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b Environmental Technology Centre, Department of Chemical Engineering, UMIST, P.O. Box 88, M60 1QD, UK
c Department of Chemical Engineering, University of Cambridge, Pembroke Street, Cambridge, CB2 3RA, UK

Received 21 September 2004; received in revised form 20 August 2005
Available online 22 November 2005
Abstract

A combination of in situ one-dimensional 1H magnetic resonance profiling and two-dimensional imaging has been applied to study
the shape and subsequent dynamic evaporation behaviour of a single liquid droplet after impact onto a porous surface. Diethyl-malonate
(DEM) 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. In order to evaluate the influence of the airflow at the surface of the porous medium, different exper-
imental configurations were tested by varying the speed of the airflow stream above the porous surface. 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 although liquid droplets tend to evaporate faster
and present larger evaporation rates when exposed to a more efficient removal of vapour from the surface, the limiting effects of the
porous medium are even more evident.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The study of the impact and evaporation of liquid drop-
lets on porous surfaces is important for a wide range of sit-
uations, varying from environmental applications to inkjet
printing technology. When a liquid droplet collides with a
permeable surface it resides in the porous medium in a
shape similar to a half-spheroid, whose aspect ratio will
depend on the porous medium and liquid droplet charac-
teristics [1]. Once the droplet is embedded in the porous
substrate, its evaporation is dependent not only on the
thermodynamic parameters affecting the rate of conversion
from one phase to another, but also on the parameters
affecting the mass transport mechanisms (of liquid and
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vapour) inside the porous substrate and the removal of
vapour from the contaminated surface in the atmosphere/
porous medium interface.

One of the first reported attempts to investigate droplet
impact and evaporation on permeable surfaces was per-
formed by Wallace and Yoshida [2], and was motivated
by the analysis of the efficacy of pesticide spray. Subse-
quently, a series of studies on the subject were reported,
motivated by inkjet printing technology [3,4] and hazard
assessment purposes of liquid releases in the atmosphere
[5–8]. These studies have reported laboratory, wind tunnel
and field experiments investigating the governing parame-
ters of the problem, such as porous medium properties
(porosity and particle size), liquid properties, and the effi-
ciency of the removal of vapours from the porous/atmo-
sphere interface (wind speed and turbulence).

Although these studies presented detailed experimental
investigations of the phenomenon, there was very little
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Nomenclature

A area (m2)
c integrated concentration along the horizontal

plane (kg/m)
cs vapour concentration at the surface of the por-

ous medium (kg/m3)
cr vapour concentration in the air stream (kg/m3)
csat value of the saturated vapour concentration in

air (kg/m3)
csat�liq value of the saturated liquid concentration for

the porous medium (kg/m3)
dM/dT evaporation rate (kg/s)
F mass flux to the air stream (kg/s m2)
M mass of the liquid (kg)

r droplet radius (m)
T time (s)
u* friction velocity of the air stream (m/s)
vr vapour transfer velocity to the air stream (m/s)
x coordinate along the axis of the test tube, i.e.

depth of the porous substrate (m)
y coordinate along the radius of the test tube (m)

Subscript

0 reference value

Superscript

* non-dimensional value
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information about the shape of the liquid droplet and the
behaviour of the liquid inside the porous medium. Reis
et al. [9] carried out the first studies using magnetic reso-
nance imaging (MRI) techniques to follow the behaviour
of single water droplets evaporating from porous surfaces.
The experimental configuration was intended to mimic the
behaviour of droplets evaporating into atmospheric flows
from various porous surfaces. The results indicated that
the transport of liquid by capillary diffusion has a very
strong influence upon the evaporation process, providing
a challenge to the simple receding evaporation-front
assumption that is utilised in many modelling procedures
[1,7].

Although the paper by Reis et al. presents a consider-
able amount of information, it does not investigate the
influence of the airflow over the interface atmosphere/por-
ous medium, which is one of the main factors governing the
phenomenon and can considerably alter the drying regime
[7]. Further information is necessary to evaluate the impor-
tance of liquid transport under different drying regimes to
substantiate and validate model development. Accordingly,
the aim of this work is to study the influence of the airflow
over the surface of the porous medium, and to provide
information about the behaviour inside the porous
medium.

In order to achieve this objective, a magnetic resonance
imaging study was carried out to provide images of the
shape of droplets inside the porous medium after the
impact and throughout the evaporation episode. A care-
fully adjusted airflow is established over the porous sur-
face, in order to ventilate the surface and produce a mass
flux similar to that in the atmosphere. The results indicate
distinct differences in the drying regimes as the airflow rate
and the liquid properties are changed.

Accordingly, the results presented in this paper are
divided into three main sections: (i) an analysis of the accu-
racy of the simulation of the atmospheric conditions pro-
vided by the controlled airflow during the evaporation
episode by comparing the results obtained with field obser-
vations [10], (ii) comparison of the drying regimes obtained
for water droplets [9] and DEM droplets under similar
evaporation conditions and (iii) analysis of the influence
of the removal of vapour from the atmosphere/porous
medium interface.

2. Experimental set-up and procedure

As discussed in the previous section, the experimental
procedure described here tries to mimic atmospheric con-
ditions inside the MRI magnet, where the evaporation
process can be monitored and imaged. The droplets were
initially embedded in the porous substrate by impingement,
and then evaporated over a period of several hours, the
surface of the substrate being ventilated by a controlled air-
flow. In order to investigate influence of the airflow over
the surface of the porous medium, and to provide informa-
tion about the behaviour inside the porous medium, the
flow rate of the airflow was varied.

The following sections contain a description of the
experimental set-up and experimental procedure used in
this study, as well as a brief discussion of the procedures
used to approximately simulate atmospheric conditions.

2.1. Experimental set-up

All MRI acquisitions were performed using a Bruker
DMX-300 spectrometer operating at a 1H (proton) fre-
quency of 300.13 MHz corresponding to a static magnetic
field strength of 7.07 T. One-dimensional profiles and
two-dimensional images were acquired using a 15 mm
diameter birdcage radiofrequency resonator. These dimen-
sions restrict the maximum sample holder/set-up diameter
to 14 mm. Spatial resolution was achieved using 3-orthog-
onal axis (x, y and z) actively shielded gradient system
capable of producing a maximum gradient strength of
1 T m�1 in all three cartesian directions. An experimental



Fig. 1. Detailed view of a longitudinal section of the cell placed inside the
test tube containing the porous substrate, with a schematic representation
of a lateral (zx-slice) two-dimensional image of the liquid droplet just after
impingement and a corresponding liquid concentration profile.
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cell was built to provide the required ventilation airflow
within this limited space. The ventilation cell consists of a
Perspex tube and a flange, containing three internal ori-
fices: 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. 1).

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. 1).
The ventilation cell is then carefully lowered down the bore
of the magnet so that it is just in contact with the surface of
the porous substrate. A capillary tube was used to deliver a
liquid droplet of diethylmalonate (Sigma Aldrich, UK) to
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. The sample and air flow were maintained at a tem-
perature of 297.5 ± 0.5 K during the evaporation episode.

2.1.1. Determination the flow rate of the air supply

In the initial stages of the droplet evaporation, all the
pores in the surface of the wetted spot are saturated and
the flux to atmosphere is totally controlled by the transport
phenomena in the atmosphere/porous medium interface.
As the evaporation proceeds and the pores on the surface
of the substrate start to dry out, the process becomes more
and more dependent on the transport inside the porous
medium. Therefore, in order to simulate evaporation under
atmospheric conditions, the air supply must be carefully
controlled. However, it is not possible to simulate the tur-
bulence levels and the pattern of the air flow in the atmo-
sphere inside such a small apparatus. Nevertheless, the
fluid flow does not need to be exactly the same as in the
atmosphere, since the crucial factor is the magnitude of
the 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
under given atmospheric conditions and the mass flux
obtained in the cell. If this matching is achieved, the phe-
nomena displayed within the porous medium in the
NMR experiment should be representative of those occur-
ring in a field situation.

The mass flux to the air stream is usually parameterised
as [1]:

F ¼ vrðcs � crÞ ð1Þ

where F denotes the mass flux to the air stream (kg/m2 s), vr
is the vapour transport velocity (m/s), cs is the vapour con-
centration at the surface (kg/m3) and cr is the vapour con-
centration (kg/m3) in the air stream. The value of cr is
usually taken to be equal to zero, as the background con-
centration is often neglected [7,13]. The value of vr is
mainly dependent on the characteristics of the airflow
(especially the friction velocity).

In the initial stages of the evaporation process, all the
pores in the surface are full of liquid, and the vapour con-
centration in the surface is equal to the saturated vapour
concentration in the air. As the evaporation proceeds and
the pores on the surface of the substrate start to dry out,
the value of cs starts to be reduced and becomes dependent
on the transport inside the porous medium.

By using this parameterisation, the mass flux to the air
stream can be treated as a convective transport of vapour,
with characteristic velocity vr determined by the transport
mechanisms through the air stream/porous surface inter-
face. According to Roberts and Griffiths [7], the value of
vr for the atmosphere is mainly dependent on the friction
velocity (u*) of the approaching flow. For droplets evapo-
rating exposed to atmospheric flows, the value of vr ranges
from 0.02 to 0.15 m/s, depending on the wind velocity and
turbulence conditions (these values are based on expres-
sions presented in [7]).

The ventilation cell used in the experiments was built
with the intent of providing an air stream parallel to the
surface of the porous substrate. However, a completely
parallel airflow is very difficult to obtain due to the limited
dimensions inside the test tube and the complex geometry
required to deliver the air supply. These limitations create
great difficulties in describing the airflow and the mass flux
over the porous surface inside the cell. In order to over-
come these problems, and to estimate the mass flux inside
the cell, a computational fluid dynamics (CFD) model is
used. In order to determine the value of vr inside the cell,
and thereby to simulate evaporation of droplets exposed
to the atmosphere, a computational fluid dynamics
(CFD) model of the fluid flow inside the cell was developed
(for a description of the CFD model the reader is referred
to [13]). Fig. 2 presents a comparison of the characteristic
velocity vr obtained for the drying cell and the values for
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Fig. 2. Variation of the vapour transport velocity (vr) with (a) the flow rate inside the cell (where the dots indicate the results obtained by the CFD
simulations), and (b) variation of vr with friction velocity in the atmosphere [6].

1 Integrated concentration is defined as liquid concentration in the
porous medium integrated over the area of the horizontal plane.
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the atmosphere (based on expressions presented in [7]). By
using these charts it is possible to correlate the flow rate of
the air supply with a given atmospheric condition. The
results obtained by this procedure will be further discussed
in Section 3.1.

2.2. Experimental procedure

In this study two-dimensional and one-dimensional
imaging techniques were 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 concentration profiles
along the depth direction in the porous substrate. The con-
centration profiles are then used to determine the mass
fraction of liquid remaining in the substrate, and the corre-
sponding values of evaporation rate and mass flux to the
air stream. Further information regarding the MRI imag-
ing acquisition can be found in Ref. [9].

Signal losses due to T2 relaxation have been addressed
in an earlier publication [9] and it was shown that the T2
of the water/glass bead system decreased by about 76%
from the beginning to the end of drying (126 ms versus
30 ms). Here the DEM/glass beads system T2 value was
measured to be 100 ms at the start of drying, resulting in
a signal loss of around 2.5%. The T2 value at the end of
drying was estimated to be around 23 ms resulting in a sig-
nal loss of around 12% at the end of drying.

Each MRI acquisition cycle comprises a one-dimen-
sional liquid droplet profile acquisition and a two-dimen-
sional slice selective liquid droplet image 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. 1 shows schematic representations of the two-
dimensional image and the corresponding concentration
profiles. As neither the Perspex cell nor the porous sub-
strate (glass beads or sand) have a detectable NMR signal
for the acquisition parameters used here, the two-dimen-
sional images obtained display only the shape and position
of the liquid droplet. One-dimensional imaging techniques
give the profile of liquid concentration with depth in the
substrate (along the x axis in Fig. 1), where the signal at
each position is proportional to the integrated concentra-
tion along a horizontal plane of the impinged droplet.
Since the amount of liquid delivered to the porous sub-
strate is known, it is possible to correlate (normalise) the
total intensity of the signal obtained by one-dimensional
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 translate the signal
intensity into liquid concentration units, and express the
profile graphs (Fig. 1) as integrated concentration1 (kg/
m) versus x (m). In addition, the rate of change of the sig-
nal integrated over the entire thickness of the porous med-
ium can provide the evaporation rate of the liquid droplet,
since the total signal is proportional to the mass of liquid
present in the substrate.

For imaging the field-of-view was 5 mm · 10 mm (x · z)
and the image size was 64 · 128 pixels, yielding an isotropic
pixel resolution of 78 lm. For profiling, the field-of-view
was 20 mm using 256 points along the x axis, also yielding
a resolution of 78 lm. A complete description of these pro-
cedures and the imaging parameters used can be found in
[11].

2.3. Parameterisation

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

F 0 ¼ vr0csat ð2Þ
where vr0 denotes the characteristic vapour transport veloc-
ity for a given flow rate and csat represents the value of the
saturated vapour concentration in air. In order to deter-
mine the characteristic time scale, it is necessary to deter-
mine a characteristic area through which the flux F0

transports the mass of the liquid droplet (M0). A satisfac-
tory magnitude for this area can be calculated by using
the droplet radius prior to the impingement (r0), since the
radius of the wet spot after the impingement will be larger
than r0, but of the same order of magnitude. Therefore, the
time scale of the process is defined as:

T 0 ¼
M0

F 0A0

ð3Þ

where A0 denotes the characteristic area ðA0 ¼ pr20Þ.
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 r0, when exposed to the given air flow. Nor-
malising the relevant variables of the problem by using
characteristic time scale (T0), mass (M0) and mass flux
(F0), the following dimensionless parameters were
introduced:

T � ¼ T
T 0

M� ¼ M
M0

F � ¼ F
F 0

ðdM=dT Þ� ¼ dM=dT
F 0A0

c� ¼ c
c0

ð4Þ

where the value of dM/dT is the evaporation rate (kg/s)
and F is the mass flux per unit area (kg/m2 s), which is cal-
culated as dM/dT divided by the area of the wet spot in the
surface of the porous medium exposed to the air stream. T*

denotes the non-dimensional time, M* is non-dimensional
mass, also called mass fraction remaining, and F* and
(dM/dT)* are the dimensionless mass flux and evaporation
rate. c* denotes non-dimensional form of the integrated
concentration presented by the concentration profiles,
where c is the concentration expressed in kg/m and c0 is
the characteristic concentration (c0 = csat�liq A0), where
csat�liq is the saturated liquid concentration for the porous
medium.

3. Results and discussion

The investigation of the influence of the efficiency of the
removal of vapour from the atmosphere/porous medium
interface was carried out by varying the flow rate of the
air supply for the experimental cell based on the relation-
ships presented in Fig. 2, in an attempt to simulate different
drying regimes in the atmosphere.

Ideally, the best way to analyse this influence and to
compare with previous published data would be to study
the evaporation of water droplets under various drying
conditions, since water droplets evaporating from several
porous substrates were already investigated in [9]. How-
ever, the duration of the water droplet evaporation epi-
sode is �2–3 h with a flow rate equal to 10 ml/min
(equivalent to u* = 0.1 m/s), and if the flow rate is
increased to simulate u* values in the range 0.2–1 m/s,
the evaporation will proceed even quicker. This may cause
considerable problems for the utilisation of NMR imaging
for such investigations, since the NMR imaging tech-
niques used in this study require at least 5 min for each
droplet image to be acquired.

Therefore, in order to avoid these problems the influence
of the removal of vapour from the porous medium surface
is analysed using a DEM droplet. As a base configuration a
DEM droplet (1.15 mm radius) was delivered to a porous
substrate composed of 120 lm diameter glass beads, with
an impact velocity of 0.5 m/s. The impinged spot was then
exposed to a 10 ml/min air stream (vr equal to 0.008 m/s,
which is approximately equivalent to a friction velocity in
the atmosphere of 0.1 m/s), which takes �33 h to evaporate
(experiment no. 1). Subsequently, the flow rate values were
varied from the base case value up to 100 and 490 ml/min
(experiments no. 2 and no. 3), which represent equivalent
values of u* = 0.25 and 1.1 m/s, respectively.

The results presented here are divided into three main
sections. In the first section, the accuracy of the simulation
of the transport mechanisms through the atmosphere/por-
ous substrate interface is analysed, and evaporation rates
obtained in this work are compared to values obtained in
field experiments presented in [10]. In the second section,
a comparison of the drying regimes obtained for water
droplets [9] and DEM droplets under similar evaporation
conditions is presented. Finally, the third section, presents
an analyses of the influence of the removal of vapour from
the atmosphere/porous medium interface.

3.1. Mass transport in the atmosphere/porous substrate
interface

In order to verify the accuracy of the simulation of the
transport mechanisms through the atmosphere/porous
substrate interface, the evaporation rates obtained in this
work are compared to values obtained in field experiments
performed by [10]. The objective of this comparison is to
evaluate the inaccuracies and limitations of the present
experiments in simulating evaporation in the atmosphere.

As stated earlier, the initial evaporation rate depends
only on the area of the wet spot in the porous surface,
the vapour pressure of the liquid and the atmospheric con-
ditions responsible for the vapour removal from the con-
taminated surface, expressed in the form of the vapour
transport velocity. Therefore, it is possible to correlate
the evaporation rates measured in field experiments in the
real atmosphere and in the NMR experiments, if the area
of the wet spot on the porous surface and the vapour pres-
sure of the liquid are known.
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Roberts [10] presented detailed information about a ser-
ies of field trials performed to measure the evaporation
rates of liquid droplets from sand and concrete surfaces.
This data set includes meteorological conditions (wind
speed, friction velocity, stability conditions and air temper-
ature), ground temperature, spread ratio measurements
(spread ratio is defined as the ration between the droplet
diameter prior to impingement and the diameter just after
impingement) and mass fraction of liquid remaining inside
the porous surface. From the 41 experiments reported, five
experiments were selected, which describe the evaporation
of DEM droplets from sand surfaces subjected to a friction
velocity of approximately 0.10 m/s (3 trials) and 0.25 m/s
(2 trials). Referring to Fig. 2, friction velocities of 0.10
and 0.25 m/s provide vapour transport velocities equiva-
lent to those obtained in the interior of the drying cell for
flow rates of 10 and 100 ml/min, respectively.

The time interval between each concentration profile
acquisition in the present work varies from �5 to 12 min,
and the evaporation rates calculated using the concentra-
tion profiles represent average values for the relevant peri-
ods. However, [10] presents evaporation data for every
1 min period. Therefore, in order to compare the 2 data
sets, the results of [10] were averaged over a 5 min period
for the cases with u* equal to 0.10 m/s, and over a 12 min
period for the cases with u* equal to 0.25 m/s.

Table 1 summarises the vapour transport velocity
obtained in the NMR experiment for flow rates of 10
and 100 ml/min, and the vapour transport velocity
obtained in the field trials. The average ratio between the
vr values obtained in both experiments is close to 1, with
and error between 10% and 15%. These values demonstrate
the applicability of the technique described in this work to
simulate the mass transfer inside the interfacial layer of the
atmosphere, given the size limitations imposed on the
experimental apparatus. The 10–15% variation is very
small compared to the relatively large range of values in
the field data.

3.2. Evaporation of DEM droplets

This section presents a comparison of the drying regimes
obtained for water droplets [9] and DEM droplets under
similar evaporation conditions. Fig. 3 presents the time
evolution of the axial (x) concentration profiles of liquid
for experiment no. 1, and the corresponding images of
the shape of the droplet inside the porous substrate. It is
important to inspect the two-dimensional images together
Table 1
Comparison of the vapour transport velocity values obtained in the NMR ex

Flow rate
(ml/min)

Equivalent friction
velocity (m/s)

Vapour transport velocity
inside the drying cell (±range) (mm

10 0.10 7.0 ± 0.4
100 0.25 11.4a

a The error bars denote the range of the data. There is only one experiment a
u
*
= 0.25 m/s, and so no range value is available.
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 information concerning the
concentration levels.

The first image presented in Fig. 3 represents the shape
of the droplet just after impingement. However, it should
be noted that the acquisition of the image presented in
Fig. 3 started 1 min after the droplet delivery, since before
the image acquisition there is a one-dimensional concentra-
tion profile acquisition. In addition, the total imaging time
in this case is �12 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. This time interval is negligible in comparison
with the total duration of the evaporation episode T* � 0.8
(�2100 min)—as will be discussed later.

It can be seen that the shape inside the porous medium is
similar to a half-spheroid, similar to the results presented in
[9] for water droplets. The fairly definite shape indicates
that the droplet exists as a fully saturated region with a rel-
atively sharp interface. It is possible to clearly distinguish
the position of the surface of the substrate, indicated by
the flat region on the upper side of the droplet. It should
be noted that the upper surface of the droplet is not com-
pletely flat. These irregularities are caused by disturbances
of the glass beads due to the impact with the liquid droplet,
forming a small crater on the surface of the substrate. In
fact, the crater formed by the disruption of the glass beads
is even more noticeable for the DEM droplet impinged in
120 lm glass beads than it is for the water droplet, as pre-
sented in reference [9]. This may be related to that fact that
the viscosity of DEM is larger than that of water, which
may cause larger shear stress on the surface of the glass
beads, increasing the forces disturbing the particles.

As the droplet evaporation begins, drying starts from
the upper surface of the droplet, as can be clearly observed
by the reduction in the concentration levels of the profiles
in the region closer to the surface. While there is a consid-
erable reduction in the concentration level close to the sur-
face, the concentration in the deeper layers of the substrate
remains practically unaltered. This is shown by the change
in the shape of the concentration profiles and by the signif-
icant reduction in the concentration close to the surface
observable in the images.

This behaviour was not observed for the evaporation of
water droplets, as reported by [9]. In fact, it was reported
periment and in the field trials

/s)
Vapour transport velocity
at the atmosphere (±s.d.) (mm/s)

Average ratio
(vr(cell)/vr(atm.))

6.0 ± 1.7 1.11
13.0 ± 3.1 0.86

vailable from the present experimental work for the vr value equivalent to



Fig. 3. Time evolution of the concentration profiles of liquid and images of the shape of the droplet inside the porous substrate (flow rate = 10 ml/min).
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that after the initial stages of the evaporation of water
droplets, during which the concentration is reduced mainly
in the region close to the surface, the liquid concentration
was reduced approximately evenly across the full depth
of the liquid region, which suggested 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 evaporation-front behaviour
(assumed in some droplet evaporation models [1,7] and
[10]) is not applicable. By contrast, the results obtained
here for DEM droplet clearly indicate a progression of a
receding concentration front inside the substrate, which is
evident in the images.

This behaviour can be related to the fluid motion due to
capillary action during the evaporation episode. The main
differences between the relevant properties of DEM and
water are related to the viscosity (4.00 · 10�3 kg/m s
for DEM and 1.27 · 10�3 kg/m s for water) and surface
tension coefficient (3.24 · 10�2 N/m for DEM and 6.80 ·
10�2 N/m for water). According to [12] the mass diffusivity
of liquids in porous media is inversely proportional to the
liquid viscosity, and directly proportional to the capillary
pressure value, which is proportional to the surface tension
value of the liquid. Thus, the increased viscosity and
reduced surface tension of DEM in relation to water con-
tribute to smaller values of the mass diffusivity of the
DEM inside the porous medium. Although this analysis
may be over simplistic, since the mass diffusivity may be
dependent on other parameters (such as contact angle,
for instance), it is consistent with the behaviour presented
by the images and concentration profiles.

However, this receding front does not progress through
the entire droplet depth. The front recedes to approxi-
mately half of the droplet depth (Fig. 3, images and profiles
obtained until T* = 0.25), and from this point the droplet
starts to evaporate homogeneously (Fig. 3, images and pro-
files obtained after T* = 0.25). This may indicate that the
liquid redistribution due to capillary action is not strong
enough to supply liquid to the surface at a rate large
enough to maintain the high concentration levels close to
the surface, where the evaporation is larger. However, as
the drying proceeds the evaporation rate becomes small
enough that the evaporative flux is balanced by liquid
motion, and the droplet starts to dry homogeneously.
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Fig. 4. (a) Non-dimensional evaporation rate (dM/dT)* of the droplet versus T*, (b) mass fraction of liquid remaining inside the substrate based on the
integration of the concentration profiles and (c) non-dimensional mass flux (F*) versus T*.
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This can also be observed in Fig. 4(a), which presents
the complete evaporation rate event of the droplet. In spite
of the levels of noise found in the curves of evaporation
rate and mass flux, it is possible to observe a gentle reduc-
tion of the evaporation rate from the initial stages until T*

approximately equal to 0.2. From this point the evapora-
tion rate presents a nearly constant value, which coincides
with the period when the droplets evaporate homoge-
neously. This may indicate that the liquid redistribution,
due to capillary action, is strong enough to balance the
evaporative flux, and thus maintaining the value of the
evaporation rate.

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 substrate
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 resis-
tance 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 conse-
quence, there is an increase in the vapour concentration
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 lay-
ers of the substrate, which physically explains the impres-
sion of ‘‘drying from the top’’ as shown by the impinged
droplet images. This behaviour is further explored in Sec-
tion 3.3.

3.3. Influence of the removal of vapour from the

atmosphere/porous medium interface

This section presents the analyses of the influence of the
efficiency of the removal of vapour from the atmosphere/
porous medium interface. As stated previously, 3 different
experiment configurations were tested, in which the
impinged spot was exposed to a 10 ml/min air stream
(experiment no. 1), a 100 ml/min air stream (experiment
no. 2) and a 490 ml/min air stream (experiment no. 3), cor-
responding to equivalent values of u* = 0.10, 0.25 and
1.1 m/s, respectively.

Figs. 5 and 6 present the time evolution of the concen-
tration profiles of liquid and images of the shape of the
DEM droplet inside the porous substrate for each addi-
tional configuration tested, i.e. experiment nos. 2 and 3
(100 and 490 ml/min, respectively). The three experiments
(1, 2 and 3) show similar behaviour with the concentration
at the surface dropping very rapidly, but after a certain per-
iod of time the concentration levels become nearly con-
stant, and the droplet evaporates quasi-homogeneously.
The main difference in the results obtained for the three
configurations is the drying rate. For instance, images
and profiles for experiment no. 1 show very small concen-
tration levels remaining at T* = 0.5, while the values for
experiment no. 2 are considerably larger. The values for
experiment no. 3 at T* = 0.5 are very similar to those
obtained at T* = 0.0, which indicates that very little signal
was lost. In fact, clear images are still obtained at T* = 2.0,
for experiment no. 3. However, one must be aware that the
time scale for each configuration is very different, since
there is a large difference in the mass flux to the air stream.
The times scales are �3082, 1028 and 208 min, for experi-
ments nos. 1, 2 and 3, respectively.

The duration of the evaporation episode (in minutes) is
much smaller for the configurations using a larger flow
rate. However, the non-dimensional evaporation time
(T*) represents a time scale relative to the evaporation of
a saturated pool of liquid with a radius equal to r0. Accord-
ingly, although the droplets in experiments nos. 2 and 3
evaporate physically faster, the results obtained indicate
that they evaporate significantly slower than the evapora-
tion of a saturated pool of liquid, which indicates the
strong limiting effect of the porous medium transport upon
the evaporation process. The transport mechanisms in the
interior of the porous medium restrict the liquid supply
to the surface and the vapour motion through the porous
matrix, limiting the mass flux to the air stream and the
evaporation rate of the liquid droplet.

This behaviour can be more clearly visualised in
Fig. 4(b), which presents the time evolution of the mass



Fig. 5. Time evolution of the concentration profiles of liquid and images of the shape of the droplet inside the porous substrate (flow rate = 100 ml/min).
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fraction of liquid remaining in the substrate. It is evident
that the evaporation episode for a flow rate of 10 ml/min
lasts until approximately T* = 0.8, while that for a flow
rate of 100 ml/min lasts until approximately T* = 1.1,
and that for a flow rate of 490 ml/min lasts until approxi-
mately T* = 4.0.

These evaporation times are directly related to the
values of the evaporation rate displayed in Fig. 4(a).
Fig. 4(a) and (b) show a drying behaviour very similar
for the three configurations, in that there is a distinct per-
iod of slowly decreasing evaporation rate, followed by a
more rapid decrease in the evaporation rate, due to the
reduction of the mass fraction of liquid remaining in the
substrate.

In spite of the similarities in the shapes of the curves, the
values of evaporation rate are quite different for each situ-
ation. In absolute terms, the mass flux to the air stream is
larger for the configurations with larger flow rates; how-
ever, they represent only a small fraction of the values
for a saturated wet spot. The value of F* represents the
mass flux to air stream per unit area normalized by the
mass flux of a fully saturated wet spot exposed to a similar
air flow. Even in the first few instants of the evaporation
episode the value of F* is significantly lower than 1 for
all experiments. As the flow rate of the air stream above
the surface increases, the values of F* are reduced.
Although liquid droplets tend to evaporate faster when
exposed to a more efficient removal of vapour from the sur-
face, the porous media transport is not significantly altered
from one configuration to the other (since liquid and por-
ous medium properties are the same for all three configura-
tions), as a consequence, the limiting effects of the porous
medium are even more evident when exposed to a more
efficient removal of vapour from the surface.

4. Concluding remarks

Analyses of data from magnetic resonance imaging
(MRI) studies of the evaporation of liquid droplets from
porous surfaces are presented. DEM 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 data obtained include images of impinged



Fig. 6. Time evolution of the concentration profiles of liquid and images of the shape of the droplet inside the porous substrate (flow rate = 490 ml/min).
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droplets inside the porous substrate and their variation
during evaporation, as well as one-dimensional concentra-
tion profiles through the substrates, and time evolution of
the mass fraction of liquid remaining and corresponding
evaporation rates.

Comparisons with previously published work, using
water droplets, were performed in order to evaluate the
influence of the liquid properties on the drying process.
The results suggest that liquid properties, such as viscosity
and surface tension, significantly affect the liquid diffusion
in the porous medium, altering the drying regime.

In order to evaluate the influence of the airflow in the
surface of the porous medium, different experimental con-
figurations are tested by varying the speed of the flow
stream above the porous surface. The results obtained
show that although liquid droplets tend to evaporate faster
and present larger evaporation rates when exposed to a
more efficient removal of vapour from the surface, the
limiting effects of the porous medium are even more
evident.

It is apparent from this study that there is still a consid-
erable 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 visco-
sity, temperature, wetting properties of liquid solid inter-
face, and to use the results to establish the parameters
that characterise the different regimes of transport behav-
iour in the substrate. This should enable some better defi-
nition of the range of conditions in which the receding
evaporation-front assumption can be used.
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