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Abstract
This study investigated the transport coefficients involved in mass and heat transfer during the
drying of a porous solid partially saturated with multicomponent mixtures. It included the
coefficients governing liquid transport through the solid, the matrix of multicomponent
diffusion coefficients in the liquid phase, and the effective thermal conductivity. As it is not
possible to determine these coefficients by theoretical considerations alone and considerable
experimental work is required to determine them in a broad range of process conditions, the
principle of this study has been the use of mathematical models complemented with some
empirical parameters. These empirical parameters were determined by comparison between
measurements in specially designed experiments and the results of mathematical models that
describe the process. In addition, the application of the multicomponent diffusion coefficients
is described in two cases where liquid diffusion is important: convective evaporation of a
multicomponent stationary liquid film and a falling film.
To study liquid transport through the solid, isothermal drying experiments were performed to
determine the transient composition profiles and total liquid content of sand samples wetted
with ternary liquid mixtures with different initial compositions and temperatures. A
mathematical model including mass transfer by capillary movement of the liquid and
interactive diffusion in both the gas and liquid phases was developed. To simulate the
capillary movement of liquid mixtures, parameters experimentally determined for single
liquids were weighed according to liquid composition. A fairly good agreement between
theoretical and experimental liquid composition profiles was obtained considering that axial
dispersion was included in the model.
To study the matrix of multicomponent diffusion coefficients in the liquid phase, the
redistribution of liquid composition in a partially filled tube exposed to a longitudinal
temperature gradient was analysed. Experimental work was carried out using two main
ternary mixtures with different initial compositions and temperature gradients. Experimental
data were compared with the results of a theoretical model that describes the steady-state
liquid composition distribution in a partially filled non-isothermal tube to find the empirical
exponent that modifies the matrix of thermodynamic factors. Correlations for the exponents
as a function of temperature were determined for each particular multicomponent mixture.
The effective thermal conductivity of a porous solid containing multicomponent liquid
mixtures was studied by measuring the liquid composition, liquid content and temperature
distributions in a cylindrical sample dried by convection from the open upper side and heated
by contact with a hot source at the bottom side. Simulations performed at a quasi steady state
were compared with experiments to estimate the adjusting geometric parameter of Krischer’s
model for effective thermal conductivity, which includes the contribution of the evaporationdiffusion-condensation mechanism. The results revealed that a resistance corresponding to a
parallel arrangement between the phases seems to dominate in this case.
In the study of the convective drying of a multicomponent stationary liquid film, the equations
describing interactive mass transfer were decoupled by a similarity transformation and solved
simultaneously with a conduction equation by the method of variable separation. Variations
of physical properties along the process trajectory were taken into account by a stepwise
application of the solution in time intervals with averaged coefficients from previous time
steps. Despite simplifications, the analytical solution gives a good insight into the selectivity
of the drying process and is computationally fast. On the other hand, numerical simulations
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of the convective evaporation of the multicomponent falling liquid film into an inert gas with
a co-current flow arrangement of the phases almost always revealed a transition from liquidphase-controlled conditions to a process in which neither the gas nor the liquid completely
controls the evaporation.
The results obtained in this work would be useful in implementing models to improve the
design, process exploration and optimisation of dryers by incorporating the solid-side effects
to describe the drying of liquid mixtures along the whole process.
Keywords: capillary, conduction, convection, diffusion, evaporation, heat transfer,
hydraulic conductivity, liquid film, liquid transport, mass transfer, Maxwell-Stefan diffusion
coefficients, molar fluxes, phase equilibrium, temperature gradient, ternary mixture,
thermodynamic factors.
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1
INTRODUCTION

1.1. Background
Several industrial processes include separation operations in which liquid
multicomponent systems are involved. One of these operations is the drying of solid
materials that contain two or more organic liquid components. Some examples are
the drying of pharmaceuticals, photographic films, magnetic storage media, varnish
layers, coated laminates, granulated synthetic materials and aromatic foodstuffs.
The drying process occurs due to simultaneous heat and mass transfer undergoing
different controlling steps: convective heat and mass transfer in the gas phase
(external transfer), phase equilibrium and transport through the unsaturated capillaries
(internal transfer). Internal transport is the less known of the drying steps because of
the complex interactions between the solid structure and different mechanisms for
heat and mass transfer. In general, the process is controlled by transport in the solidside at high-intensity drying. In a partially unsaturated porous solid, heat transfer
occurs mainly by conduction in the solid, liquid and gas phases, as well as by a
sequence of evaporation-diffusion-condensation cycles caused by temperature
gradients in the solid. The solid structure and the form in which the moisture is held
within the solid have influence on these mechanisms. The main mechanisms involved
in the internal mass transfer during the drying of a porous solid containing a
multicomponent mixture are summarised in Table 1.1.
Table 1.1: Mechanisms of internal mass transfer during drying of capillary porous
solids wetted with liquids
Process
Isothermal

•
•

Non-isothermal

•
•
•
•

Single liquid
Liquid flow due to capillary
forces
Flow by gravitational force
Liquid flow due to capillary
forces
Flow by gravitational force
Moisture migration due to
thermal gradients
Diffusion in the gas phase

•
•
•
•
•
•
•
•
•

Multicomponent mixture
Liquid flow due to capillary forces
Flow by gravitational force
Diffusion in the gas phase
Diffusion in the liquid phase
Liquid flow due to capillary forces
Flow by gravitational force
Moisture migration due to thermal
gradients
Diffusion in the gas phase
Diffusion in the liquid phase
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Additional internal mass transfer mechanisms are the liquid and vapour fluxes due to
total pressure gradients and surface diffusion. The first are only taken into
consideration when the porous solid undergoes noticeable pressure differences, and
the latter occurs when active surfaces undergo adsorption. In the present study, these
mechanisms are not important. The internal heat and mass transfer mechanisms
mentioned above are driving forces that cause mass and energy to flow through the
porous material. These fluxes are usually expressed as functions of transport
coefficients and corresponding driving forces. Table 1.2 contains the transport
coefficients associated with the main internal heat and mass transfer mechanisms.
Table 1.2: Transport coefficients of internal heat and mass transfer
Mechanism
Heat transfer
• Conduction
• Evaporation-diffusion-condensation
cycles (EDC)
Mass transfer
• Liquid flow due to capillary forces
• Flow by gravitational force
• Diffusion in the liquid phase
• Diffusion in the gas phase

Coefficient
Thermal conductivity
EDC heat transfer coefficient
“Liquid diffusivity”
Hydraulic conductivity
Matrix diffusion coefficients in the liquid phase
Matrix of diffusion coefficients in the gas phase

During non-isothermal drying, the coefficient associated with the overall heat transfer
within the porous solid is the effective thermal conductivity that embodies the
contribution of the conduction mechanisms through the different phases and the heat
transfer due to the sequence of evaporation-diffusion-condensation cycles taking into
account the particular structure of the solid.
The liquid flow coefficients reported as hydraulic conductivity and “liquid
diffusivity” are those influencing internal mass transport during the drying of a porous
solid containing either a single liquid or a multicomponent liquid mixture under
isothermal or non-isothermal conditions. These coefficients have been widely studied
in the convective drying of porous media wetted with single liquids and water
infiltration in soils. Within the frame of these investigations, reliable results have
been obtained by combining experimental measurements and mathematical models of
single liquid transport in order to compute the hydraulic conductivity and retention
properties of the solid.
Diffusion in multicomponent gas and liquid mixtures constitutes one of the main
mechanisms, together with the capillary movement of the liquid, for mass transfer
during drying of a porous solid containing a multicomponent liquid mixture. Mass
transfer by diffusion in binary mixtures is defined by one diffusion coefficient. In
multicomponent mass transfer, the transport coefficients associated with diffusion
mechanisms are the matrices of multicomponent diffusion coefficients in the liquid
and gas phases.
All the transport coefficients mentioned above depend strongly on moisture content,
composition and temperature; hence, their use when heat and mass fluxes are
introduced into the conservation equations demands considerable experimental data.
Therefore the development of methods to determine these coefficients and reduce the
number of experiments would be useful in implementing models to improve the
2

design, process exploration and optimisation of dryers by incorporating the solid-side
effects to describe the drying of liquid mixtures along the whole process. The
application is not restricted to drying operations but also extends to other processes
where mass and heat transfer in a multicomponent liquid mixture or a solid wetted
with a multicomponent liquid mixture take place (for instance, transport of organic
contaminants in soil and separation methods for soil remediation).
Even when the interest is limited to the removal of a thin liquid film from a solid
surface or simply the increase of solid concentration of a solution or slurry, transport
within the liquid may be important when the liquid consists of a mixture. This is
usually the case of high-intensity drying during which the liquid phase may develop
considerable resistance to heat and mass transfer. Examples of the drying of
multicomponent liquid films are the removal of water from liquid foods containing
aroma compounds, the removal of organic solvents from pharmaceuticals and the
drying of coated surfaces.

1.2. Literature review
1.2.1. Drying of a solid containing a liquid mixture
The drying of a solid containing a liquid mixture is controlled by the interaction of
gas phase diffusion (external mass transfer), phase equilibrium and transport through
unsaturated capillaries within the solid (internal mass transfer). These processes
depend on temperature and are consequently influenced by heat transfer. Schlünder
(1982) discussed the conditions required for different controlling steps to prevail by
analysing the isothermal evaporation of a binary mixture. Thurner and Schlünder
(1985, 1986) extended the results to the drying of a porous solid containing the binary
mixture isopropanol-water. The controlling steps are determined by drying intensity,
so that at moderate gas velocities and temperatures the process is likely to be
controlled by the gas-side mass and heat transfer or equilibrium. On the other hand,
under intensive drying, the resistance to mass and heat transfer within the solid phase
becomes significant.
Regarding gas-phase-controlled drying, Riede and Schlünder (1990) studied the
effects of gas preloading and the presence of a third component of negligible
volatility. Gas-phase-controlled drying of solids wetted with volatile ternary and
multicomponent mixtures was analysed by Martínez and Setterwall (1991),
emphasising the influence of process conditions on the evaporation selectivity.
Vidaurre and Martínez (1997) studied the selectivity in continuous drying of a solid
wetted with a ternary mixture in contact with a gas stream. Luna and Martínez (1999)
presented a stability analysis of the ordinary differential equations that describe gasphase-controlled multicomponent drying.
Liquid-side control for a binary mixture was reported by Pakowski (1990, 1994). All
these investigations are concerned with processes where the gas conditions do not
change during the process; this is often the case in batch drying. Continuous drying
of polyvinyl alcohol wetted with a binary mixture in a closed-circuit dryer was
studied by Thurner and Wischniewski (1986). When liquid-side resistance cannot be
neglected, the complexity of convective drying of multicomponent liquid mixtures is
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such that only an approximate analysis or a numerical solution of the equations
describing the process is possible. This approach has been used to study the drying of
polymeric films by Guerrier et al. (1998). The main difficulties to obtaining
particular analytical solutions are the complex interactions of transport mechanisms
and phase equilibrium as well as the strong dependence of the drying process on
composition, temperature and the contact mode between the phases. Luna et al.
(2005) have developed an analytical solution of the multicomponent diffusion
equation for isothermal drying of a liquid film assuming constant physical properties.
When a liquid mixture has to be removed from a deep solid bulk, the solid structure
represents a resistance to mass transfer during drying. The influence of solid-side and
internal transport coefficients are less known, and only the asymptotic behaviour of
binary mixtures under very simplified conditions have been investigated
(Schwarzbach, 1989; Blumberg and Schlünder, 1993; Blumberg and Schlünder,
1995). Studies of the convective drying of porous materials containing partially
miscible mixtures complemented the previous work since they focused on the
influence of the solid body (Steinback and Schlünder, 1998; Steinback, 1999).
Laurent et al. (1999) presented a study of a combined vacuum and contact drying of
multicomponent solvent pharmaceutical hydrate. This also contributed to the study of
thermal behaviour of solids wetted with organic mixtures.
Since different mechanisms will dominate the process during the different drying
stages, and these effects will frequently coexist, knowledge about the asymptotic
behaviour is of very limited practical use to describe the process. Solid-side
resistances will be important in a process at high mass and heat transfer rates. Since
high mass and heat transfer rates are preferred in industrial applications, models
including the effects of the solid and methods to determine transport coefficients are
indispensable for improving the drying technology of material containing liquid
mixtures. In this regard, various authors have started developing or using powerful
computational tools to simulate the influence of the porous structure on moisture
removal from porous solids. By using different models, Prat (2002) summarised
different contributions on pore-scale models. Perré and Turner (1999) simulated the
drying process using 3-D software, while Yiotis et al. (2001) made their analysis with
a 2-D network model.
1.2.2. Liquid transport coefficients
Liquid transport coefficients (hydraulic conductivity and “liquid diffusivity”), account
for the bulk movement of the liquid within the solid. “Liquid diffusivity” is not
properly a diffusion coefficient describing a molecular mechanism of mass transfer
but it is a coefficient, which combines the retention and transport properties of the
solid. Liquid transport coefficients have been extensively studied in solids wetted
with a single liquid, mainly water. Campbell (1974) extended the expression from
saturated to unsaturated hydraulic conductivity by introducing a variable term that
depends on the liquid content of the unsaturated solid. Following the same approach,
Mualem (1976) developed a significant model for hydraulic conductivity that relates
the saturated hydraulic conductivity to the so-called relative hydraulic conductivity.
Rasmuson (1978) applied a model to infiltration and evaporation processes in
unsaturated porous solids using four different methods to calculate the hydraulic
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conductivity. Van Genuchten (1980) developed a parametric model based on
Mualem’s previous method, redefining the relative hydraulic conductivity function.
This later model is widely considered one of the most reliable methods to determine
liquid transport coefficients.
Toei (1983) developed a method applied to the drying of porous solids based on
capillary suction measurements. Büssing et al. (1996) studied the isothermal
transport of liquids in packed beds of glass spheres by measuring the pressure heads
for both draining and imbibing processes using the Van Genuchten parameters and a
normalised function previously developed by Leverett (1941). Bories (1988) applied
macroscopical models to describe coupled heat and mass transfer in capillary porous
bodies introducing saturated hydraulic conductivity as a function of temperature.
Haertling and Schlünder (1980) proposed a function for hydraulic conductivity in
dependence of temperature and liquid content for the prediction of drying rates.
Although the current methods are fairly satisfying, efforts to take into account pore
geometry have been done; e.g. Tuller and Or (2001) proposed a method that considers
film and corner flow in angular pore space to represent the hydraulic conductivity for
a sample of porous medium through statistical treatment.
1.2.3. Multicomponent diffusion coefficients
Diffusion in the gas phase
Vapour diffusion in unsaturated capillaries is the best known of the mechanisms for
mass transport within the solid. Both experimental data and reliable estimation
methods exist to determine multicomponent diffusion coefficients in the gas phase.
The coefficients in a gaseous mixture confined in capillaries are usually corrected
according to the geometry of the unsaturated material and the degree of saturation.
Uncertainties concerning the solid structure are indeed the main problem to describing
the gas diffusion in the interstices of the solid.
Even though mass transfer in the gas phase is quite extensively studied, various
researchers have devoted themselves to the analysis of multicomponent mixture
transport through porous media by gas-phase diffusion (Tuchlenski et al., 1998;
Benes et al., 1999; Descamps and Vignoles, 2000; Kerkhof et al., 2001). Certain
research works are aimed at taking into account the interaction between the gas and
liquid phases (Cheng and Wang, 1996; Wang and Cheng, 1996). Other investigations
focus on the influence of porous structure on gas diffusion applying the MaxwellStefan theory. For instance, Van den Broeke and Krishna (1995) presented an
experimental verification of the theory to predict the diffusion behaviour within
micropores. Wang et al. (1999) applied the Maxwell-Stefan theory to macropore
systems for diffusion-controlled adsorption process in a fixed bed.
Diffusion in the liquid phase
Experimental methods to determine multicomponent diffusion coefficients in the
liquid phase are extremely time-consuming and experimental data is available only
for a few liquid systems. For instance, extending the binary diaphragm cell method
described by Cussler (1976) to multicomponent systems results in a large set of
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experiments. Some works on experimental measurement of liquid diffusion
coefficients have been performed with reliable results but with complex experimental
designs. Burchard and Toor (1962) used the diaphragm cell method applied to
diffusion in miscible ternary and binary liquid mixtures. Rai and Cullinan (1973)
investigated diffusion coefficients in quaternary liquid systems by using an improved
diaphragm cell technique, later optimised by Kosanovich and Cullinan (1971).
Haluska and Colver (1971) and Alimadadian and Colver (1976) used an enhanced
double-plate interferometer method. In turn, Tanigaki et al. (1983) developed the
position scanner spectrophotometer method for aqueous systems. Considering that the
coefficients are strongly dependent on composition and temperature, acquisition of
the experimental information required following processes in which these conditions
change is very costly.
The predictive method aimed to overcome this drawback by using the generalised
Maxwell-Stefan formulation is a valuable approach to the multicomponent diffusion
problem, which is reduced to finding methods to calculate the Maxwell-Stefan (M-S)
diffusion coefficients and using a kinetic model to determine the matrix of
thermodynamic factors from thermodynamic data. Cullinan and Kosanovich (1975)
have worked out a predictive method for determining the M-S diffusion coefficients
based on the theory of the ultimate volume.
Bandrowski and Kubaczka (1982) developed an empirical method based on the
assumption that the coefficients for infinitely diluted mixtures embrace a linear
dependence on the critical volume of binary mixtures and a power dependence on the
thermodynamic coefficients. This approach gives better results than the one based on
ultimate volume.
In extending the binary result to the multicomponent case, Bandrowski and Kubaczka
found that the matrix of the thermodynamic factors should be corrected by using an
empirical exponent to fit existing experimental data. Most of the methods reported in
the literature have considered that the M-S diffusion coefficients are a simple function
of concentration. Therefore, the M-S diffusion coefficients in concentrated solutions
are calculated from infinite dilution ones (See Taylor and Krishna, 1993). One of the
most common methods is the one suggested by Vignes (1966) for binary mixtures.
Kooijman and Taylor (1991) developed a more accurate method for multicomponent
mixtures based on Vignes’ method taking into account the limiting diffusivities due to
the composition of the mixture, previously studied by Wesselingh and Krishna
(1990).
From other recent studies, Medvedev and Shapiro (2003) looked back to
thermodynamic irreversibilities to predict multicomponent transport properties. On
the same track, Shapiro (2003, 2004) derived an expression for multicomponent
diffusion coefficients for both non-ideal gases and liquids, and extended the
application of this theory to other transport properties such as thermodiffusion and
heat conductivity.
In recent years, several experimental works have been developed using modern data
acquisition techniques. For instance, Bardow (2007) performed ternary diffusion
measurements to assess the mass diffusion in the DLS (dynamic light scattering)
spectrum according to Onsager’s regression hypothesis. Rehfeldt and Stichlmair
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(2010) determined Fick diffusion coefficients by holographic laser-interferometry.
Kriesten et al. (2009) combined Raman spectroscopy and nuclear magnetic resonance
(NMR) inter-diffusion measurements to determine binary diffusion coefficients.
More recently, Bardow et al. (2009) applied nuclear magnetic resonance (NMR)
intra-diffusion measurements to predict multicomponent mutual diffusion in liquids
testing a cyclohexane-n-hexane-tolueno system. Rehfeldt and Stichlmair (2010) and
Bardow et al. (2009) developed their work using the relationship between generalised
Fick’s Law and M-S diffusion coefficients. However, deviations with respect to the
experimental data were found by the authors.
1.2.4. Effective thermal conductivity
The effective thermal conductivity of a porous solid has been largely studied. Efforts
have been concentrated mainly on techniques to determine this transport coefficient in
two-phase systems: a solid saturated with either a gas or a liquid, for which various
types of analytical and empirical models have been developed. Thermal-electric
analogies (Ohm’s Law), geometric considerations (unit cell) and stochastic
distributions have been considered by several authors. Most of the contributions are
focused on heat transfer through two-phase fixed beds, e.g. heat insulation systems
(Melka and Bézin, 1997; Bahrami et al., 2006). Studies have been also extended to
composite materials (Liang and Qu, 1999; Felske, 2004) and more recently to microand nano-particles (Wang et al., 2007; Li and Peterson, 2007).
One of the earliest methods for three phases was a method developed by Krischer
(Krischer and Kast, 1992), which has two empirical parameters adjustable from
experimental data. However, several models without fixing parameters have also
been used. Okazaki et al. (1977), for example, predicted effective thermal
conductivity for wet beds of granular materials, extended later by Okazaki et al.
(1982) for consolidated solids. Ochs et al. (2007) presented a work based on
Krischer’s model applied to thermal insulation systems considering moisture in the
insulation material, in which the contribution to heat transfer due to the evaporationdiffusion-condensation mechanism for single liquids is also taken into account.
Richard and Raghavan (1984) overviewed particle contact heat transfer during the
drying of grains by immersion in hot particles and presented a summary of various
models of particle contact heat transfer. However, Krischer’s model is still one of the
more suitable for effective thermal conductivity in a wetted solid; Tsotsas and
Schlünder (1986), for example, computed the effective thermal conductivity for
contact drying with mechanical agitation based on this model.
The effective thermal conductivity of porous materials containing a multicomponent
liquid mixture has not been significantly studied in the literature. Martínez (1992)
presented a study of simultaneous mass and heat transfer during the drying of a
porous solid containing a multicomponent mixture, in which the thermal conductivity
due to the evaporation-diffusion-condensation mechanism of the multicomponent
mixture is derived.
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1.2.5. Drying of a multicomponent liquid film
At an initial stage, when the solid is saturated with liquid, evaporation takes place
from a liquid layer superficially distributed on the solid surface. If evaporation into a
hot gas stream occurs, we have the case of convective drying of a liquid film. Hence,
among the mechanisms described in 1.2.1, only transport in the liquid phase, gas
phase and equilibrium are involved in the process. Drying of a liquid film can be
applied for product quality purposes, as stated in 1.1, e.g. to retain aroma in
foodstuffs, remove toxic substances or strengthen coating surfaces in pharmaceutical
products, among others. However, in some cases, the main purpose of the removal of
volatile compounds is to concentrate a solution or recover a solvent. In such cases,
the concept applied is evaporation, and this operation frequently occurs in industry,
preferably in falling film evaporators.
The uses of falling film evaporators are mainly in desalination, concentration of fluid
foods, evaporation of temperature sensitive fluids, and refrigeration. Some of the
advantages of using falling film evaporation are: increased evaporation-side heat
transfer, short contact time between liquid and heating surface, lack of static head
(evaporation without elevation of boiling point), low temperature differences, surfaceonly evaporation. Most studies on falling film evaporation deal with the evaporation
of pure liquids with emphasis on heat transfer and hydrodynamic phenomena (ElGenk and Saber, 2002; Du et al., 2002). These studies are mostly carried out in
cylindrical and flat geometries arranged vertically or inclined. Others use plane or
modified horizontal tubes to enhance heat transfer.
Concerning evaporation of multicomponent falling liquid films, most studies found in
the literature involve binary and ternary systems. Moreover, in most studies
evaporation is into the vapours of the solvents contained in the liquid film mixture
(Brotherton, 2002), while others deal with evaporation into an inert flowing gas
(Baumann and Thiele, 1990; Agunaoun et al., 1998). Some studies focus on the
influence of entrainment and deposition phenomena on mass transfer involving binary
and ternary systems (Barbosa et al., 2003). Gropp and Schlünder (1985) studied the
influence of nucleate boiling and surface boiling on selectivity and heat transfer by
liquid-side mass transfer resistances. They found that selectivity diminishes when
increasing heat flux, and it is mainly controlled by thermodynamic equilibrium during
surface boiling.

1.3. Aim and scope
The objective of this work is to study the transport coefficients involved in mass and
heat transfer during the drying of a porous solid partially saturated with
multicomponent mixtures. The principle of the study is the comparison of
experimental measurements with mathematical models that describe multicomponent
internal mass transport during that process. To accomplish this, the research work is
organised as follows:
•
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The non-steady-state isothermal drying of a particulate solid bed containing a
multicomponent mixture is analysed by performing experiments at different
constant temperatures and using a porous solid wetted with two different

ternary mixtures. Total liquid content and liquid composition distribution are
measured and compared with simulated profiles. The coefficients that
describe the capillary movement of the liquid were previously determined by
comparing theoretical and experimental liquid content profiles obtained during
isothermal drying of the solid wetted with single liquids.
•

The coefficients of diffusion in the liquid phase are examined by performing
experiments in a straight sealed tube, in which the liquid composition
redistribution produced in an unsaturated capillary exposed to a stationary
temperature gradient is measured. These experimental data are compared with
a mathematical model that describes the liquid distribution to determine the
matrix of diffusion coefficients.

•

The effective thermal conductivity of a particulate solid bed containing a
multicomponent mixture under non-isothermal drying is determined by
performing experiments at different heat source temperatures and using a
porous solid wetted with two different ternary mixtures. Quasi-steady-state
experimental temperature profiles, liquid content and liquid composition are
used to calculate the effective thermal conductivity.

•

Multicomponent diffusion coefficients in the liquid phase are used in the
development of an analytical and a numerical solution to describe the drying
of a stationary and falling liquid film. Thereafter, an analysis of the main
factors that influence selectivity and control mechanisms during the
evaporation of multicomponent mixtures into an inert gas is also performed.

1.4. Outline
The thesis is arranged as follows: Chapter 2 presents a background of internal mass
and heat transfer within a porous solid containing multicomponent liquid mixtures;
chapter 3 includes the mathematical models considered in this study, while chapter 4
describes the corresponding experimental work. Chapter 5 then presents the main
results and discussion, and finally chapter 6 gives the conclusions.
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2
MASS AND HEAT TRANSFER IN A PARTIALLY
SATURATED POROUS SOLID

Mass and heat transfer during convective drying of a capillary porous solid wetted
with a multicomponent liquid mixture take place by external and internal transport.
External mass and heat transport are governed by convection mechanisms between
the drying agent and the solid. Mass transfer within the solid occurs mainly by
capillarity, and by molecular diffusion in the gas and liquid phases, in partially filled
pores. Heat transfer within an unsaturated porous solid occurs by the conduction
mechanism through the phases and by successive evaporation, diffusion and
condensation cycles. The fluxes caused by these mechanisms are usually written as a
function of driving forces and transport coefficients. In this section, heat and mass
fluxes within the solid and the transport coefficients corresponding to the main
transfer mechanisms are examined.

2.1. Liquid phase flux
The capillary flux of liquid through an unsaturated porous solid subject to surface
drying may be expressed in molar units as:

 u
Gl = c l  Du + K 
 z


(2.1)

where G is the molar flux, c is the molar concentration, u is the liquid content, and z is
the length coordinate; the subscript l denotes liquid phase. The coefficients Du and K
are the liquid diffusivity and the hydraulic conductivity of the liquid. For an
unsaturated solid wetted with a single liquid in isothermal conditions, these
coefficients are dependent on liquid content.
If the liquid consists of a mixture of solvents, equation (2.1) describes the movement
of the liquid as a whole. Even though this expression has mainly been used for single
liquids in isothermal conditions, the effect of the liquid temperature and composition
can be considered in dependence of the transport coefficients on the physical
properties of the liquid mixture.

11

2.1.1. Hydraulic conductivity
The part of the flow represented by the hydraulic conductivity is related to the liquid
transport due to gravitational forces. Hence, this part is usually neglected for
horizontal flow or when the thickness of the samples is small. Different methods to
determine this coefficient have been reported in the literature, some of which concern
drying processes (Rasmuson, 1978; Haertling and Schlünder, 1980; Toei, 1983).
The expression for unsaturated hydraulic conductivity is usually regarded as
consisting of two parts: the first depends on the liquid local properties and the
structure of the bed and is called saturated hydraulic conductivity; the other is a
function of the liquid content and is called relative permeability
K=

 l gk
kr
l

(2.2)

where  is the density,  is the viscosity, g is the gravitational acceleration, and k is
the intrinsic permeability dependent only on the structure of the bed. Several methods
are reported in the literature to determine relative permeability kr. According to Van
Genuchten (1980), this term can be calculated by:

[

kr = s1/eff2 1 (1 s1/eff )

 2

]

(2.3)

where  is a parameter. The effective saturation in equation (2.3), seff, is expressed as:
seff =

u  uirr
s  sirr
=
usat  uirr ssat  sirr

(2.4)

where s = u/ is the saturation degree and  the porosity of the solid. The subscripts
sat and irr denote saturated and irreducible conditions, respectively. The irreducible
liquid content is the amount of liquid per unit volume that cannot be released from the
porous bed even if the pressure increases greatly.
2.1.2. Liquid diffusivity
Liquid diffusivity, Du, is not properly a diffusion coefficient but it takes into account
the retention properties of the bed due to capillary forces. It can be written in terms of
the hydraulic conductivity and the capillary pressure head according to:

Du = K

h
u

(2.5)

That means that to determine the liquid diffusivity besides the unsaturated hydraulic
conductivity, the measurement of the capillary pressure head h as a function of liquid
content is required. Experimental techniques to determine the capillary pressure head
are time-consuming and the reproducibility is not good. Therefore, several
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calculation and semi-empirical methods have been developed in the literature. One of
the most used methods has been reported by Van Genuchten (1980):

h=

1/ n
1 1/ 
seff 1)
(


[

]

(2.6)

where , also included in equation (2.3), is defined by:

 = 1

1
n

(2.7)

Factors n and  are the Van Genuchten parameters and they are useful to determine
both hydraulic conductivity and capillary pressure head curves.
Considering the bad experimental reproducibility and the considerable time required
to determine the capillary pressure head curves experimentally, a more suitable
method to calculate the transport coefficients for liquid transfer would be to measure
liquid content curves instead of capillary pressure curves. The parameters of Van
Genuchten or other similar methods could be obtained by adjusting theoretical liquid
content profiles to experimental data from drying or infiltration experiments. For
instance, Ramírez et al. (1998), among others, obtained the hydraulic conductivity in
infiltration experiments applying this method.

2.2. Molecular mass transfer in multicomponent mixtures
Molecular diffusion plays an important part during the drying of solids wetted with
liquid mixtures. When the moisture consists of a single liquid, diffusion is restricted
to the gas phase and mainly through the diffusion film at the surface of the solid. In
the presence of a multicomponent mixture, molecular diffusion occurs even in the
liquid phase, both at the external surface of the saturated solid and within the pores.
Three main approaches of multicomponent diffusion can be found in the literature:
the Maxwell-Stefan diffusion theory, the generalised Fick’s Law and the
thermodynamics of irreversible processes (Bird et al., 2002). Here, the first two
formulations and their relationships will be described briefly.
2.2.1. Maxwell-Stefan diffusion theory
The Maxwell-Stefan theory for diffusion in multicomponent mixtures is based on the
assumption that driving forces are balanced by friction forces between all the species
in the mixture and the pore walls if they exist. If the chemical potential is the only
existing driving force, this balance results in a linear dependence between the
chemical potential and diffusion fluxes. For an n-component mixture in an isothermal
single phase, the Maxwell-Stefan equations are:
n
w J  w j Ji
wi
 T μi =  i j
RT
c Dij
j=1

i = 1,2…n

(2.8)

ji
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where the left term represents the driving force, the subscript  denotes phase, either
liquid or gas, w is the molar fraction, μ is the chemical potential, J is the diffusion
flux, Dij are the Maxwell-Stefan (M-S) diffusion coefficients, R is the gas constant,
and T is the phase temperature. Only n-1 of the M-S equations are independent and
the M-S coefficients are not defined for i = j.
When simultaneous heat and mass transfer occur, the Maxwell-Stefan diffusion
equation is extended by adding a new driving force to the balance:
n
w J  w j Ji n
wi
T
 T μi =  i j
  w i w j ij
T
RT
c Dij
j=1
j=1
ji

i = 1,2…n

(2.9)

ji

The additional contribution to mass transfer, known as the Soret effect, is due to a
temperature gradient (Taylor and Krishna, 1993). The coefficient ij, the
multicomponent thermal diffusion factor, depends on the thermal diffusion
coefficients of single components, which are rarely reported in the literature and are
available only for a few species. Fortunately, the contribution of the Soret effect to
molar fluxes is important only if the system is exposed to large temperature gradients
and is thus neglected in this work.
The driving force represented by the left hand side of equation (2.8) may also be
written as a function of molar fractions. For unidirectional flow along z coordinate:
w i μi n1 w i
=  ij
RT z j=1 z

i = 1,2…n

(2.10)

where ij is the thermodynamic factor described as:

ij = ij +

w i  ln  i
w j  ln  j

i,j = 1,2, . . . n-1

(2.11)

where i and j are the activity coefficients of each component of the mixture.
2.2.2. Fick’s generalised diffusion law
Fick’s generalised law for multicomponent diffusion is formally an extension of the
binary case where the flux of a single species is expressed as a linear combination of
the molar fraction gradients of the independently diffusing components of the
mixture. Written in compact matrix notation for a mixture of n diffusing species:
J =  c D

w
z

(2.12)

where w is the (n-1) vector of molar fractions. Both column vectors J and w/z
have dimension (n-1), i.e. the number of independently diffusing components in the
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mixture; thus, D is the (n-1) by (n-1) matrix of multicomponent diffusion
coefficients. The diffusion flux for the n-component of the mixture is:
n1

J ,n =   J ,k

(2.13)

k=1

The relationship between Fick and M-S diffusion coefficients is expressed for nonideal mixtures as follows (Taylor and Krishna, 1993):
(2.14)

D = B1

where  is the matrix of thermodynamic factors with elements defined in equation
(2.11) and B is the matrix with elements defined by:
n

Bii =

wi
w
+ k
Din k=1 Dik

i = 1,2, . . . n-1

(2.15)

i  j = 1,2 . . . n-1

(2.16)

ki

 1
1 
Bij = w i 


 Dij Din 

According to Wesselingh and Krishna (2000), the Maxwell-Stefan approach has
several advantages over the generalised Fick formulation, particularly concerning the
physical meaning and behaviour of diffusion coefficients as a function of
composition. It also has the feasibility to incorporate other driving forces in the basic
expression in a simple way. However, the results obtained applying both theories are
similar and, in fact, Fickian multicomponent diffusion coefficients are calculated from
Maxwell-Stefan diffusion coefficients using equations (2.14) to (2.16). In addition,
the Fick formulation is explicit in fluxes, which allows them to be easily incorporated
in mass and energy balances for simulation purposes. For this reason the generalised
Fick formulation is used in this work.
2.2.3. Matrix of multicomponent diffusion coefficients in the gas phase
For ideal gases, the matrix of diffusion coefficients, defined by equation (2.14),
reduces to:
Dg = B1

(2.17)

where B is the matrix with elements defined in equations (2.15) and (2.16) with w = y
(gas molar fraction), subscript g denotes gas phase. For ideal gases, M-S diffusion
coefficients are identical to the diffusion coefficients of a binary mixture and are
estimated quite well from the kinetic theory of gases. They are dependent on
temperature and pressure but independent of composition. On the other hand, Fickian
multicomponent diffusion coefficients are dependent on composition. A very reliable
method to estimate binary M-S diffusion coefficients is Fuller’s model, reported by
Poling et al. (2000).
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2.2.4. Matrix of multicomponent diffusion coefficients in the liquid
phase
For liquids the situation is less satisfactory than for gases because there is not a good
accurate theory and the experimental information is scarce. M-S diffusion
coefficients in the liquid phase are not the same as the binary coefficient. Besides MS diffusion coefficients to determine the matrix B according to equations (2.15) and
(2.16) with w = x (liquid molar fraction), a thermodynamic model to calculate the
matrix of thermodynamic factors is required in order to use equation (2.14) for the
calculation of Fickian diffusion coefficients.
The M-S diffusion coefficients Dij for liquid mixtures have been estimated by various
methods (see Taylor and Krishna, 1993), one of the most commonly used of which
was proposed by Vignes (1966). It gives the binary diffusion coefficient as a function
of liquid composition:

D12 = ( D12o )

x2

o x1
21

(D )

(2.18)

where Dijo denotes the binary diffusion coefficients at infinite dilution. Vignes’
equation was later extended for multicomponent systems by Krishna et al. (1981) and
Krishna (1985) as:

Dij = ( Dijo )

X ji

o X ij
ji

(D )

i,j = 1,2…n

ij

(2.19)

where:

X ij =

xi
( xi + x j )

X ji =

xj

(x

(2.20)

i + x j)

Wesselingh and Krishna (1990) developed an extension of Vignes’ equation for
ternary systems, later generalised for multicomponent mixtures (also see Wesselingh
and Krishna, 2000):
n

Dij =  ( Dijxk 1 )

xk

(2.21)

k=1

Taking into consideration the limiting diffusivities due to concentrations in Vignes’
equation, Wessenlingh and Krishna (1990) derived the following expression from
equation (2.21):
Dij = ( Dijo )

(1+x j x i ) / 2

o (1+x i x j ) / 2
ji

(D )

i,j = 1,2…n

ij

(2.22)

Kooijman and Taylor (1991), considering other components than i and j, suggested
that equation (2.21) might be expressed as:
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o xj
ij

Dij = ( D

o xi
ji

n

o xk / 2
jk

) (D )  (D D )
o
ik

i,j =1,2…n

i  j, k  i,j

(2.23)

k=1

Bandrowski and Kubaczka (1982) concluded that for more reliable results on
predicting diffusivities in multicomponent liquid systems, the thermodynamic matrix
should be exponentially modified, so that equation (2.14) becomes:
(2.24)

Dl = B1

were  is the modifying empirical exponent. Using that method, the coefficients Dij
in equations (2.15) and (2.16) are considered as a function comprising the linear
dependence on the critical volume. Dullien (1972) was the first to develop a
relationship based on that dependence to predict self-diffusion coefficients for liquids.
Bandrowski and Kubaczka (1982) extended this relationship to be valid for mutual
diffusion as:

 V j j

Vc2 / 3
V
Dij =
 2 / 3 Dijo  i2 / 3i Doji 
Vci
V(Vci  Vcj )  Vcj


i,j = 1,2…n

ij

(2.25)

where V is the molar volume, and Vc is the critical volume. The coefficients Dijo and
Doji are the mutual diffusivities determined experimentally or calculated from existing
methods. The correlation of Hyduk-Minhas for binary mixtures in dilute solution is
recommended by Poling et al. (2000).

2.3. Mass transfer in an idealised capillary
The behaviour of the unsaturated solid may be modelled as a partially filled straight
capillary, as shown in Figure 2.1. The liquid mixture consists of n condensing
components. The gas phase consist of the corresponding n vapours and a noncondensable gas, the drying agent. The overall mass flux consists of the transfer of
vapours in the space occupied by the gas phase and the contribution to the mass
transfer in the liquid phase. As the phases are arranged in parallel, the contributions
from the fluxes in the liquid and gas phases may be simply added to obtain the overall
flux in the capillary.
(2.26)

Go = Gl + Gg



u

Gg

Gas

Gl

Liquid

1
z

Solid

Figure 2.1: Unsaturated capillary
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where G are column vectors with as many elements as condensing species in the
mixture. The subscript o denotes overall.
2.3.1. Mass fluxes in the liquid phase
The molar flux of each species consists of a bulk part and a diffusive part. Molecular
diffusion in the gas and liquid phases is described by equation (2.12) provided that the
proper molar fractions (y for the gas and x for the liquid) and the cross section
occupied by each phase are used. Assuming that the ratio of the cross section
between the part of the capillary occupied by the liquid and the total volume is equal
to the liquid content u, the fluxes by diffusion in the part occupied by the liquid
become:
J l = c l uDl

x n1
z

(2.27)

where the column vectors Jl and xn-1/z have dimension (n-1), i.e. the number of
independently diffusing components in the mixture. In turn, Dl is the (n-1) by (n-1)
matrix of multicomponent liquid diffusion coefficients. The diffusion flux for the nth component of the mixture is:
n1

J l,n =   J l,n = 1Tn1 c l uDl
k=1

x n1
z

(2.28)

where 1 is a column vector of ones and superscript T denotes transposition. Since the
knowledge of n diffusion fluxes are not enough to calculate n fluxes with respect to a
stationary frame of reference, extra information about some of the fluxes in G or a
relationship between them is necessary to determine all the fluxes. In the case of
mass transfer in the liquid phase, suitable extra information is expression (2.1), which
accounts for the capillary flux of the liquid. To obtain the flux of each species in the
liquid phase, molecular diffusion is added to the bulk flow of each species due to the
movement of the liquid as a whole giving:

 u
x
G l,n1 = c l x n1 Du + K   c l uDl n1

 z
z

(2.29)

The contribution of molecular diffusion in equation (2.29) is a function of the
gradients of the (n-1) independently diffusing components of the mixture. Thus,
equation (2.29) provides only (n-1) fluxes. The flux of the remaining component can
be calculated taking advantage of the fact that the diffusion fluxes add up to zero:

 u
x
Gl,n = c l x n  Du + K  + 1Tn1 c l uDl n1

 z
z

Equations (2.29) and (2.30) can also be expressed in a merged form as:
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(2.30)


 u
x
G l = c l x n  Du + K   c l uDel n1

 z
z

(2.31)

Equation (2.31) provides the fluxes of all the condensing species with respect to a
stationary axis. The matrix Del is an n by (n-1) matrix consisting of the matrix of
multicomponent diffusion coefficients Dl with an extra row constituted by the
negative sum of the column elements of Dl. The column vector of liquid molar
fractions, xn, has a length n while only (n-1) elements of the vector of composition
gradients are considered.
2.3.2. Mass fluxes in the gas phase
In an isothermal capillary partially filled with a liquid mixture, there will be
composition gradients in the gas phase unless the liquid composition remains
uniform. Convective drying, using a non-condensable drying agent, is a case of
multicomponent diffusion through a stationary non-condensable gas. The extra piece
of information is that the flux of the inert species, usually labelled with the component
number n+1, is zero.
Considering that the space occupied by the gas phase is the fraction of the total
porosity not occupied by the liquid, the fluxes with respect to the stationary axis are:
G g = c g (  u) YDg

y n
z

(2.32)

where Y is the matrix that takes into account the contribution of the bulk flow to mass
transfer. The elements of Y are given by:
Yij =

yi
+ ij
yn

i,j = 1,2,…n

(2.33)

where ij is the Kronecker delta (1 if i = j, 0 if i  j).
Since the flux of the non-condensable gas is zero, the order of the vector G is equal to
the number of condensable components, n. The interstices in the porous solid are
usually small, thus it is reasonable to assume that the phases in the capillary are in
equilibrium. This assumption permits the gas composition to be related to the
composition of the liquid, and equation (2.32) may be rewritten:

y  x n1
G g = c g (  u) YDg

x  n1 z

(2.34)

The matrix y/x contains the derivatives of the vector y, the gas molar fractions,
with respect to vector x, the liquid molar fractions. The subscript n-1 in a matrix
product denotes a reduction of dimension by subtracting the column n from the first
n-1 columns and eliminating the last column of the original matrix. The coupling
between the phases is given by equilibrium relationship:
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y j = x j  j (T,x )

p 0j (T )
P

j = 1,2, . . . n-1

(2.35)

where pj0 is the saturated vapour pressure of component j and P is the total pressure.
If the capillary is not isotherm, the derivative of the gas composition with respect to
space is expanded to include the effect of temperature yielding:


y  x n1
y T
G g = c g (  u)  YDg 
+ YD g

x  n1 z
T z

(2.36)

where y/T is the vector of the derivative of vector y with respect to the temperature.
2.3.3. From the straight capillary to the porous solid
To obtain a better resemblance of the porous solid, the simplified picture of the
capillary must be corrected considering the real geometry of the capillaries since the
diffusion path is not straight but tortuous. The diffusion coefficients can be corrected
by multiplying them by a factor including the constriction factor and the tortuosity,
which for many structures can be approximately 1.5 (Wesselingh and Krishna, 2000).
In addition, axial dispersion would be important if the dimensions of solid are large
and the velocity through the material is high. This is not usually the case during
drying where deep samples are avoided to reduce internal resistances to heat and mass
transfer, but it can be the case in some experimental set-ups.

2.4. Heat flux in a partially saturated porous solid
Heat transfer takes place in an unsaturated porous solid by the mechanism of
conduction through the phases and successive evaporation diffusion and condensation
cycles that occur in a partially saturated porous solid exposed to a temperature
gradient.
2.4.1. Effective thermal conductivity
The capillary model
The mechanism described above is better understood with a simple system consisting
of a capillary partially filled with a liquid, the corresponding vapours and an inert gas
exposed to an axial temperature gradient, as shown in Figure 2.2. The net heat flow at
steady state in this parallel arrangement is given by the summation of the heat flowing
through each single phase as:

Q = Aq = Asqs + Al ql + Ag qg + Ag qd

(2.37)

where Q is the total heat flow, A is the transversal area, q is the heat flux, and
subscript s, denotes solid phase. The term qd constitutes the heat flux by the
20

evaporation-diffusion-condensation mechanism that occurs in the space occupied by
the gas phase.

T
T1
T2
z

q

Solid

(1-)

Gas

( -u)

Liquid
Solid

u
(1-)

Figure 2.2: Heat transfer along a capillary partially filled with a liquid
At steady state, the total heat flux q passing through the porous bed can be expressed
in terms of the effective thermal conductivity eff by Fourier’s Law:
q = eff

dT
dz

(2.38)

The effective thermal conductivity through the phases in parallel arrangement shown
in Figure 2.2 is given by:

eff = (1 ) s + ul + (  u)( d + g )

(2.39)

Krischer’s model
The actual complexity of the heat transfer through a partially saturated porous solid
can be considered using Krischer’s model illustrated in Figure 2.3. This method
consists of combining the expression corresponding to the phases illustrated as plane
slabs in parallel (as in Figure 2.2) and series arrangements. Heat transfer through the
porous solid is at minimum as the resistance is at maximum. This occurs when the
phases are arranged in series along the whole bed height. Thus, the resistance to heat
transfer is at minimum when the phases are entirely arranged in parallel, and therefore
any intermediate case results from the weighted combination of the extremes cases.
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(1-b)(-u)

g

b( -u)

d +g

s

a

l

u

s

(1-)
l

g

d +g

(1-a)
(1-)

u

b( -u)

(1-b)(-u)

q

Figure 2.3: Serial and parallel arrangements of the phases as resistances to heat
transfer according to Krischer’s model
The effective thermal conductivity of the lower part of the schematic picture of the
solid shown in Figure 2.3 represents the parallel arrangement and is given by:

(1a ) = (1 ) s + ul + b(  u)( d + g ) + (1 b)(  u) g

(2.40)

The expression for the upper part represents the series arrangement:

1 1  u b(  u) (1 b)(  u)
=
+ +
+
s
a
l d + g
g

(2.41)

The empirical parameter b is introduced in equations (2.40) and (2.41) since the
effectiveness of the evaporation-diffusion-condensation process occurring within the
porous space must be related to the degree of wetness of the material. The parameter
b is a function of the liquid content, and many expressions have been proposed to
estimate it. Palosaari and Cornish (1975) presented a polynomial expression; Ochs et
al. (2007) examined two models that require empirical coefficients from experimental
work for specific materials. The expression proposed by Krischer (Krischer and Kast,
1992) is a generalised approach, which has also been used by Tsotsas and Schlünder
(1986) as:

 u 9
b = 1 1 
 

(2.42)

The total contribution of the two parts is embodied in the effective thermal
conductivity eff by the series summation of the resistances due to the two previous
expressions:

1
a (1 a)
=
+
eff a (1a )
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(2.43)

Parameter a is the fraction of the series arrangement of the total heat resistance as
shown in Figure 2.3.
2.4.2. The evaporation-diffusion-condensation mechanism
In a solid wetted with a single liquid, the heat flux by the evaporation-diffusioncondensation mechanism included in equation (2.37) is related to the mass flow in a
capillary by:
qd = GA rA

(2.44)

where GA and rA are the molar flux in the capillary and the heat of vaporisation of a
single species A, respectively. Equation (2.44) can also be expressed in a Fouriertype heat equation as:
qd = d

dT
dz

(2.45)

where d is a coefficient of heat transfer (equivalent to a thermal conductivity) due to
the evaporation-diffusion-condensation mechanism. With the phases in equilibrium
throughout the radial space, as previously considered, the concentration gradient can
be related to the imposed temperature gradient. In a gaseous mixture containing a
single condensable component, this coefficient takes the form:

d =

DAB  P  dpA
  rA
RT  pB  dT

(2.46)

where DAB is the binary diffusivity of species A in B, and pA and pB are the partial
pressures of species A and B, respectively. Ochs et al. (2007) presented a summary of
other formulas similar to equation (2.46) reported in the literature.
For a liquid consisting of a multicomponent mixture, Martínez (1992) derived the
following expression for the coefficient of heat transfer by the evaporation-diffusioncondensation mechanism:
 y y x 
d = c g r T YD g  +

 T x T 

(2.47)

where r is the vector heat of vaporisation of the components.
Equation (2.47) may be split into two parts that separately contain the dependence on
temperature and composition gradients:

d = dT + dx

(2.48)
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The temperature-dependant part is analogous to the single component expression
given by equation (2.46) but including the sum of the contribution of all diffusing
components in the gas phase:

dT = c g r T YD g

y
T

(2.49)

The other term depends on the composition gradients generated by the temperature
gradients:

dx = c g r T YD g

y x
x T

(2.50)

To calculate the effective thermal conductivity, the empirical parameter a, which is
related to the arrangement of the phases, has to be determined. As the coefficients
involved in mass transfer are hydraulic conductivity, liquid diffusivity and the matrix
of diffusion coefficients in the liquid phase, it is not possible to determine this
coefficient by purely theoretical consideration.

2.5. Interphase mass and heat transfer
Heat and mass transfer within the solid is intimately related to the mechanism by
which liquid is removed from the surface and heat is supplied to the surface of the
solid. Drying intensity and the external heat and mass transfer mechanisms will
determine when the drying process occurs. At high external heat and mass transfer
rates, the resistance within the solid becomes important. In these conditions, the
drying process will be controlled by internal transport. However, the conditions may
change during the process. There is a well-established theory for interphase mass and
heat transfer between a solid surface wetted with a multicomponent liquid mixture
and a hot gas stream. Based on film theory (see Taylor and Krishna, 1993), the
evaporation fluxes can be represented by:

G v = Ek( y  y  )

(2.51)

where Gv is a column vector with the convective evaporation fluxes;  is the
additional relation between fluxes , also called the bootstrap matrix; E is the matrix of
correction factors for high mass transfer rates; k is the low-flux mass transfer
coefficients; and y is the vector of gas molar fractions with subscripts  and  that
denote interface and gas bulk, respectively.
The convective heat flux is given by the analogous expression:

qh = hE h (T  T )

(2.52)

where h is the low-flux heat transfer coefficient and Eh is a correction factor for high
heat transfer rates.
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3
MATHEMATICAL MODELLING

In this section, the models used to describe the experimental conditions suitable to
elucidate transport coefficients during multicomponent drying are presented. These
involve methods aimed at determining Van Genutchen parameters for liquid transport,
the matrix of the multicomponent diffusion coefficients in the liquid phase, and the
effective thermal conductivity in solids partially saturated with liquid mixtures. In
addition, the application of the multicomponent diffusion coefficients is described in
two cases where liquid diffusion is important: convective evaporation of a
multicomponent stationary liquid film and a falling film.

3.1. Isothermal mass transfer
Normally, convective drying is not isothermal except when the solid is saturated with
a single liquid and drying occurs during what is called the constant drying period.
This stage follows a short period in which temperature changes rapidly until reaching
a steady-state value. At this stage, heat and mass transfer fluxes adjust to produce a
balance between heat transfer by convection and the energy required to sustain the
evaporation. The process remains at these conditions until the resistance against mass
transfer within the solid becomes important and the solid surface begins to dry out.
Then the drying rate is reduced and the solid temperature increases. Such a period of
constant conditions does not really exist when the solid is saturated with a liquid
mixture unless the composition of the mixture corresponds to a dynamic azeotrope.
However, temperature changes are gradual and not very pronounced except for
sudden increases of temperature that correspond to events where some of the species
of the mixture are depleted.
3.1.1. Isothermal drying of a solid wetted with a single liquid
In fact, there is a temperature difference between the solid and drying agent during
convective drying even in a solid saturated with a single liquid. This represents the
driving force that provides the energy flow required to sustain the evaporation. To
obtain a completely isothermal system where even the drying agent is kept at the
same temperature as the solid, the whole system should be inside a jacketed vessel
working with an isothermal fluid. These are the conditions of the experimental set-up
that was used to study liquid transport.
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Mass balance
The mass conservation equation for vertical transport of a single liquid through the
porous bed is the continuity equation:

u   u
=  Du + K 

t z  z

(3.1)

The parenthetical term in equation (3.1) is the total flux defined in the previous
section by equation (2.1). Equation (3.1) is known as Richards’ equation (Dullien,
1992). The height of the bed is L and the positive direction of the z-axis is from the
bottom to the surface exposed to the drying gas. Solving this parabolic differential
equation requires initial and boundary conditions.
Initial and boundary conditions
Initial condition (uniform liquid content):
u = u0

0zL

t =0

(3.2)

Boundary condition at the bottom (isolated for mass transfer):

 u
 Du + K  = 0

 z

z=0

t >0

(3.3)

Boundary condition at the top (convective evaporation):

 u
c l  Du + K  = Gv

 z

z=L

t >0

(3.4)

The last boundary condition establishes that the flux of liquid reaching the surface is
equal to the vapour flux leaving the surface due to convective drying. The
evaporation flux Gv can be calculated using equation (2.51) for a binary mixture of
water vapour and air. The solution of equation (3.1), with initial and boundary
conditions given by equations (3.2) to (3.4), provides the liquid content in the porous
solid as a function of time and space. Since both the liquid diffusivity Du and the
hydraulic conductivity K are strongly dependent on liquid content, the model equation
must be solved numerically. The numerical solution depends on the parameters
involved in the transport coefficients of equation (3.1). This can be used to determine
the parameters of Van Genutchen by comparing calculated and experimental liquid
content profiles.
3.1.2. Isothermal drying of a porous solid containing a multicomponent
liquid mixture
An approach to the structure of a porous solid is displayed in Figure 3.1. The diagram
represents a differential control volume in the z coordinate with fluxes in both the gas
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and liquid phases. As discussed in the previous chapter, the main assumption in the
present analysis is that equilibrium exists between the phases in the interstitial space
of the porous solid.
Mass balances
Liquid content will change within the solid due to mass transfer at the solid surface.
In addition, liquid and gas composition will normally change during the process
owing to the interactions between external mass transfer, phase equilibrium and
diffusion inside the pores. The equations describing these changes can be obtained by
establishing differential mass balances in the volume element shown in Figure 3.1.

Figure 3.1: A partially saturated porous solid
Single component mass balance



G
(c l ux ) + (c g (  u) y) =  o
t
t
z

(3.5)

where the vector of overall fluxes Go is given by equation (2.26) and contains the
fluxes of each species in both the liquid and gas phases.
Total mass balance
If the total flow within the pores consists of the movement of the liquid by capillary
flow and diffusion through a stationary component in the gas phase, the total mass
balance becomes:


G


   u
(c l u) + (c g (  u)) = c l Du + K   1T g
t
t
z 
z
z


(3.6)
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The last term of the right side of equation (3.6) represents the total flux in the gas
phase, with Gg from equation (2.34).
Initial and boundary conditions
To integrate equations (3.5) and (3.6), the following initial and boundary conditions
are required:
Initial condition (uniform liquid content and composition):
x = x0

0zL

t =0

(3.7)

u = u0

0zL

t =0

(3.8)

Boundary conditions at the bottom (isolated for mass transfer):

G o,n1 = 0 n1

z=0

t >0

(3.9)

1Tn G o,n = 0

z=0

t >0

(3.10)

Boundary conditions at the top (convective evaporation):
Gv = Go

z=L

t >0

(3.11)

1Tn G v = 1Tn G o

z=L

t >0

(3.12)

or by introducing the expression of the fluxes:



 u
y  x
G v,n1 =  c l uDl + c g (  u) YDg   n1  c l x n1 Du + K 
x n1 z
z


z=L

t >0

(3.13)


 u

 y  x
1Tn G v = 1T c g (  u) YDg   n1  c l Du + K 
x n1 z
z


z=L

t >0

(3.14)

where Gv can be calculated according to equation (2.51). The solution of equations
(3.5) and (3.6) allows for the calculation of the liquid content and liquid composition
at any time and any location within the solid. However, from the computational
viewpoint, it is more economic to solve n-1 single component balances together with
the total balance and use the fact that the mole fractions add to one to get an equation
for the calculation of the remaining molar fraction.
n

x
k=1
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k

=1

(3.15)

3.2. Non-isothermal drying of a porous solid containing
multicomponent mixtures
Figure 3.2 illustrates the heat and mass fluxes within a porous solid wetted by a
multicomponent liquid mixture. The total liquid content will change in the porous
solid bulk due to heat transfer from the bottom and evaporation at the surface. In
addition, owing to the interactions between external mass transfer, phase equilibrium
and diffusion within the pores, the liquid and gas compositions will normally change
during the process. In this case, a heat flux is supplied at the bottom of the bed.
Mass balances
The mass balances are the same as for the isothermal case; the main difference is that
transport coefficients depend on temperature and an energy balance is necessary to
determine the temperature profiles in the solid.

Figure 3.2: Heat and mass transfer in a porous solid containing a multicomponent
mixture with convective transport from the surface. The term qt is the total heat
applied at the bottom; H is a vector of the component enthalpies in the gas and liquid
phases.
Energy balance
Heat transfer in the porous solid is represented by the following one-dimensional nonsteady-state conduction equation:



T 
C p T ) =  eff
(
t
z 
z 

(3.16)

where Cp is the heat capacity of the unsaturated solid, and eff is the effective thermal
conductivity given by equation (2.43).
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Initial and boundary conditions
Initial condition (uniform temperature within the solid):
T = T0

0zL

t =0

(3.17)

Boundary condition at the bottom (supplied heat flux):
eff

T
= qt
z

z= 0

t >0

(3.18)

Boundary condition at the top (convective evaporation):
qh + (HTg  HTl )G v =  eff

T
z

z=L

t >0

(3.19)

The mass and heat transfer rates at the top of the solid specified in equation (3.19) are
defined by equations (2.51) and (2.52) in the previous chapter.
The solution of equations (3.5), (3.6), and (3.16), with the corresponding initial and
boundary conditions, provides the liquid content, the liquid composition and the
temperature of the porous solid as a function of time and space. However, the solution
of mass balances is not necessary if experimental liquid content and liquid
composition profiles are available. After preliminary experiments it was realised that
drying experiments exhibited a feature that allowed for further simplifications:
temperature gradients seemed to reach a quasi-steady state with unnoticeable
temperature changes. Taking advantage of this behaviour, the steady-state conduction
equation and temperature profiles were compared with experimental temperature
gradients to extract information about the effective thermal conductivity.

3.3. Mass transfer in a sealed capillary exposed to a
temperature gradient
Considering an unsaturated porous solid as a simple straight capillary sealed in its
extremes as shown in Figure 3.3, the mechanisms of heat and mass transfer can be
analysed in a very simplified arrangement of the phases.
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T2

T

T1
z
Solid



Gas + vapour y
Liquid x, u

Figure 3.3: Unsaturated capillary exposed to a temperature gradient
If the extremes of the capillary are sealed for mass transfer and a known steady-state
temperature gradient is imposed parallel to the phases, the net flow at every position
along the capillary is zero. That means that the flow in the gas phase due to the
differences in partial pressures caused by the temperature gradient is equal to but in
the opposite direction from the flow of the species in the liquid phase. This leads to
the following steady-state balances:
A

dx
dT
=b
dz
dz

(3.20)

Written as a function of the saturation of the pores, s = u/, the following matrix A
and vector b result for a system containing a component that is not transferred to the
other phase in each phase:

A = (1 s)c g YDg
b = (1 s)c g YDg

y
 sc l XD l
x

y
T

(3.21)
(3.22)

where X is the matrix in the liquid phase analogous to Y in the gas phase. If all
components of the liquid phase are volatile, the matrix A and vector b are:



1
y  
y 

A = {1 s}c g YDg

x n1 1T Dg
+ sc l Dl

y n +1
x 
x


n1

(3.23)

 
y 
1
y
b = {1 s}c g  YDg  +
x n1 1T Dg

T  n1 y n +1
T

(3.24)

If the temperature gradient is a known function of z, say,
dT
= g(z)
dz

(3.25)
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and the liquid composition at a boundary is known, the ordinary set of differential
equations (3.20) may be integrated in any interval to determine the steady-state
redistribution of liquid composition. In practice, what is known in the experimental
set-up is not the liquid composition at a boundary but the uniform initial liquid
composition in the isothermal capillary. Therefore, the integration is performed using
the experimental liquid composition at one of the boundaries.
The redistribution of liquid composition in the non-isothermal capillary depends on
many factors, among them the matrix of multicomponent diffusion coefficients in the
liquid phase. Hence, if these factors are calculated or determined in separate
experiments, the liquid composition redistribution can be used to determine diffusion
coefficients in the liquid phase. In this work, the comparison between experimental
and calculated steady-state liquid composition profiles in the non-isothermal capillary
was used to determine the empirical exponent of the matrix of thermodynamic factors.

3.4. Drying of liquid films
Under intensive drying of a multicomponent liquid mixture, the resistance to mass
and heat transfer in the liquid phase becomes important even when superficial liquid
is removed. The complexity of the convective drying of multicomponent liquid
mixtures allows only an approximate analysis or numerical solutions of the governing
equations. In this section, an analysis of liquid-side mass and heat transfer is done
focusing on the diffusion mechanism in an evaporating liquid film in contact with a
hot gas stream, a process in which the matrix of multicomponent diffusion
coefficients is involved. In the first case, an analytical solution is presented for the
evaporation of a stationary liquid film. In the second case, the evaporation of a falling
liquid film is studied.
3.4.1. Convective drying of a stationary multicomponent liquid film
The drying of a liquid film into an inert gas is schematically described in Figure 3.4.
To simulate the evaporation of a multicomponent liquid film, the solution of mass and
energy balances and respective initial and boundary conditions is required. In
addition, a total balance is necessary to determine the changes of film thickness.

Figure 3.4: Schematic of drying of a liquid film into an inert gas
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Governing equations
Assuming that the sample dimension in the direction of the gas flow is short, the
transport occurs mainly in the vertical direction. Thus, one-dimensional mass transfer
in the liquid film may be described by the following mass balance:

 (c l x )

x   ( G t x )
= c l Dl  
z 
t
z 
z

(3.26)

Considering diffusion as the main contribution to mass transfer and if average and
constant values of cl and Dl are assumed, equations (3.26) reduce to the following:

x
 2x
= Dl 2
t
z

(3.27)

These equations represent a system of coupled partial differential equations since
diffusion fluxes depend on the molar fraction gradients of the independently diffusing
components of the mixture.
If conduction is the only mechanism for heat transfer in the liquid, the corresponding
equation to describe temperature changes is the conduction equation:

T
 2T
= DH 2
t
z

(3.28)

where DH is the thermal diffusivity. The mass balances can be decoupled by a
similarity transformation and solved simultaneously with the conduction equation.
Initial and boundary conditions
If evaporation and convection heat occur only at the surface of the film, and the initial
composition as well as the temperature of the liquid are given functions of z, the
initial and boundary conditions are:
Initial conditions:

x = x 0 ( z)

0  z 

t =0

(3.29)

T = T ( z)

0  z 

t =0

(3.33)

Boundary conditions at the bottom:

x
=0
z

z=0

t >0

(3.31)

T
=0
z

z=0

t >0

(3.32)
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Boundary conditions at the surface of the film:
c l Dl

 l

x
= G v,n1
z

z =

t >0

(3.33)

t >0

(3.34)

T
= h • (T  T ) (HTg  HTl ) G v
z
z =

where, the convective heat transfer coefficient is defined as h • = hE h according to
equation (2.52).
Moving boundary
If the changes of film thickness are not neglected, the invariance of the fluxes at the
moving phase boundary can be expressed as:

G l = G g + (c l x n  c g y )

d
dt

(3.35)

Under non-isothermal conditions, the following total mass balance gives the rate of
change of the film thickness:

 c T dx c T 
d 1 
=
Gg +  l 
+ l


dt
dt c l 

x
T t 


(3.36)

where the over-bar denotes mean values along the liquid film.
Analytical solution
The solution of equation (3.27) for the isothermal case was reported by Luna et al.
(2005):


x =  P  2e
1

ˆ  2
D
m m

m=1

(
(

2
m

2
m

+ 2)

1

+  + )
2

  cos(  m

)uˆ 0 ( )d

 cos(  m

)  1y b

0

(3.37)
with:

uˆ 0 = P1 (x 0 + y 0 )

y b = (K eff y  ) n1

(3.38)

ˆ is a
˜ and D
where P is the modal matrix whose columns are the eigenvectors of D
diagonal matrix of its eigenvalues as:
ˆ = P1D
˜P
D

34

˜=
D

D
D

D =  Dl 1


(3.39)

and:



=

D c l

ˆ 1
D

=



z


m =

D t
2

(3.40)

where the square matrix  is of order n-1 and consists of the first n-1 column and
rows of the matrix • defined by:

• = K eff K  + (c l I  c g K  )

d
dt

(3.41)

where Keff is a diagonal matrix with the following elements:
K i,i,eff = Gi,g ( y i,  y i, )

1

i = 1, 2, ..., n

(3.42)

The matrix K is defined by the equilibrium relationship:

y =

1 0
p  x n = K x n
P

(3.43)

which is the vector form of equation (2.35), in which p0 and  are diagonal matrices
containing the saturated vapour pressures of the pure liquids and the activity
coefficients, respectively. The subscript n indicates that the vector x contains the
molar fractions of the n components of the liquid mixture.
The solution of the equation (3.28) is similarly given in terms of the dimensionless
temperature:


=

 2e

2
 h,m
h

m= 1

2
( h,m
+ a2 )
2
+ a 2 + a)
( h,m

1

 cos(

 )T0 ( ) d  cos( h,m )

h,m

(3.44)

0

where:

T =Tg 

(  b)(T  T )
a

h =

DH t
2

(3.45)

with:

h•
a=

l

b=

a(HTg  HTl ) G v
h • (T  T )

(3.46)

The eigenvalues in equations (3.37) and (3.44) are defined implicitly by:

tan  m =  1
m

tan  h,m = a 1
h,m

(3.47)

Even though the solution is only valid for constant physical properties, the variation
of coefficients for the whole process can be taken into account by a piecewise
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application of the analytical solution along the process trajectory. That is, by
performing the solution in successive steps where the final conditions of the previous
step are used to calculate the coefficients and serve as the initial condition of the next
step. The changes of film thickness can reliably be calculated step by step by
simultaneously solving equation (3.36) with a proper initial condition.
3.4.2. Convective drying of a multicomponent falling film
Figure 3.5 displays a differential volume element used to derive the model equations
from the material and energy balances.

Figure 3.5: Schematic of convective evaporation of a multicomponent falling liquid
film in a differential volume element
Such a process usually involves indirect supply of heat through the supporting wall,
heat and mass transfer through the liquid film, interface heat and mass transfer,
complex diffusional interactions between the species in the liquid and gas phases and
phase equilibrium. In addition, all these processes depend strongly on composition,
temperature, flow regime of each phase, and the contact mode between the phases.
Mass and energy balances in the liquid phase
Under the assumption that liquid flow in the film is laminar, mass and heat transfer in
the perpendicular direction to the liquid flow is only diffusional; thus, the mass
balance over the liquid phase leads to the following differential equation:
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vl


 
 x
(c l x) = c l Dl

z
 
 

(3.48)

The energy balance over the differential volume results as follows:
vl


  T 
(c l C p,l Tl ) =  l l
z
   

(3.49)

Mass and energy balances in the gas phase
It is assumed that the changes of gas temperature and composition occur mainly in the
direction of the flow. In addition, the gas is considered to be inert and insoluble in the
liquid and heat losses from the gas are negligible. A mass balance over the
differential volume yields:

dFg
= ac G v
dz

(3.50)

where Fg is the vector of molar flow of the vapours per cross-section of the channel
and ac is the specific contact area. An energy balance over the same differential
element yields:

CTp,g Fg

dTg
= ac qh
dz

(3.51)

where Cp,g is the column vector of molar gas heat capacities and qh is the convective
heat flux given by equation (2.52).
Initial and boundary conditions
For the set of coupled partial differential equations (3.48) and (3.49), the following
conditions may be applied:
Inlet conditions:

x = x0

0  

z=0

(3.52)

Tl = Tl,0

0  

z=0

(3.53)

 =0

z>0

(3.54)

 =0

z>0

(3.55)

Boundary conditions at the liquid-wall interface:

x
=0

 l

 Tl
= qcd
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Boundary conditions at the liquid-gas interface:
cl D

 l

x
= G v


 =

z>0

(3.56)

z>0

(3.57)

 Tl
= qh  (HTg  HTl )G v

 =

The heat flux supplied through the wall qcd is given by:
(3.58)

qcd = U o (Ths  Tl )

where Uo is a global heat transfer coefficient that describes heat transfer between the
heating medium of temperature Ths and the liquid temperature at the wall. For the gas
phase at the channel inlet, the following inlet conditions are applicable to equations
(3.50) and (3.51):

Fg = Fg,0

z=0

(3.59)

Tg = Tg,0

z=0

(3.60)

Equations (3.48) through (3.51) with the corresponding inlet and boundary conditions
are solved numerically to determine how the temperature and liquid composition
change with the thickness of the falling film and along a column, as well as the
changes of temperature and gas composition along the column.
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4
EXPERIMENTAL WORK

In order to verify and complement the models, two types of experiments have been
performed: Drying of a capillary porous solid under isothermal and non-isothermal
conditions, and mass transfer in sealed capillary exposed to a temperature gradient.
Experimental set-ups, procedures and evaluations are described below.

4.1. Drying experiments
To perform the drying experiments, the equipment set-up shown in Figure 4.1 was
used. Air taken from the atmosphere by a blower (B) is passed through an adsorption
column (AC) that reduces its humidity and then through a tube section with an
electrical resistance (ER), which heats the gas when necessary. The dry air stream
flows along the tunnel (WT), in which the moisture from the solid placed in the
sample holder (SH) is removed. The set-up contains an automatic control loop (TC)
that regulates the energy supply to the electrical resistance placed in the tube between
the adsorption column and the wind tunnel to keep the air temperature constant.
Fluid flow
Wired connection
AC
B
C
ER
FI
FT-IR
GS
HE
IC
PS
SH
SP
TB
TC
TD
V
WT

Adsorption column
Blower
Computer
Electrical resistance
Frequency inverter
Spectrophotometer
Gas sampling point
Heat exchanger
Interface card
Power supply
Teflon sample holder
Suction pump
Thermal bath
B
Temperature control
Tunnel dryer
Valve
Gas
Wind tunnel

inflow

SP

TC

PS

Gas sample
outflow

ER
AC

V

FT-IR

CT

FI
GS
WT

Gas
outflow

SH
GT
C

HE
TB

Thermocouples:

CT Control

IC

GT Gas flow

Solid sample

Figure 4.1: Experimental set-up
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The tunnel is provided with a gas sampling system, a sampling point (GS) and a
connecting hose that conducts a small continuous flow to the FT-IR gas cell through a
suction pump (SP) in order to measure the gas composition of the outlet gaseous
stream. A thermocouple (GT) is placed in the path of the gas stream over the solid.
Both the FT-IR spectrophotometer and thermocouple interface card (IC) are plugged
into a computer.
4.1.1. Isothermal drying experiments
Two main sets of drying experiments were performed with the objective of verifying
the model that describes the isothermal drying of a porous solid containing a
multicomponent liquid mixture. The first set was carried out using a porous solid
wetted with different single liquid solvents at different temperatures. By comparing
the experimental liquid content profiles with the model for drying a solid containing a
single liquid, retention properties and transport parameters were calculated. The
second set was performed with solids wetted with two different ternary mixtures and
different temperatures in order to verify the multicomponent model. The properly
averaged transport parameters calculated for single liquids were used for the
multicomponent model validation.
The wind tunnel used for isothermal drying experiments has the characteristics shown
in Figure 4.2. Temperature-controlled water from a water bath circulated through the
tunnel jacket side to ensure isothermal conditions. The working temperature was set
in both the air stream temperature control and the water bath.
Thermocouples
Air
Control
Surface
Hot water
outflow

Gas sample to
the FT-IR

Gas
inflow

Gas
outflow
Insulator
Jacket
Hot water
inflow

Teflon sample
holder

Figure 4.2: Jacketed wind tunnel
Procedure
The porous material was loaded into the cylindrical sample holder, divided into 10
rings, and then filled with a ternary liquid mixture until the solid was totally saturated.
The top vessel was covered with a cap to avoid losses by vaporisation of the liquid
components before the experiment was started. The physical model material used as
porous solid was sand (0.125 – 0.250 mm in diameter). Once the gas flow reached
stability, the covered vessel was placed in the jacketed section of the wind tunnel
perpendicular to the gas flow. The cap was then immediately removed from the top
of the vessel so that the solid surface was exposed to the dry air stream. IR spectra of
the gas sample and gas stream temperature were recorded for a predetermined period
of time.
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Experiment evaluation
After the solid surface was exposed to the gas stream for a given time, the sample
cylinder was rapidly dismantled. The solid portion contained in each ring was split
into two samples. One sample was loaded into a glass container, which was
immediately closed and sealed. All the containers with samples corresponding to the
rings were stored in a refrigerator to minimise vapour loses before being analysed. To
determine the composition of the liquid contained in a sample, the sample was
vaporised in a closed cycle system coupled to an FT-IR spectrophotometer, where the
sample analysis was performed. The FT-IR spectrophotometer was previously
calibrated with known spectra of the pure compounds of each tested ternary mixture.
4.1.2. Non-isothermal drying experiments
The objective of these experiments was to validate the model that describes the
effective thermal conductivity throughout the solid bed during non-isothermal drying
of a porous solid containing a multicomponent liquid mixture. Drying experiments
were performed at different heat source temperatures and using a porous solid wetted
with two different ternary mixtures. Quasi-steady-state experimental temperature
profiles, liquid content and liquid composition were used for the calculation of the
effective thermal conductivity.
The wind tunnel used for non-isothermal drying experiments has the characteristics
shown in Figure 4.3. Temperature-controlled water from a water bath circulated
through a cylindrical heat exchanger coupled at the bottom of the sample holder to
guarantee a constant high temperature. This heat exchanger is the source that created
the temperature gradient along the solid bed. The high temperature was set in the
water bath (Ths), and the low temperature was set in the gas temperature controller
(T). Thermocouples were placed at different positions along the solid bed held in the
sample cylinder, from the bottom to the surface.
Thermocouples
Air
Control
Gas sample to
the FT-IR

Gas
outflow

Gas
inflow
Teflon sample
holder
Hot water
inflow

Heat
exchanger

Solid
thermocouples
Hot water
outflow

Figure 4.3: Wind tunnel with heat exchanger coupled to the sample holder
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Procedure
The procedure carried out in this type of experiments is identical to the previous one
described in section 4.1.1, with some small changes. The cylindrical sample holder
was divided into 8 rings. After reaching the set-point temperature in the thermal bath,
hot water was released from the thermal bath to pass through the heat exchanger and
started to transfer heat from the bottom of the solid bed. The cap was then
immediately removed from the top of the vessel so that the solid surface was exposed
to the dry air stream. IR spectra of the gas sample and temperatures along the length
of the solid bulk and the gas stream were recorded for a predetermined period of time.
Experiment evaluation
To determine the composition of the liquid contained in a solid sample, the same
previous analyses with an FT-IR spectrophotometer, described in section 4.1.1, were
performed. This part of the research is more experimentally emphasised; therefore,
the evaporation flux was also measured as follows:
The molar concentrations of each species in the gas were determined with the FT-IR
spectrophotometer and recorded every 10 minutes. The gas molar fluxes were
obtained through the mass balance for each species with the following discrete
expression:
c i ( t k ) = c i,c ( t k ) +

Vgc  c i,c ( t k +1 )  c i,c ( t k ) 


V˙ 
t k +1  t k


(4.1)

where ci is the concentration of each species in the gas from the wind tunnel (or the
gas entering the FT-IR gas cell), and ci,c is the measured concentration inside the gas
cell; Vgc is the total volume of the gas cell, V˙ is the total volumetric gas flow passing
through the wind tunnel, and the subscript k is a time-counting index. The
evaporation fluxes were calculated according to the following mass balance carried
out in the wind tunnel:
Gi ( t k ) =

V˙
[c i (t k )  c i,e ]
A

(4.2)

where Gi is the evaporation flux of each species corresponding to the concentration ci,
A is the mass transfer area, and ci,e is the concentration of each species in the gas
entering the wind tunnel, which is zero in this specific case.
The heat flux from the solid surface shown in Figure 3.2 is calculated by computing
the left-hand side of equation (3.19). The convective heat flux, qh from the solid
surface to the gas, defined by equation (2.52) is computed with the temperatures at the
surface, T , and the gas stream, T , recorded during the experiment, and the heat
transfer coefficient, h , is estimated by a Chilton-Colburn correlation.
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4.2. Experiments on mass transfer in a sealed capillary
exposed to a temperature gradient
This part of the experimental work is focused to generate data of liquid composition
redistribution produced in an unsaturated capillary exposed to a stationary
temperature gradient. By comparing these experimental data with the theoretical
model that describes the mass transfer in a sealed capillary exposed to a temperature
gradient, a corrected expression for the matrix of multicomponent Fick’s diffusion
coefficients in the liquid phase is developed to determine the empirical exponent that
modifies the matrix of the thermodynamic factor according to Bandrowski and
Kubaczka’s method.
The system for measuring temperature and concentration profiles is shown
schematically in Figure 4.4 and described as follows. A horizontal and isolated tube
of 1.3-cm internal diameter and 12.5-cm length contains the testing ternary mixture.
Heating and cooling chambers are plugged into each end of the tube in order to
provoke a longitudinal temperature gradient. Such chambers are respectively fed with
hot and cold water from isothermal baths. Thermocouples are set along the tube
every 15-mm to control and record the temperature profile up to the steady state. In
addition, sample points are located along the tube corresponding to each
thermocouple. A syringe is placed in each sample point before starting the
experiment. Samples taken from these points are analysed to obtain the local
concentrations, which define the liquid distribution profile once the steady state is
reached.
The tube dimensions were chosen to have an adequate volume, which provides an
easily operated system not affected by the sample sizes and the handling. The tube
length was chosen to have an adequate temperature gradient.

Figure 4.4: Experimental set-up: Testing system and peripherals
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4.2.1. Primary experiments
A first set of experiments was carried out with the objective of determining the
exponent that modifies the matrix of thermodynamic factors. Two different ternary
mixtures were examined: ethanol-methylethylketone-toluene and water-ethanolacetone initially equimolar, with two combined imposed ranges of temperature and
saturation degrees.
Procedure
The ternary mixture studied was loaded into the tube up to a certain saturation degree.
In order to impose a range of temperatures, the temperatures of the hot and cold
thermal baths were set to chosen levels, and circulating water flows from the baths
were introduced into the heating and cooling chambers.
The temperature variation was monitored on a computer until reaching the steady
state; then the steady state profile was recorded. Samples of 5 μL were taken from
each sample point at once using a simple mechanism that connects all the syringe
plungers to be pulled at the same time. Sampling did not significantly affect the
liquid concentration profiles due to the following facts: the sample size was very
small compared with the total liquid volume, and the simultaneous sampling avoided
or minimised disturbances in the liquid distribution.
Experiment evaluation
The sample analysis was performed in the FT-IR spectrophotometer, previously
calibrated with known spectra of the pure compounds of each tested ternary mixture.
Mixture spectra were taken while the samples contained in each syringe were injected
through a vaporising system in such a way that the mixture vapour circulated in a
closed loop passing through the spectrophotometer gas cell. Finally, both temperature
and concentration at steady state were plotted against the tube length.
4.2.2. Extended experiments
An extended set of experiments was performed in order to elucidate a relationship
between the empirical exponent that modifies the matrix of thermodynamic factors
and temperature in Bandrowski and Kubaczka’s method. At this time, the same
ternary mixtures were examined: ethanol-methylethylketone-toluene and waterethanol-acetone, both of them at a fixed saturation degree, but under three different
initial liquid compositions and four different imposed temperature ranges.
Procedure and experiment evaluation are identical to those of the primary
experiments, as described in section 4.2.1.
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5
RESULTS AND DISCUSSION

The following is a summary of the results presented in the appended papers. The
results are organised as follows: Isothermal drying of a porous solid containing
multicomponent mixtures, determination of multicomponent diffusion coefficients,
determination of the effective thermal conductivity in a porous solid containing
multicomponent mixtures, and finally two cases of convective drying of a
multicomponent liquid film.
In all the calculations, unless otherwise specified, the ternary vapour-liquid equilibria
were computed using Wilson equations with constants from Gmehling and Onken
(1982); the Antoine method was used to compute the vapour pressure of pure liquids,
and other physical properties of the mixtures were calculated according to methods
reported by Poling et al. (2000).

5.1. Isothermal drying of a porous solid containing
multicomponent mixtures
Experimental data for the liquid composition and liquid content along the cylindrical
porous solid bed (sand) were compared with the resulting theoretical profiles. The
experimental work was performed as described in section 4.1.1 using the jacketed
wind tunnel detailed in Figure 4.2.
The simulations were performed by
simultaneously solving the single and total balances from equations (3.5) and (3.6),
respectively. The matrix of multicomponent diffusion coefficients in the liquid phase
was calculated taking into account an empirical exponent that acts on the matrix of
thermodynamic factors, introduced by Bandrowski and Kubaczka (1982). No
significant differences were obtained with different exponents and a value of 0.1 was
used in the calculations.
Liquid transport parameters (hydraulic conductivity and liquid diffusivity) were
calculated using the Van Genuchten parameters for single liquids obtained by Gamero
and Martínez (2002) following the procedure described in section 4.1.1 for single
liquid components and solving the balance from equation (3.1). Table 5.1 includes
the resulting Van Genuchten parameters. For each ternary system the parameters
given in Table 5.1 were weighted according to the liquid composition. Evaporation
rates were computed by using equation (2.51) with parameters calculated according to
the linearised theory. The binary mass transfer coefficients in the gas phase were
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calculated with an empirical correlation obtained from experimental evaporation
rates.
Preliminary calculations with diffusion coefficients for a free liquid showed that the
experimental composition gradients were less pronounced than the calculated
gradients. This suggested that another mechanism contributed to the mixing of the
components. The conclusion was that axial dispersion was important in samples of
such dimensions, and a factor that made the matrix of liquid diffusion coefficients of
10-8 order was used in the calculations. Such factor is given by the relationship
 (Pe) = DL Dl presented by Dullien (1992), where DL is the axial dispersion, Dl the
liquid diffusion coefficient, and Pe is the Peclet number. The good agreement
between experimental and calculated profiles suggests that the factor used also
embodies the effect of constriction and tortuosity.
The variables examined were the initial liquid composition and temperature. The
water-methanol-ethanol system was tested at two temperatures and two liquid
compositions. Figures 5.1 (a) and (b) show the resulting profiles at these conditions.
Table 5.1: Irreducible liquid content, Van Genuchten parameters and bed
permeability fits for the experiment carried out.
Liquid
Water

Isopropanol
Methanol

Ethanol

Temp.
T(K)
333.15
323.15
313.15
333.15
323.15
313.15
333.15
323.15
313.15
333.15
323.15
313.15

uirr x 102
(m3/m3)
3.9477
6.9897
9.8420
1.9446
1.7146
1.4842
0.6672
1.3961
2.2281
1.0219
1.8219
2.6152

 x 101

n x 10-2

98.246
90.216
81.900
8.7745
9.0945
9.4150
5.8624
7.4842
8.8800
5.6540
5.6000
5.5798

0.5654
0.6731
0.8034
0.9765
1.2268
1.5610
3.4849
2.0846
2.6011
3.5433
3.4133
3.3242

k x 1013
(m2)
1.37
1.37
1.32
2.50
2.50
2.50
2.90
2.50
2.50
2.90
2.80
2.70

As expected, the liquid compositions of methanol and ethanol, both of which are more
volatile than water, decrease as they approach the surface; hence, the liquid
composition of water increases. This is expected considering the relative volatilities,
defined as  ij =  i pi0  j p 0j for i  j. For this system, the resulting relative volatilities
are:

12 < 13 <  23

(5.1)

However, since the evaporation occurs into a non-condensable gas, equilibrium
considerations alone are not always sufficient to explain the external mass transfer.
Diffusion in the gas phase must be therefore considered as well. For the system
analysed, the main diffusion coefficients are as follows:
D11 > D22 > D33
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(5.2)

The water diffusion coefficient partially compensates its lower relative volatility, but
it is still insufficient to allow it to be removed preferentially, and the molar fraction of
water at the surface increases. While the relative volatility of methanol-ethanol is
greater than 1, its main diffusion coefficient is higher than that of ethanol. In spite of
these advantages, the molar fraction of methanol does not decrease much faster than
that of ethanol. This implies that this effect also depends on other mechanisms, e.g.
the cross diffusion coefficients.

(a) T = 313.15 K

(b) T = 333.15 K
Figure 5.1: Liquid composition and liquid content profiles of the ternary mixture
water-methanol-ethanol with initial compositions x0 = (0.57, 0.25, 0.18), and initial
total liquid content u0 = 0.42, after t = 3600 s.
The effect of temperature is directly connected to a faster drying rate, which can be
observed comparing the liquid content near the surface. As the space occupied by the
liquid decreases, the effects of gas diffusion become more important for mass transfer
up to the surface. For the 2-propanol-methanol-ethanol system, (See Figure 5.2 (a)
and (b)) the less volatile component (2-propanol) still tends to increase in
composition. The relative volatilities indicate that from the point of view of
equilibrium, 2-propanol is at a disadvantage with respect to both methanol and
ethanol:
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12 < 13 <  23

(5.3)

Methanol has the highest main diffusion coefficient, which implies that it moves
faster than the other components due to diffusional effects:
(5.4)

D22 > D33 > D11

However, the contribution of the cross coefficients could be also significant.

(a) T = 313.15 K

(b) T = 333.15 K
Figure 5.2: Liquid composition and liquid content profiles of the ternary mixture 2propanol-methanol-ethanol with initial compositions x0 = (0.24, 0.45, 0.31), and
initial total liquid content u0 = 0.42, after t = 3600 s.
The effects of capillary and gravitational forces can be inferred from the shape of the
liquid content vs. the solid bed height. Rasmuson (1978) graphically illustrated the
effect of the hydraulic conductivity. As the slope of the curve increases near the
surface, the effect of hydraulic conductivity is higher. However, there is great
uncertainty about the shape of the liquid content profile close to the solid surface
since the value of the liquid content at the surface is not really known.
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5.2. Determination of multicomponent diffusion coefficients
Equation (3.20) was integrated using the experimental liquid composition at the left
boundary as boundary condition, and the results were compared with experimental
data for the liquid composition in the tube. Experimental work was carried out
according to the description of section 4.2 using the set-up shown in Figure 4.4. As a
result, values of the empirical exponent that acts over the matrix of thermodynamic
factors were calculated using a Matlab® minimising function. This function uses the
Nelder-Mead Simplex method, which searches for the best approach between the
calculated and experimental liquid distributions. The matrix of liquid diffusion
coefficients was computed using equation (2.24) with binary liquid diffusivities from
equation (2.25).
5.2.1. Primary experiments and calculations
Figure 5.3 shows the final adjustment reached for the ternary system water-ethanolacetone. Different imposed temperature ranges were set in the heating and cooling
thermal baths to ensure an appropriate temperature gradient along the tube (see Figure
4.4). A fairly linear steady-state temperature profile was measured in all the
experiments.
Regardless of the initial mean composition of the liquid mixture, the redistribution of
the solvents followed a typical pattern; the more volatile components tended to
accumulate at the colder end of the tube while the concentration of less volatile
components increased at the hot end of the tube. The redistribution depends on
transport in the liquid and gas phases and on the liquid-vapour equilibrium. This
means that the manner in which the liquid composition is redistributed is determined
by the complex contribution of the liquid and gas diffusion coefficients as well as by
the relative volatilities of each component. For this reason, the liquid composition
profiles are non-linear. The presence of a less volatile component significantly
controls the liquid distribution of the other components. In addition, the form and
location of the steady-state concentration profile depends on the initial mean liquid
composition. Table 5.2 includes the results for the two multicomponent systems
tested.
The degree of saturation exerts a significant influence on the liquid distribution since
the relative importance of the flow in each phase is modified. At lower degree of
saturation, the changes of molar fractions in the liquid phase are more pronounced.
Temperature influences the matrix of multicomponent diffusion coefficients since
both the Maxwell-Stefan coefficients and thermodynamic factors are directly affected
through the viscosity and the activity coefficient, respectively. However, the results
also reveal that exponent  seems to be a function of temperature (see Table 2). Since
the values of  are close to each other under similar temperature gradients, mean
values are reported in Table 5.2 as fixed valid values. It was realised that with more
experimental data, an explicit formula for the temperature dependence could be
developed, and extended experiments and calculations were therefore carried out in
order to develop a relationship between the exponent  and the temperature.
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Figure 5.3: Molar fraction distribution of the ternary mixture water-ethanol-acetone.
The theoretical distribution is defined by solid lines, T: Imposed temperature range.
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Table 5.2. Resulting values of the exponent  from the adjustment of the theoretical
model with experimental data
System

Imposed
temperature range
(K)
278.15 – 328.15

Ethanol-MEK*-toluene
278.15 – 348.15
278.15 – 328.15
Water-ethanol-acetone
278.15 – 348.15

Saturation
(-)

Exponent  (-)

0.95
0.60
0.95
0.60
0.95
0.60
0.95
0.60

0.7882
0.6826
0.4049
0.2709
0.5834
0.4972
0.3323
0.2939

Mean  (-)
0.7354
0.3379
0.5403
0.3131

* MEK: Methylethylketone

5.2.2. Extended experiments and calculations
Further experimental work was performed to find out a more accurate relationship
between the exponent and the temperature, with a fixed saturation of 50% to obtain
noticeable gradients. Figure 5.4 shows both the experimental and theoretical liquid
distribution corresponding to the ternary mixture ethanol-methylethylketone-toluene
in a sealed tube with a saturation of 50% and one of the initial molar fractions tested.
The exponent of the thermodynamic factor matrix
The core of this part of the present work is the calculation of the empirical exponent 
that acts on the matrix of thermodynamic factors on which the matrix of diffusion
coefficients depends. Bandrowski and Kubaczka (1982) found a satisfactory
agreement for the empirical exponent  for multicomponent mixtures, using the
arithmetic mean of exponents for the binary constituents of the mixture, when
extending their approach from a binary to a multicomponent system.
By computing theoretical and experimental liquid distributions at different initial
liquid compositions and under different temperature gradients, as shown in Figure
5.4, the empirical exponents  resulting from fitting the calculated experimental data
are found to be functions of temperature. Figure 5.5 shows graphic summaries of 
vs. T for three different initial molar fractions and four mean temperatures for: (a)
ethanol-methylethylketone-toluene and (b) water-ethanol-acetone.
The mean
temperature is the arithmetic mean of the temperature distribution plotted in the upper
graph for each experiment in Figure 5.4.
A single parabolic curve is in good agreement with all the values obtained for . In
spite of having a restricted range to predict values of , an extrapolation to higher
temperatures suggests that  may reach values below zero, as reported by Bandrowski
and Kubaczka (1982).
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Figure 5.4: Molar fraction distribution of the ternary mixture ethanolmethylethylketone-toluene at initial molar fractions: x0 = (0.17, 0.33, 0.50). The
theoretical distribution is defined by solid lines, T: Imposed temperature range.
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(a) Ethanol-methylethylketone-toluene

(b) Water-ethanol-acetone

Figure 5.5: Influence of temperature on the empirical exponent  for the ternary
mixtures at three different initial molar fractions. x0 denotes the vector of initial
molar fractions of each component.
Figure 5.5 suggests that a generalised trend of  vs. T may exist. However, more
ternary systems should be studied by this method before it can be said that there
effectively is a generalised dependence of  on temperature. So far, it can only be
said that there is a qualitative similarity of behaviour between the two mixtures
examined over the temperature ranges examined. Extrapolation to lower temperatures
suggests that  may reach values greater than 1, as was also reported by Bandrowski
and Kubaczka (1982).
As discussed previously, it would be worthwhile to carry out additional work
including more ternary systems and a wider range of temperatures aiming towards the
development of a generalised relationship between  and temperature. However, the
boiling point of the mixture is a limiting condition for the temperature ranges over
which it is possible to perform the experiments.
Comparison with Vignes’ methods
Figure 5.6 shows the comparison between composition profiles for each ternary
mixture over two different temperature ranges and initial mean molar fractions. At the
lowest temperature range, there is a noticeable difference between the three profiles,
where method C is in better agreement with the experimental gradients. Over the
highest temperature range, profiles A and B show a similar behaviour, while profile C
exhibits a better fit to the experimental data. In all cases, profile C is calculated with
values of  taken from Figure (5.5). The fact that profile C exhibits a closer fit to the
experimental data confirms that the matrix of thermodynamic factors needs to be
exponentially adjusted as the temperature range is increased.
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Figure 5.6: Comparison between experimental and theoretical molar fraction
distributions of the ternary mixture water-ethanol-acetone, using three different
methods defined by equations: A: (2.14) and (2.18), B: (2.14) and (2.23), C: (2.24)
and (2.25) with  reported in the figures.
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The matrix of multicomponent diffusion coefficients in the liquid phase
The multicomponent diffusion coefficients determined by the present method depend
mainly on the temperature, on the exponent  and on the liquid composition.
Therefore, the elements of the matrix of multicomponent diffusion coefficients have
been studied as functions of these factors.
Influence of temperature
The effect of temperature on the matrix of liquid diffusion is directly exerted on the
variables involved in the calculation of the Maxwell-Stefan diffusion coefficients, i.e.
the viscosity of the solution, the binary diffusion coefficients at infinite dilution, and
the activity coefficients of the thermodynamic factors. Figure 5.7 shows the influence
of temperature on the elements of the matrix of multicomponent diffusion coefficients
for both ternary mixtures ethanol-methylethylketone-toluene and water-ethanolacetone, respectively. The main diffusion coefficients are always positive and
increase with the temperature even though to different extent. In this respect, they
exhibit a behaviour similar to that of the diffusion coefficients in the binary mixtures.
The cross coefficients may be positive or negative and the changes with temperature
can occur in any direction. In addition, it is difficult to separate the effects of
composition from these of temperature since the temperature affects the equilibrium.

(a) Ethanol-methylethylketone-toluene

(b) Water-ethanol-acetone

Figure 5.7: Influence of temperature on the diffusion coefficients
Influence of the exponent of the matrix of thermodynamic factors
Figure 5.8 illustrates the dependence of the diffusion coefficients on the empirical
exponent that acts on the matrix of thermodynamic factors. The main diffusion
coefficients of the matrix decrease as the exponent  increases. At least one cross
coefficient decreases with a negative sign while the other increases slightly, as
becomes positive. Due to the decreasing behaviour of the elements of the matrix, the
contribution of other gradients becomes more influential on the flux of particular
species. As a remarkable aspect, the behaviour of the diffusion coefficients with the
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exponent  is also partially dependent on temperature due to the inverse
proportionality of the exponent  and the temperature, as shown in Figures 5.5. Since
the range of exponent  examined in Figure 5.8 is limited by the extreme values
obtained from the optimisation, simulations outside this range may be unrealistic.

(a) Ethanol-methylethylketone-toluene

(b) Water-ethanol-acetone

Figure 5.8: Influence of the empirical exponent  on the diffusion coefficients
Influence of the liquid composition
The liquid composition affects the kinetic part of the matrix of multicomponent
diffusion coefficients and the thermodynamic factors. Figure 5.9 shows the elements
of the matrix of multicomponent diffusion coefficients for the ternary mixture
ethanol-methylethylketone-toluene. The sequence of the plotted elements of the
matrix corresponds to the ternary mixture labelled according to (1) ethanol, (2)
methylethylketone, and (3) toluene. Thus, toluene is the dependent component. The
figure shows that the main diffusion coefficient for ethanol increases as the liquid
compositions of toluene and methylethylketone increase, while the main diffusion
coefficient for methylethylketone exhibits local maxima as the molar fractions of
toluene and ethanol increase.
The cross diffusion coefficients also exhibit a peculiar behaviour. The ethanolmethylethylketone and methylethylketone-ethanol coefficients are negative and
increase in absolute magnitude as they approach the corners of pure
methylethylketone and ethanol, respectively.

56

Figure 5.9: Influence of the liquid composition on the computed matrix of diffusion
coefficients for the ternary system ethanol-methylethylketone-toluene. Calculations
performed at T = 318.15 K and  = 0.187.

5.3. Effective thermal conductivity in a solid containing
multicomponent liquid mixtures
The effective thermal conductivity has been studied using data from experiments on
the drying of a porous solid containing multicomponent liquid mixtures and heated by
contact from the bottom of the solid bed. The experimental data acquired during
drying were temperature, liquid content and liquid composition.
5.3.1. Drying experiments
The experimental work was performed as described in section 4.1.2, using the
jacketed wind tunnel with a heat exchanger coupled to the sample holder as detailed
in Figure 4.3. The liquid composition and liquid content were determined as
described in section 4.1.1. The evaporating molar fluxes defined in equation (2.51)
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were measured and calculated using equations (4.1) and (4.2). Figure 5.10 shows the
resulting liquid composition and total liquid for (a) ethanol-MEK-toluene and (b)
water-ethanol-acetone, obtained after a time of 3600 s. The temperature profile is
also shown at four different times. The profiles exhibit the typical behaviour of a
drying process controlled by heat and mass transfer within the solid. Figure 5.10
displays the temperature history at different points along the bed height, and it can be
inferred that a quasi-steady state was reached after the total elapsed time (3600 s).
Under these conditions, a heat balance can be performed, provided that a steady state
has been reached in the solid bed.
The second system shown in Figure 5.10(b), exhibits greater differences between the
liquid composition profiles. This may be due to the fact that this mixture contains
two components with remarkable differences in volatility: water the heavier one, and
acetone the lighter one.
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(b) Water-ethanol-acetone
Figure 5.10: Liquid composition, liquid content and temperature in a porous solid
containing a liquid mixture evaporating from the top surface with heat transferred by
contact at the bottom. Experimental conditions: u0 = 0.42, x0 = (0.34, 0.33, 0.33), vg =
0.405 m/s, Tg = 293.15 K, Ths = 358.15 K
The results of the experiments performed with the two ternary systems at two
different heat-source temperatures provide evidence not only the ascending movement
of the liquid due to liquid transport defined by the hydraulic conductivity and liquid
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diffusion but also the clear influence of temperature. A temperature gradient leads to
the development of composition gradients in the gas phase throughout the bed height,
so that, the thermal conductivity due to the evaporation-diffusion-condensation cycles
contributes strongly to the internal mass transfer through the porous solid.
5.3.2. Effective thermal conductivity
Steady-state temperature distribution
Since the experimental temperature profiles seemed to reach a quasi-steady state, the
energy balance given by equation (3.16) was solved with the accumulation term equal
to zero and the boundary conditions given by equations (3.18) and (3.19), using a
Matlab® numerical solution of finite elements. The effective thermal conductivity eff
was computed using equation (2.41). The convective heat qh was computed using
equation (2.52) with the heat transfer coefficient h estimated according to a ChiltonColburn correlation, while the evaporation heat was computed from enthalpies of
vaporisation reported by Poling et al (2000) and molar fluxes measured
experimentally.
The thermal conductivity due to the evaporation-diffusion-condensation mechanism
was calculated using equations (2.45) or (2.46) - (2.48), using experimental data for
the total liquid content and liquid composition. The composition of the gas mixture
was calculated assuming equilibrium with the liquid phase. The adjusting parameter
a was calculated using a Matlab® standard minimising function. This function uses
the Nelder-Mead Simplex method, which searches for the best approach between the
calculated and experimental temperature distributions, assuming that the experiment
reached a steady-state profile after 3600 s (see Figure 5.10).
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(a) Ethanol-MEK-toluene, a = 0.3744.
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(b) Water-ethanol-acetone, a = 0.3951.

Figure 5.11: Simulated temperature profile compared with experimental data at
steady state
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Both the experimental and calculated steady-state temperature profiles are shown in
Figure 5.11 with estimated values of a for each of the multicomponent mixtures
examined. The resulting values of a reveal that the equivalent heat resistances
according to Krischer’s model are arranged in such a way in this type of solid bed that
a parallel arrangement predominates. The particular liquid retention and transport
properties of the mixtures may influence the manner in which the liquid is distributed.
The liquid phase distribution also affects the gas phase distribution within the porous
solid.
As could be expected, the values of the weighting parameter a reported in Figure 5.11
present a fair approach to a mean value of a = 0.38 valid for both systems. This
would imply that the weighting parameter depends mostly on the type of porous solid.
Heat conductivity distribution along the porous solid bed
Figure 5.12 shows the distribution of the resulting effective thermal conductivity for
the two different ternary systems, computed from the experimental data in Figure 5.10
and with the respective values of the weighting parameter a previously estimated. As
seen in Figure 5.13, the thermal conductivities of the solid, liquid and gas phases (s,
l and g) show a very weak dependence on temperature. On the other hand, the
thermal conductivity due to the evaporation-diffusion-condensation mechanism (d)
increases appreciably with temperature, and goes asymptotically towards infinity as
the temperature approaches the boiling point of the mixture. This implies that this
mechanism provides the most important contribution to effective thermal conductivity
after d curve intersects s curve. The strong contribution of d can be seen by
comparing the shapes of the effective thermal conductivities of Figure 5.12 with those
of d in Figure 5.13.
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Figure 5.12: Effective thermal conductivity through a cylindrical sampler containing
a porous solid wetted with a ternary mixture
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Figure 5.13: Thermal conductivities through a cylindrical sample containing a porous
solid wetted with a ternary mixture and exposed to a temperature gradient with high
source temperature: Ths = 358.15 K.
Thermal conductivity due to the evaporation-diffusion-condensation mechanism
Figure 5.14 displays the thermal conductivities d, dt and dx vs. temperature,
computed for two different molar fractions of (a) ethanol-MEK-toluene and (b) waterethanol-acetone. A change in molar fractions has a significant effect on d, which
means that the whole system undergoes important changes in total thermal
conductivity during the drying process as a consequence of both the temperature
gradient itself and the distribution of liquid composition, which also depends on the
temperature gradient.
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Figure 5.14: Thermal conductivity due to the evaporation–diffusion-condensation
mechanism vs. temperature and the contributions of the liquid-composition-dependent
term and the temperature-dependent term. Calculations with u = 0.25.
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The presence of highly volatile components in each system affects the evaporationdiffusion-condensation mechanism. Notice in Figure 5.14 that d is reduced with a
lower proportion of ethanol (a) and that the same occurs with a lower proportion of
acetone (b). Figure 5.14 also reveals that dx may have both positive and negative
values and that it can either enhance or diminish the total thermal conductivity d due
to the evaporation-diffusion-condensation mechanism.
Influence of liquid composition, liquid content and temperature on effective
thermal conductivity
It has been shown so far that the effective thermal conductivity changes throughout
the height of the solid bed, and that it therefore depends strongly on the liquid
composition, the liquid content and the temperature. The effective thermal
conductivities of the two ternary systems examined are plotted for the whole range of
compositions in Figure 5.15, showing that their magnitudes are a minimum at the
maximum concentration of the respective heavier components.

(a) Ethanol-MEK-toluene. Calculations
performed at T = 325.87 K, u = 0.30,
 = 0.43, and a = 0.3744.

(b) Water-ethanol-acetone. Calculations
performed at T = 324.78 K, u = 0.30,
 = 0.43, and a = 0.3951.

Figure 5.15: Effective thermal conductivity of the ternary system as a function of
composition
The effective thermal conductivity eff is also influenced by the liquid content u,
which at the same time depends on the temperature. Figure 5.16 shows the combined
dependence of eff on liquid content and temperature. The maximum liquid content is
the porosity of the solid bed.
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(a) Ethanol-MEK-toluene. Calculations (b) Water-ethanol-acetone. Calculations
with  = 0.43 and a = 0.3744.
with  = 0.43 and a = 0.3951.
Figure 5.16: Effective thermal conductivity of the ternary system as a function of
temperature and liquid content.

5.4. Drying of a multicomponent liquid film
In these cases, the evaporation fluxes were calculated according to equation (2.51)
using an algorithm reported by Taylor (1982) with diffusion through stationary air as
a bootstrap relationship. The matrix of correction factors was evaluated using the
linearised theory. Mass transfer coefficients at low-mass transfer rate were computed
from correlations for a gas stream flowing parallel to a flat surface. Other properties
for pure components and their mixtures in both the liquid and gas phases were
calculated using methods reported by Reid et al. (1987).
5.4.1. Convective drying of a multicomponent liquid film: An analytical
solution
Mass and heat balances defined by equations (3.27) and (3.28) are given analytical
solutions from equations (3.37) and (3.44), respectively. Calculations were
performed with two liquid mixtures: water-2-propanol-glycerol and ethanolmethylethylketone-toluene. The physical properties of the pure components and the
mixtures were evaluated at the average composition between the bulk gas phase and
the interface. The matrix of diffusion coefficients was computed according to
equation (2.24), using the following values of exponent  for the examined systems: 1
for water-2-propanol-glycerol and 0.1 for ethanol-methylethylketone-toluene.
Convergence of the solution
According to previous work of Luna et al. (2005) concerning the isothermal case,
around 50 eigenvalues are sufficient to achieve a satisfactory accuracy. The higher
the concentration of the volatile components the lower is the number of eigenvalues
required. At a given composition, the component having the lowest molar fraction
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controls the convergence. The drying intensity also influences the optimal number of
eigenvalues. The convergence is faster at lower drying rates.
In order to elucidate how many times the analytical solution should be evaluated
along a process trajectory to obtain a proper description of the evaporation process,
calculations were performed with an increasing number of time steps. The same total
time was divided into an increasing number of logarithmically spaced time intervals,
except at the very beginning of the evaporation. In the case of compositions, the
solutions did not differ appreciably for more than 100 time steps used in the
calculations. The convergence of the liquid temperature required more time steps.
Liquid-side kinetic separation factor
A parameter that can be regarded as representative for the resistance of the phase is
the liquid-side kinetic separation factor (Luna et al., 2005):
n



K l = exp 
G
 l.k
 c l D  k=1


(5.5)

If mass transfer within the gas phase is the controlling step, the separation factor
approaches unity. If the resistance is located in the liquid phase, the separation factor
approaches zero.
Comparison with experimental results
The results of the calculations for the ternary mixture ethanol–methylethylketone–
toluene at two different initial conditions are compared with experimental data
reported by Martínez (1990) in Figure 5.17. Considerations on mass and heat transfer
coefficients also reported in such work were taken into account for the calculations.
Considering the approximations, the agreement is fairly good. The main reason for
the deviation is probably related to the rapid evaporation process and the existence of
convective mass transport in the liquid phase.
The changes in the liquid separation factor shown in Figure 5.17 imply a shift of the
controlling mechanism from the liquid side to the gas side during the drying process.
Since evaporation is considerably faster at the beginning of the process, the period of
time during which evaporation is controlled by a combination of mechanisms is
longer than the one that may be perceived in Figure 5.17.
Drying of liquid mixture containing a component of negligible volatility
Figure 5.18 shows the changes in composition and temperature during the evaporation
of a liquid film containing a non-volatile compound. The liquid mixture water–2propanol–glycerol is a strongly non-ideal system. The high viscosity of glycerol
solutions is connected to low diffusion coefficients and the resistance against mass
transfer within the liquid can be considerable. The surface of the liquid film is rapidly
depleted from volatile compounds with a consequent decrease in their molar fractions
whereas the solution becomes enriched with glycerol. Since glycerol has a negligible
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volatility, the liquid film will consist only of glycerol at the final stage and the
diffusion coefficients will decrease during the evaporation process.
Two factors will counteract the increase in resistance due to the increase in glycerol
concentration: the increase in liquid temperature shown in Figure 5.18(b), which will
reduce the solution viscosity, and the reduction of the film thickness. It becomes
apparent by studying the variations in the liquid-side kinetics separation factor in
Figure 5.18(a) that it is not zero during most of the drying process.

(a)
ml,0 = 11.9 g, T0 = 328 K,
x0 = (0.33, 0.33, 0.34)

(b)
ml,0 = 12.6 g, T0 = 317 K,
x0 = (0.6, 0.1, 0.3)

Figure 5.17: Liquid mean composition versus relative number of moles and liquid
mean temperature versus time. Comparison between experiments and calculations
(denoted by lines). Experiments and calculations performed with: vg = 1.3 m/s,
Tg = 334 K, y = (0, 0, 0), L = 3 10-2 m,  = 3 mm, ms = 145 g.
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(a)

(b)

Figure 5.18: Liquid mean composition versus relative number of moles and liquid
mean temperature versus time. Mixture: water–2-propanol–glycerol. Calculations
performed with: vg = 5 m/s, Tg = 353 K, y = (0, 0, 0), T = 323 K, x0 = (0.6, 0.2, 0.2),
L = 5 10-3 m,  = 1 mm.
5.4.2. Convective drying of a multicomponent falling liquid film
The set of partial differential equations (3.48) – (3.49) was solved through a CrankNicholson solution, and the mass and energy balances from equations (3.50) to (3.57)
in the gas phase were solved using a Euler method. The water-ethanol-acetone
system was used as a model mixture for the simulations. Diffusion coefficients were
calculated according to equation (2.17) for the gas phase and equation (2.24) for the
liquid phase, using exponent  as a function of temperature as reported in Figure 5.5.
The kinetic separation factor was computed using equation (5.5). Numerical
simulations were performed for the evaporation of a liquid mixture of fixed
concentration and molar flow rate, high and low inlet liquid temperatures, and the
following additional conditions:
a) Evaporation without heating, constant gas velocity, and high and low inlet
gas-to-liquid flow rate ratios.
b) Evaporation with indirect heating, constant gas velocity, and high and low
inlet gas-to-liquid molar flow rate ratios.
The inlet gas-to-liquid molar flow rate ratio is defined as: R0 = Fg,0 Fl,0 .
The following results are calculated for the following fixed conditions: Tg,0 = 363.15
K, vl,0 = 0.041 m/s, x0 = (0.15, 0.35, 0.50),  = 1.5x10-3 m. The liquid flow per width
section is 1x10-3 kmol/m s. The following parameters are used when adding indirect
heat to the film: Ths = 338.15 K, Uo = 1 kW/m K.
Influence of the inlet gas-to-liquid flow rates ratio
Since the inlet liquid flow rate is kept constant, a variation in the ratio R0 corresponds
to a variation of the inlet gas flow rate. When evaporation proceeds without indirect
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heating at low R0, the compositions of the gas and liquid phases tend to reach
equilibrium early along the contact path. Figure 5.19(a) shows the composition in the
liquid phase and Figure 5.19(b) shows it in the gas phase. Figure 5.20(a) clearly
shows that both liquid and gas temperatures decrease asymptotically to an equilibrium
value due to the cooling effect caused by the evaporation.

(a) Liquid molar fractions

(b) Gas molar fractions

Figure 5.19: Influence of R0 on liquid and gas compositions, without indirect heating,
at vg,0 = 0.17 m/s and Tl,0 = 313.15 K

(a) Without heating

(b) With heating

Figure 5.20: Influence of R0 on liquid and gas temperatures, at vg,0 = 0.17 m/s and
Tl,0 = 313.15 K
As seen in Figure 5.19, according to the calculations, the composition in the liquid
phase is not affected as much as it is in the case of the gas phase. When evaporation
occurs at higher R0, the composition in the gas phase shows smaller changes, since
there is a large amount of gas compared to the evaporating liquid. The gas
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temperature is also less affected and changes only slightly along the contact path, as
shown in Figure 5.20(a). On the other hand, the liquid temperature strives toward
lower values. A taller channel would be needed to reach equilibrium with higher gas
flow rates.
With an increasing R0, the evaporation loses the characteristics of a continuous
process. In the extreme case when R0 approaches infinity, evaporation tends to
exhibit a batch-like behaviour and it is not possible to establish an equilibrium. The
evaporation is considerably more selective at the lower R0-value, and acetone
evaporates preferentially.
Under the conditions chosen for calculations, the evaporation tends to be liquidphase-controlled within the section near the entrance, as seen in Figure 5.21(a). At
lower R0-values and without indirect heating, the process rapidly becomes gas-phasecontrolled as the liquid film advances along the contact path. At higher flow rate
ratios (R0 = 5.511) in Figure 5.21(a), the kinetic separation factor is always less than
unity and the process is never totally controlled by the transport on the gas side.
Thus, evaporation consists of a combined phase-controlled process for most of the
contact path length, which shifts from a dominating liquid-side control at the entrance
to increasing gas-side control.
As result of the superficial depletion of components of higher relative volatility and
the drop in the liquid temperature, the net evaporation rates (Figure 5.21(b)) being
high at the entrance, dropping quickly within the entrance neighbourhood and
eventually reaching a zero mass transfer net flux at equilibrium. High evaporation
rates at the entrance result in high concentration gradients in the liquid to be
overcome by diffusion. This makes the evaporation liquid-phase-controlled, therefore
less selective. As the concentration of solvents in the gas increases, the evaporation
rates diminish. Consequently, the gradients in the liquid phase decrease and the
evaporation develops into a gas-phase-controlled process.
Influence of indirect heating
Indirect heating increases the liquid temperature and evaporation rates, and the
process becomes less selective. If heat is indirectly supplied to the liquid film, as
shown in Figure 5.21(a), the kinetic separation factor increases rapidly at the entrance,
but tends later to a lower value than without indirect heating. As the gas becomes
enriched with vapours, the kinetic separation factor slowly increases, striving toward
a constant value with combined control of both the gas and liquid phases. Notice that
within the entrance section, the kinetic separation factor quickly increases at the lower
flow rate ratio, reaching a local maximum when the gas temperature reaches its
lowest value, as observed in Figure 5.20(b).
Note in Figure 5.21(a) that when heating is supplied in the case of a low gas-flow
rate, transition from a streamlined to a turbulent flow regime takes place in the gas
phase. On the other hand, no transition is observed when the gas-flow rate is high.
Since the gas velocity is the same in both cases, only the effect of temperature on the
physical properties of the gas are responsible for the differences. The transition
increases the mass and heat transfer between the phases, and leads to a higher
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evaporation rate. The sudden reduction in the kinetic separation factor reflects the
sudden increase in the resistance in the liquid phase.

(a) Kinetic separation factor

(b) Evaporation fluxes for R0 = 0.047

Figure 5.21: Influence of R0, at vg,0 = 0.17 m/s and Tl,0 = 313.15 K.
Influence of inlet liquid temperature
Indirect heating reduces the influence of other parameters on the control mechanism,
and high values of R0 make evaporation less selective. The evaporation becomes then
more selective at higher inlet liquid temperatures. A flash evaporation effect as soon
as the liquid enters the channel contributes with high evaporation rates and delays the
transition of the kinetic separation factor to its maximum value. This makes the
kinetic separation factor similar in behaviour with changes in the inlet liquid
temperature and the inlet gas-to-liquid flow rates ratio. As a result, the film remains
liquid-phase-controlled for a little longer contact path length. The fact that selectivity
increases with liquid temperature is unexpected since high drying rates are associated
with a less selective process. This effect is probably due to the influence of
equilibrium at low R0.
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6
CONCLUSIONS

The present work has focused on the study of the transport coefficients involved in
mass and heat transfer during the drying of a porous solid partially saturated with
multicomponent liquid mixtures. By combining mathematical models and
experiments, the transport coefficients that describe the liquid transport, the diffusion
in the liquid phase and the effective thermal conductivity of the porous solid were
studied. The main conclusions are as follows:
It is not possible to determine the transport coefficients in an unsaturated porous solid
wetted with a liquid purely on the basis of theoretical considerations. In this work, it
has been demonstrated that combining mathematical models and experimental work,
makes it possible to reduce to a minimum the number of empirical factors that can be
determined by simple drying experiments.
Isothermal drying of a solid partially saturated with multicomponent liquids reveal
that the relative volatility and gas diffusion coefficients control the evaporation at the
surface. Due to the characteristics of this experimental design, the liquid transport
within the solid involves axial dispersion, which is more important than molecular
diffusion and cannot be disregarded among the mechanisms for internal mass transfer
during the drying of the porous solid.
A fairly good agreement between theoretical and experimental liquid composition
profiles was obtained considering that axial dispersion was included in the model.
To simulate the capillary movement of liquid mixtures, parameters experimentally
determined for single liquids were satisfactorily used to calculate the parameters of
the mixtures simply by weighting the single component parameters according to the
composition of the mixture.
The study of the steady-state composition gradients induced in a sealed tube partially
filled with a multicomponent liquid mixture exposed to a temperature gradient
provided a convenient method of determining the empirical exponent that modifies
the matrix of thermodynamic factors, and thereby a more accurate approach for the
matrix of multicomponent diffusion coefficients in the liquid phase. The lower the
degree of saturation, the more pronounced the composition gradients in the liquid
phase.
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Theoretical liquid distributions predicted using multicomponent diffusion coefficients
corrected with the empirical exponent are in better agreement with experimental
liquid composition gradients for the ternary mixtures studied than other calculation
methods from the literature.
The empirical exponent that modifies the matrix of thermodynamic factors is not
constant and seems to depend on temperature. On the other hand, it seems to be
independent of the molar fractions in the mixture. It was found that an empirical
correlation could be developed to predict values of  for a ternary mixture in a given
range of temperature. However, additional work is needed in order to see whether a
generalised correlation can be developed.
The poor agreement between the experimental liquid distribution and concentration
gradients calculated using different approaches from the literature to determine the
multicomponent diffusion coefficients demonstrates that the exponential adjustment
of the matrix of thermodynamic factors is necessary, particularly over high
temperature ranges.
Although it is well known that the matrix of the multicomponent liquid diffusion
coefficients is a function of both composition and temperature, it is important to note
that the influence of temperature is exerted not only through the viscosity and activity
coefficient but also through the exponent  itself.
In non-isothermal experiments to study the effective thermal conductivity, it was
observed that the pattern followed by the liquid composition distribution is typical of
a drying process with heating from the bottom of the bed. The heavier species is
enriched with respect to the total initial composition both near the bottom due to the
proximity of the heating source and at the top due to convective evaporation.
The experiments showed that the changes in temperature distribution became smaller
in time and that the process seemed to reach a quasi-steady state. This is evident in
experiments performed at the higher temperature. This allows the solution of the
steady-state conduction equation to determine the geometric factor that describes the
arrangement of the phases in the model of effective thermal conductivity.
The estimated geometric parameter a for effective thermal conductivity reveals that
for this type of solid, the resistances to heat transfer seem to be arranged more in
parallel than in series. If the solid particles were uniformly distributed as spherical
particles, a geometric parameter value of 0.5 would be expected. From values of the
geometric parameter obtained for the two systems, it can be inferred that
characteristics such as retention properties, the viscosity and the surface tension of the
mixture may influence the complex phase distribution within the irregular porous
solid.
The temperature distributions from simulations performed at steady state, using the
calculated effective thermal conductivity, agreed well with the experimental profiles.
The contribution of the evaporation-diffusion-condensation mechanism to the
effective thermal conductivity eff is shown to be highly significant. The term d
contains two parts that involve changes in gas composition depending on the
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temperature and on the liquid composition. In addition, both terms include diffusion
parameters in the gas phase that is in equilibrium with the liquid phase. The
temperature and liquid composition have a considerable influence on the effective
thermal conductivity over the whole range of compositions and over a wide range of
temperatures.
The calculation of the transport coefficients, such as the liquid transport coefficients,
the matrix of multicomponent diffusion coefficients, and the effective thermal
conductivity, will permit modelling of the internal heat and mass transfer of drying in
a porous medium containing a multicomponent liquid mixture, a process in which all
the mechanisms studied can be involved.
The stepwise application of the analytical solution for drying a stationary liquid film,
assuming constant coefficients to describe the changes in liquid composition and
temperature along the process trajectory, gave results in good agreement with
experimental results for the evaporation of the ternary mixture ethanolmethylethylketone-toluene. However, due to the assumption of constant physical
properties in each time step, the analytical solution is not expected to be able to
predict a drying process where physical properties change drastically along the film,
as in the case of a polymeric film.
Calculations show that, irrespective of the initial drying conditions, it is difficult for
two reason to obtain an evaporation process that is completely controlled by the
liquid-side mass transfer. Firstly, the evaporation rates decrease rapidly as the liquid
surface is depleted of the more volatile components at the initial stages of
evaporation, and secondly, the film thickness decreases as the evaporation proceeds
and the resistance in the liquid side is reduced due to the shorter diffusion path.
In the presence of a non-volatile liquid, the resistance is also reduced by the increase
in liquid temperature that counteracts the effects of non-volatile concentration and
solution viscosity on the diffusion coefficients. The analytical solution presented in
this study may be a useful tool for exploring the drying process and choosing
appropriate drying conditions. It can also be used to extrapolate composition
gradients in time and accelerate the convergence of numerical solutions when more
rigorous models are solved numerically.
The calculations for the evaporation of a multicomponent falling liquid film show that
in the absence of indirect heating, and regardless of the inlet conditions, it is difficult
to maintain an evaporation process that is completely controlled by transport in the
liquid phase when the liquid contains highly volatile components.
The dynamics of the heat and mass transfer between the phases inevitable shifts the
process towards a gas-phase-controlled evaporation. The kinetic separation factor
exhibits a similar behaviour with changes of the inlet gas-to-liquid flow rates ratio and
the inlet liquid temperature. The process develops from a process controlled by the
liquid-side towards a process controlled by the gas side. The transition occurs faster
and becomes more similar to a completely gas-side-controlled process at low values
of these parameters. Consequently, the process becomes less selective with higher
values of the inlet gas-to-liquid flow rates ratio. On the other hand, selectivity
increases at higher inlet liquid temperatures. This is unexpected, since a higher
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resistance in the liquid phase is generally linked to a lesser selectivity. A plausible
explanation is the influence of the equilibrium, which under the condition of the
calculations is probably not negligible.
Supplying indirect heating to the liquid film makes evaporation less selective and
lessens the effect of the other parameters. In all cases, the evaporation goes from
being liquid-phase-controlled at the inlet to rapidly reaching intermediate phasecontrolling conditions where neither the gas nor the liquid completely controls the
evaporation.
Considering the evolution of the process-controlling steps and the coexistence of
different mechanisms during important parts of the process, the knowledge of the
asymptotic behaviour of selectivity is of very limited practical use for describing the
process in its entirety.
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NOTATION

a
a
ac
A
A
b
b
b
B
c
Cp
dp
D
D
Del
DH
DL
Du
˜
D
ˆ
D
D
D
Eh
E
F
F
g
G
G
h
h•
h
H
I
J

Adjusting parameter of Krischer’s model
Dimensionless variable defined in equation (3.46)
Specific contact area
Area
Matrix defined in equations (3.21) and (3.23)
Empirical parameter of Krischer’s model
Dimensionless variable defined in equation (3.49)
Vector defined in equations (3.22) and (3.24)
Matrix with elements defined by equations (2.15) and (2.16)
Molar concentration
Heat capacity
Average particle diameter in Peclet number
Fick diffusion coefficient
Matrix of multicomponent diffusion coefficients
n by (n-1) matrix of multicomponent liquid diffusion
coefficients
Thermal diffusivity
Axial dispersion
Liquid diffusivity
Dimensionless matrix of multicomponent diffusion
coefficients
˜
Diagonal matrix of eigenvalues of D
Matrix defined in equation (3.39)
Maxwell Stefan diffusion coefficient
Correction factor on the heat transfer coefficient
Matrix of correction factors on the mass transfer coefficient
Molar flow
Vector of molar flows
Gravitational acceleration
Molar flux
Vector of molar fluxes
Capillary pressure head
Convective heat transfer coefficient defined as h • = hE h
Low-flux heat transfer coefficient
Column vector of enthalpies
Identity matrix
Diffusion flux

-

m2
m2

s m-2
kmol m-3
kJ kmol-1 K-1
m
m2 s-1
m2 s-1
m2 s-1
m2 s-1
m2 s-1
m2 s-1
-

2 -1

m s
m2 s-1
-1
-2
kmol s m
kmol s-1 m-2
m s-2
kmol s-1 m-2
kmol s-1 m-2
m
-2
kW m K-1
kW m-2 K-1
kJ kmol-1
-2 -1
kmol m s
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J
k
kr
k
K
Kl
Keff
K
L
m
n
p
p0
P
P
Pe
q
qcd
qh
Q
r
r
R
R0
s
t
T
u
uˆ 0
Uo
v
V
Vgc
V˙
Vc
w
w
x
x
X
X
y
y
yb
Y
z
0
1
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Vector of diffusion fluxes
Intrinsic permeability
Relative permeability
Matrix of low-flux mass transfer coefficient
Hydraulic conductivity
Kinetic separation factor
Diagonal matrix with elements defined in equation (3.42)
Diagonal matrix defined in equation (3.43)
Total length or height
mass
Van Genuchten parameter
Partial pressure
Saturated vapour pressure
Total pressure
˜
Modal matrix of eigenvectors of D
Peclet number defined as Pe = d p v l Dl
Heat flux
Heat flux supplied to a liquid film through the wall
Convective heat flux
Heat flow
Vaporisation enthalpy
Column vector of vaporisation enthalpies
Ideal gases constant
Inlet gas-to-liquid ratio
Saturation
Time
Temperature
Liquid content
Column vector defined in equation (3.38)
Global heat transfer coefficient
Fluid velocity
Molar volume in equation (2.25)
Gas cell total volume
Volumetric flow
Critical volume in equation (2.25)
Molar fraction
Vector of molar fractions
Liquid molar fraction
Vector of liquid composition
Fraction relations defined in equation (2.20)
Matrix for the liquid phase analogous to matrix Y
Gas molar fraction
Vector of gas composition
Vector related to bulk gas molar fractions in equation (3.38)
Matrix with elements defined in equation (2.33)
Length coordinate
Vector of zeros
Vector of ones

kmol m-2 s-1
m2
-2 -1
kmol m s
m s-1
-2 -1
kmol m s
m
kg
kPa
kPa
kPa
-2
kW m
kW m-2
kW m-2
kW
kJ kmol-1
kJ kmol-1
kJ kmol-1 K-1
s
K
m3 m-3
-2
-1
kW m K
m s-1
3
m kmol-1
m3
3 -1
m s
3
m kmol-1
kmol kmol-1
kmol kmol-1
kmol kmol-1
kmol kmol-1
kmol kmol-1
kmol kmol-1
kmol m-2 s-1
m
-

Greek letters


ij





ij





μ
h,m

m


•
m
h






Van Genuchten parameter
Multicomponent thermal diffusion factor
Parameter equal to 1-1/n
Bootstrap matrix
Activity coefficient
Matrix of thermodynamic factors with elements in equation
(2.11)
Film thickness
Kronecker delta
Imposed range of temperature
Solid porosity
Exponent of the matrix of thermodynamic factors
Viscosity
Dimensionless temperature
Thermal conductivity
Chemical potential
Eigenvalues related to heat transfer
Diagonal matrix of eigenvalues related to mass transfer
Space dimension perpendicular to liquid flow in a falling film
Matrix reduced from matrix •
Matrix defined in equation (3.41)
Density
Dimensionless time related to mass transfer, equation (3.40)
Dimensionless time related to heat transfer, equation (3.45)
Relative volatility
Matrix defined in equation (3.40)
Dimensionless thickness
Ratio between axial dispersion and molecular diffusion

m
K
N s m-2
kW m-1 K-1
kJ kmol-1
m
kmol s-1 m-2
kmol s-1 m-2
kg m-3
-

Subscripts
1-a
a
A
B
c
d
dt
dx
e
eff
g
h
hs
i
i,j,k
ij
ik

Parallel arrangement
Series arrangement
Single component A
Single component B
Cell (gas cell), equation (4.1)
Evaporation-diffusion-condensation (EDC)
EDC dependence on temperature
EDC dependence on liquid composition
Entering, equation (4.2)
Effective
Gas phase
Referred to heat transfer
Heat source
Single component, position in vector
Single components in a mixture
Binary, position in matrix
Binary, position in matrix
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irr
k
l
n
o
s
sat
t
v



0
1,2

Irreducible
Time-counting index
Liquid phase
Total number of components
Overall
Solid phase
Saturated
Total
Denotes evaporation
Interface, surface
Denotes phase
Denotes gas bulk
Initial, inlet
Components 1 and 2

Superscripts
T
‘
o
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Transposed
Dimension reduction
Infinite dilution
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