hours. Accordingly, the analysis presented here is per-
formed in two separate steps. In the first step, the shape
of the impinged droplet is analysed. In the second step,
the evaporation process is analysed, where the shape
of the impinged droplet is taken as the initial condition
of the drying process.

3.1.1. Shape of the impinged droplet

When a liquid droplet impinges on a flat solid non-
permeable surface, there is a rapid increase in the pressure
at the impact region, transforming the axial momentum
of the liquid in a radial fluid flow, which causes the
droplet to spread over the surface. The problem of drop-
let impingement on permeable surfaces presents more
complicated physical phenomenon, since at the same
time that the axial momentum of the droplet is trans-
formed to radial momentum, the pressure at the impact
point also forces the liquid to move through the per-
meable surface. Furthermore, capillary effects draw the
liquid into the porous substrate. As a consequence of
this balance between lateral spreading and liquid pene-
tration, the impinged droplet resides in the porous me-
dium in a shape similar to a semi-spheroid, whose aspect
ratio will depend on the porous medium and liquid
droplet characteristics. Fig. 3b presents the first image
obtained of the impinged droplet, just after the im-
pingement.

There was a delay of approximately 1 min after initial
impingement to the start of two-dimensional image ac-
quisition. In addition, the total imaging time is ap-
proximately 5 min. Therefore, this image represents an

integrated view of the impinged droplet over this period
of time, and any variation in its shape during this period
is not resolved.

The fairly definite shape shown in Fig. 3b indicates
that the droplet exists as a fully saturated region with a
relatively sharp interface. The position of the surface of
the substrate is clearly distinguishable as the flat region
on the upper side of the droplet. It should be noted
that the upper surface of the droplet is not completely
flat. These irregularities are caused by disturbances of
the glass beads due to the impact with the liquid drop-
let, forming a small crater on the surface of the sub-
strate.

The radius of the region occupied by the impinged
droplet is 1.72ry and the penetration depth is 1.10r, It is
evident that the liquid concentration is not uniform over
the entire section of the droplet, since several shades of
grey are present. The differences in concentration can be
attributed to slight inhomogeneities in the porous me-
dium packing. This fact will be more apparent in the
analyses of the drying of the porous substrate performed
in the next section.

There are also some lighter regions in some of the
images, even outside the region occupied by the liquid
droplet. These bright spots are not related to a liquid
concentration, but appear to be artefacts of the image
acquisition technique. These artefacts can be more
clearly seen in the time series of images of the evapo-
ration shown in the next section; even where the porous
medium is completely dry, these parts of the image
still show some intensity above the background noise
level.
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Fig. 4. Time evolution of the concentration profiles of liquid and images of the shape of the droplet inside the porous substrate for

120 pum glass beads.

3.1.2. Droplet evaporation

Fig. 4 presents the time evolution of the axial (z)
concentration profiles of liquid, and the corresponding
images of the shape of the droplet inside the porous
substrate. It is important to inspect the two-dimensional
images together with the one-dimensional concentration
profiles, since the images provide information about the
shape of the droplet, but only give limited quantitative
information about the concentration of liquid inside the
substrate. The profiles provide the complementary in-
formation concerning the concentration levels.

The first image presented in Fig. 4 is identical to that
shown in Fig. 3b. It should be noted that there is a delay
of approximately 1 min between an image and a profile,
which is equivalent to 7* = 0.003. This time delay is
negligible in comparison with the total duration of the
evaporation episode 7* ~ 0.5 (=150 min).

The profiles indicate a maximum concentration level
very close to the substrate surface (region of maximum
diameter of the impinged droplet). This value of c¢*
(slightly over 3) indicates that there is approximately
three times more liquid mass in this region than there

would be if there was a fully saturated region of liquid
with radius equal to ry This result is physically sound,
since the radius of the impinged droplet in this region is
approximately 1.72r, so that the area of the wet spot in
the surface of the substrate is three times larger than that
of a free liquid surface of radius .

It also possible to observe small values of concen-
tration in the region just above the nominal surface of
the porous substrate (x* = 0). This is related to the ir-
regularities in the substrate surface after the droplet
impingement. Inside the substrate the concentration
levels in the profiles tend to zero approximately at the
same depth as the image indicates the lower surface of
the impinged droplet. The minimum concentration de-
tectable in the images does not coincide with the mini-
mum concentration detectable in the profiles, the latter
being more sensitive. The fact that the profiles tend to
zero at approximately the same depth as the image in-
dicates a fairly definite droplet shape, with a sharp
concentration gradient.

As the droplet evaporation proceeds, drying starts
from the upper surface of the droplet, as can be clearly



N.C. Reis Jr. et al. | International Journal of Heat and Mass Transfer 46 (2003) 1279-1292 1287

observed by the reduction in the concentration levels of
the profiles in the region close to the surface. This re-
duction in the concentration levels gradually changes the
shape of the curve, so that at 7* = 0.10 the maximum
concentration value is no longer close to the surface.
This behaviour is more difficult to deduce from the im-
ages, and although it is possible to observe the general
tendency of drying from the surface in the initial images
(T* = 0.00, 0.05 and 0.10), the drying process does not
advance homogeneously through the liquid region. This
behaviour can be mainly attributed to inhomogeneities
in the porous medium packing.

In fact, evaporation occurs along the entire boundary
of the droplet, even in the deeper layers of the porous
medium. As the conversion from one phase to the other
proceeds, the concentration of vapour inside the sub-
strate is increased. If these vapours are not removed, the
vapour concentration inside the pores will increase until
it reaches saturation levels. Closer to the surface, there is
less resistance to vapour migration (or diffusion) to the
air stream above. However, in the deeper layers, vapour
diffusion is limited by a large layer of the substrate. As a
consequence, there is an increase in the vapour con-
centration in the substrate, which limits the phase
change. This behaviour produces a larger evaporation
rate in the upper region of the impinged droplet, and less
in the deeper layers of the substrate, which physically
explains the impression of “drying from the top” as
shown by the impinged droplet images.

Another notable feature of the drying process is that
after the initial stages of the evaporation, during which
the concentration is reduced mainly in the region close
to the surface, the liquid concentration is reduced ap-
proximately evenly across the full depth of the liquid
region. If the local evaporation rates are larger close to
the surface, this uniform reduction of concentration
across the full depth of the liquid region may indicate
that the liquid is migrating from the deeper layers of the
substrate to the upper layers, probably due to capillary
diffusion. In these circumstances the receding evapora-
tion-front behaviour (assumed in some droplet evapo-
ration models) is not applicable.

It is interesting to note that the images do not display
any liquid concentration after 7* = 0.41, while the
profiles still show a significant amount of liquid in the
substrate. In fact, the profiles continue indicating water
concentrations until 7* = 0.46, as can be observed in
Fig. 8a, which presents the mass fraction of liquid re-
maining inside the substrate based on the integration of
the concentration profiles.

At this stage, it is convenient to analyse the time scale
of the drying phenomenon. As Fig. 8a shows, the porous
substrate (120 pum glass beads) is completely dry at
T* = 0.46. This means that the average evaporation rate

is in fact nearly two times larger than the value estimated
on the basis of the proposed characteristic time scale of
the problem (Eq. (3)). One might expect that the drying
should be finished with a T* value larger than 1, due to
the limiting effect of the porous medium. However, it
must be remembered that the characteristic time scale
was estimated based on the evaporation rate of a fully
saturated region of liquid with a radius equal to ry.
Thus, the rate of drying in relation to the characteristic
time scale is a compromise between the ‘slowing down’
of the evaporation process caused by the limiting effect
of the porous substrate, and the increase in the wetted
area exposed to the air stream due to the droplet spread
ratio.

Fig. 8b and c show clearly this balance between the
two effects. Fig. 8b shows the non-dimensional evapo-
ration rate (dM/dT)" of the droplet, and Fig. 8c shows
the non-dimensional mass flux (F*) to the air stream,
which represents the evaporation rate normalised by
the area of the wet spot on the substrate. It is possible
to observe values of (dM/dT)* well over two, which
indicates evaporation rates two times larger than the
characteristic evaporation rates. However, the values of
F* are well under 1. This fact indicates that although
the evaporation rate is larger than the value for a fully
saturated wet spot on the porous substrate, the values
per unit area are much smaller. This indicates that
there is an increase in the evaporation rate due to the
area increase, but there is a significant limiting effect
due to the transport mechanism inside the porous me-
dium.

The behaviour described in Fig. 4 for the 120 pm
glass beads indicates that the liquid close to the surface
dries very quickly, which reflects directly on the drying
regimes observed in Fig. 8b. The evaporation rate curve
presents a very short, if not negligible, constant-rate
period (from T* = 0 to 0.02) and then two distinct fall-
ing rates; from this point concentration at the surface
starts to fall, as indicated in the profiles shown in Fig. 4,
causing the evaporation rate to decrease. However,
deeper layers of liquid inside the substrate are still sup-
plying some liquid to the surface, via capillary diffusion,
which balances the drying effect. After 7* = 0.15 or 0.20
the liquid concentration is reduced approximately evenly
across the liquid region, which indicates that there is no
longer a sufficient supply of liquid to the surface to
support the higher evaporation rate. Thus, the evapo-
ration starts to decrease more rapidly.

3.2. Influence of the porous medium properties
In order to explore the influence of the porous me-

dium properties upon the evaporation process, the size
(i.e. diameter) of the glass beads composing the porous
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medium was varied. As a consequence, the structure of
the porous medium and its porosity is maintained con-
stant, and the permeability and capillary diffusivity are
changed. In addition to the variation of glass bead sizes,
an additional configuration using sand as the porous
substrate was also tested. The rest of the governing pa-
rameters were maintained constant.

3.2.1. Shape of the impinged droplet

Fig. 3 presents images of the impinged droplet for 50
um glass beads (a), 120 um glass beads (b), 400 um glass
beads (¢) and 180 pm sand (d). As outlined in the pre-
vious section, the shape of the droplet inside the porous
medium is similar to a semi-spheroid, whose aspect ratio
will depend on the porous medium and liquid droplet
characteristics. The images in Fig. 3 indicate that al-
though the shape resembles a semi-spheroid varying in
aspect ratio, there are significant differences between the
droplet shapes.

The droplet impinged in 50 pm glass beads shows
more irregularities on the upper surface than the other
configurations. Since the porous medium is unconsoli-
dated, the particles can be disturbed by the droplet im-
pingement, and (for a given mass density) smaller
particles are more easily displaced or dragged by the
fluid flow.

Smaller glass beads result in smaller permeability
values of the porous substrate, which would restrict the
penetration of the liquid, causing it to spread more lat-
erally. Although the observed penetration depth is
slightly smaller for 50 pm glass beads than for 120 um
glass beads, the spread ratio is not larger. This discrep-
ancy may be related to the disruption of the upper
surface of the shape of the droplet.

On the other hand, there is no disruption of the 400
um glass beads, since the beads are too large to be dis-
placed by the impact, as indicated by the fact that the
upper surface of the impinged droplet appears nearly
flat. In this case, the difference in the substrate perme-
ability is sufficient to permit a larger liquid penetration,
which yields a smaller lateral spreading. Although the
xz-slice thickness image resolution is not sufficient to
resolve each glass bead, several dark dots are observable
and are indicative of the solid glass beads.

By contrast with the droplet impinged on glass beads,
the droplet impinged on sand presents a different shape.
If the differences were only related to the size of the
particles, 180 um sand should present an intermediate
behaviour between 120 and 400 pm glass beads. How-
ever, it is likely that there is a considerable difference in
the pore structure, shape and size distribution between
sand and glass beads, which influence the transport
mechanisms inside each substrate, resulting in a larger
capillary diffusion effect for sand. This can be clearly
observed in the images of the impinged droplet. The

droplets impinged in glass beads present a fairly well-
defined shape, which indicates a relatively sharp inter-
face. The droplet impinged in sand presents a smoother
transition between the saturated region and the dry re-
gion, which indicates a significant influence of capillary
diffusion. These differences in the porous medium
structure also influence the penetration depth of the
droplet, which is significantly reduced, yielding a larger
lateral spread.

3.2.2. Droplet evaporation

Figs. 4-7 present the time evolution of concentration
profiles of liquid and corresponding images of the shape
of the droplet inside the porous substrate for each con-
figuration tested, i.e. 120 um glass beads, 50 um glass
beads, 400 um glass beads and 180 um sand.

Fig. 5 shows the results obtained for 50 pum glass
beads. In this case, the concentration profile is narrower
than the profile for 120 um glass beads (Fig. 4), since the
penetration depth is smaller. As a consequence, the peak
concentration value is higher, since the same mass of
liquid is distributed over a smaller depth of the porous
substrate.

As observed in the base case, the drying starts from
the upper surface of the droplet, as can be clearly ob-
served on the concentration profiles by the reduction of
the concentration levels in the region close to the sur-
face. However, this reduction occurs much faster than
the base case, since the transport of liquid from the
deeper layer of liquid is limited by the smaller perme-
ability and capillary diffusivity of the substrate. The
profiles and images clearly indicate that there is much
more liquid in the deeper layers of the liquid region than
on the surface, and it can be seen that there is a receding
evaporation-front.

After this initial period, during which the concentra-
tion on the surface is reduced, it can be seen that the
concentration profiles are reduced homogeneously. At
this point the capillary diffusion is strong enough to par-
tially compensate for the evaporation close to the surface,
since the evaporation has been significantly reduced.

By contrast with the previous configurations, the 400
pum glass beads substrate does not present a significant
reduction in the concentration at the surface (Fig. 6).
Although there is a slight change in the shape of the
concentration profile throughout the evaporation, this
change does not represent a very significant variation in
the liquid distribution. This fact can be particularly re-
lated to the larger capillary diffusivity of the medium,
since the liquid is relatively free to redistribute itself
around the region occupied by the droplet.

Fig. 7 presents the concentration profiles and images
for the droplet evaporating from 180 pm sand. The
initial concentration profile is notably different from the
concentration profiles in the previous cases analysed.
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Fig. 5. Time evolution of the water concentration profiles along with the images of the shape of the droplet inside the porous substrate

(50 um glass beads).

The concentration gradients in the lower part of the
impinged droplets are much smaller, which characterises
a smooth reduction of liquid concentration with depth.
As discussed earlier, this fact is mainly related to the
increased capillary diffusion effects in sand as compared
with glass beads.

As the evaporation proceeds, more liquid is trans-
ported by capillary diffusion, and not only does the ra-
dius of the impinged droplet increase, but its penetration
depth is also increased. Two factors contribute to the
reduction of the liquid concentration close to the sur-
face: (i) the evaporation process itself and (ii) the cap-
illary transport into the deeper layers of the substrate.

As a consequence of the increased capillary trans-
port, the droplet evaporation from the sand presents
a larger evaporation rate in the initial stages, due to
the larger area exposed to the air flow. However, as the
evaporation proceeds, liquid migrates deeper into the
substrate, severely reducing the evaporation rate. This
behaviour can be clearly seen in Fig. 8, which presents
the variation of the mass fraction of liquid remaining in
the substrate, together with the corresponding values

of the evaporation rate of the droplet and mass flux per
unit area.

Fig. 8a shows that the mass fraction of liquid re-
maining in the sand substrate is rapidly reduced in
comparison with the glass bead substrates. As time
passes the rate of reduction is decreased and the mass
fraction of liquid remaining is slowly reduced. This be-
haviour is even more noticeable in Fig. 8b, where the
evaporation rate of the droplet on sand is larger than
3.0, while the values for glass bead substrates are be-
tween 2.0 and 2.5. As the evaporation continues, the
evaporation rate for sand drops very quickly to values
smaller than those of the other configurations, reflecting
the effects of the transport of liquid to deeper layers
inside the substrate.

Fig. 8c shows that the initial mass flux (evaporation
rate per unit area) is approximately similar for all con-
figurations, reflecting the large influence of the spread
ratio upon the evaporation rate, and consequently upon
the total drying time.

As a general tendency, the characteristics of the po-
rous medium significantly affect the evaporation rate of
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Fig. 6. Time evolution of the water concentration profiles along with the images of the shape of the droplet inside the porous substrate

(400 pm glass beads).

the droplets. Although the total evaporation time is
approximately similar for all the configurations (in the
range from 0.5 to 0.6) the drying regimes are very dif-
ferent.

As discussed in the previous section, the drying curve
of the droplet impinged on 120 pm glass beads displays
two distinct regions. The first region is characterised by
a slow reduction of the liquid concentration close to the
surface, when the liquid transport inside the porous
medium is still supplying the surface with liquid. In the
second region, where the evaporation rate decreases
more sharply, the liquid content in the deeper layers of
the substrate is no longer sufficient to supply the surface
with liquid to sustain the earlier evaporation rate.

This behaviour is not observed on the drying curve of
the droplet impinged on 50 pm glass beads, because even
in the initial stages of the evaporation the liquid trans-
port is limited by the reduced capillary diffusivity of
the substrate. Therefore, the liquid concentration in the
surface falls steadily, causing a gradual reduction of the
evaporation rate. As a consequence, the droplet takes
slightly longer to evaporate.

By contrast, the droplet impinged on 400 um glass
beads presents a drying curve with an initial decrease in

the evaporation rate, followed by a marked constant-
rate period. The evaporation rate is maintained nearly
constant throughout the evaporation episode, due to
the constant liquid redistribution inside the substrate
(high liquid capillary diffusivity). Accordingly, if this
was the only difference in behaviour, the droplet should
evaporate completely on a shorter time scale; however,
the initial evaporation rate for this configuration is
not as high as for the other substrates, due to the re-
duced spread radius. As a consequence, the total evap-
oration takes slightly longer than that on 120 um glass
beads.

4. Concluding remarks

Analyses of data from MRI studies on the evapora-
tion of liquid droplets from porous surfaces are pre-
sented in this report. The data obtained include images
of impinged droplets inside the porous substrate and
their variation during evaporation, as well as one-
dimensional concentration profiles through the sub-
strates, and time evolution of the mass fraction of liquid
remaining and corresponding evaporation rates.
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dimensional evaporation rate (dM/dT)" of the droplet vs. 7%, and (c) non-dimensional mass flux (F*) vs. T*.

The results obtained show that the impinged droplet
resides in the porous medium in a shape similar to a
semi-spheroid. The results also indicate that the trans-
port of liquid by capillary diffusion has a very strong
influence upon the evaporation process. The data sug-
gest that the liquid embedded in the deeper layers of the
substrate continuously supplies the layers close to the
surface with liquid, due to capillary diffusion. This in-

dicates that the receding evaporation-front assumption
is not appropriate to model the evaporation process in
these conditions.

Although the total drying times for the porous media
tested (sand 180 pm and glass beads 50, 120, and 400 um
diameter) were approximately similar, the drying regimes
were very different. This is related to the different spread
radius for droplets impinging on substrates with different
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characteristics and to the stronger limiting action of
substrates with smaller particles upon the liquid trans-
port. In addition, liquid transport mechanisms are es-
pecially important for sand, where capillary diffusion
plays a very important role in the evaporation process.
In this case, the liquid droplet shows continuous
spreading in the substrate throughout the evaporation
episode.

The present work has answered many practical
questions about the evaporation of liquid droplets from
porous surfaces. In particular, it has revealed the shape
of the liquid droplet just after impingement and its
variation during the evaporation process. It is apparent
from this study that there is still a considerable amount
of both experimental and theoretical work still required.
In particular, it would be desirable to extend the scope
of the experimental studies to encompass a wider range
of liquid and substrate properties, i.e. liquid viscosity,
temperature, wetting properties of liquid solid interface,
and to use the results to establish the parameters that
characterise the different regimes of transport behaviour
in the substrate. This should enable some better defini-
tion of the range of conditions in which the receding
evaporation-front assumption can be used.
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